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Chapter 15

VHF, UHF, and Microwave Antennas

A good antenna system is one of the most valuable assets available to the VHF/UHF/microwave enthusiast. Compared to an antenna of lesser quality, an antenna that is well designed, is built of good quality materials, and is well maintained, will increase transmitting range, enhance reception of weak signals and reduce interference problems. The work itself building antennas is by no means the least attractive part of the job. Even with high-gain antennas, experimentation is greatly simplified at and above VHF because the antennas are a physically manageable size. Setting up a home antenna range is within the means of most amateurs, and much can be learned about the nature and adjustment of antennas. No large investment in test equipment is necessary.

Antenna design at VHF and higher frequencies has seen much innovation since the advent of cellular telephony and wireless data. The twin frontiers of miniaturization and higher frequencies have driven much research into novel forms for the antennas themselves and the associated feed line and matching structures.

Amateurs will benefit from technology developed to support consumer microwave equipment now operating at 75 GHz (vehicle navigation) and millimeter-wave technology for 5G wireless systems. There are many opportunities for amateur innovation in circuit and antenna design at microwave frequencies because of the excellent tools available to them at low cost, including modeling and simulation software.

The article “Antenna Technologies for the Future” by Patrick Hindle in the January 2018 issue of Microwave Journal explores 3D-printed antennas, metamaterials, fractal antenna structures, and other innovations. (The article is available online with free registration at microwavejournal.com/articles/29572-antenna-technologies-for-the-future.) Amateurs would do well to pay close attention to these interesting developments!

15.1 Design Factors At And Above VHF

The fundamental principles of antenna systems are the same at VHF and UHF as at HF. There is no magic dividing line at 50 MHz that suddenly changes the way antenna system components operate. However, factors that may be insignificant at HF must be taken into account at higher frequencies as the wavelength of the signals drops, dielectric loss increases, and skin depth shrinks. Similarly, techniques that may be impractical at HF such as dishes and long-boom Yagis with 20 elements can be put to work at VHF and higher frequencies. Instead of repeating the theory presented in other chapters, this section will identify areas that must be treated differently than at HF and give guidelines for how to approach the problem.

As on HF, the first step in choosing the right antenna is figuring out what you want it to do. Weak-signal operating on CW, SSB, and increasingly various digital modes, benefits from horizontally polarized, rotatable antennas with narrow beamwidths and minimum sidelobes. Satellite operation on CW and SSB goes farther and adds elevation control and circular polarization to the list. FM repeater and simplex operation uses vertical polarization for both directional and omnidirectional antennas. Simple ground-plane and low-gain omnidirectional antennas are common.

Just the polarization issue alone can have a dramatic effect as an antenna cross-polarized to an incoming signal receives up to 20 dB less signal than if the antenna and signal polarization are the same. Similarly, a narrow-beamwidth rotatable antenna can be a poor choice if the goal is to use several nearby repeaters that are located in different directions from the station. As a result, it is not uncommon for an amateur station to include both types — a horizontally polarized beam and a vertically polarized omnidirectional antenna — for VHF and UHF operation.

Gain

At VHF and UHF, it is possible to build Yagi antennas with very high gain — 15 to 20 dBi — on a physically manageable boom. Such antennas then can be combined in arrays of two, four, six, eight or more antennas. These arrays are attractive for EME, tropospheric scatter or other weak-signal communications modes where the path loss is very high.

Collinear antennas such as Franklin arrays become much more manageable at and above 2 meters with gains of 6 to 12 dBi in a single, vertical package similar in size to a 10 meter ground plane antenna. The collinear dipole array is very popular as a repeater antenna (see the Repeater Antenna Systems article in the online content) with potential gains of up to 9 dBd for eight dipole arrays as described by Belrose (see Bibliography).

Reflectors, horns and dishes offer even higher gains (and narrower patterns) at UHF and microwave frequencies. A medium-sized dish can develop up to 30 dBi gain at 10 GHz, for example, turning 1 W of power into an EIRP of 1 kW!

Radiation Patterns

Antenna radiation can be made omnidirectional, bidirectional, practically unidirectional, or anything between these configurations. A VHF net operator may find an omnidirectional system almost a necessity, but it may be a poor choice otherwise. Noise pickup and other interference problems are greater with such omnidirectional antennas, and omnidirectional antennas having some gain are especially bad in these respects. Maximum gain and low radiation angle are usually prime interests of the weak-signal DX aspirant. A clean pattern, with lowest possible pickup and radiation off the sides and back, may be important in high-activity areas, or where the noise level is high.

Operating Bandwidth

Most amateur communications use narrow bandwidths so that antenna bandwidth does not matter above 54 MHz. Some modes, like ATV and high-speed data networks, require wider bandwidth so that antenna bandwidth becomes a consideration.

For ATV at UHF, a 6 MHz bandwidth is common. Traditional Yagi designs only have good performance over a narrower bandwidth, so specialized designs like collinear arrays or skeleton-slot Yagis were popular. Modern Yagi designs like LFA or OWL provide very good performance with adequate bandwidth, are simpler, and readily available commercially. See “High Performance Yagi Design” in the Yagis and Quads at VHF and UHF section.

Horns and dishes used at microwave frequencies are inherently broadband. For amateur mesh networks, commercial “wireless network” antennas are convenient and frequently used.

Conference Proceedings and Presentations Online
Don’t forget that more and more microwave and VHF/UHF conferences post papers and presentation videos online. Instead of having to order a printed book, you can now download a PDF or watch and listen to the presenter discuss the subject. YouTube is the most popular platform for videos. Just enter the conference name into the search window. Search engines will easily find conference proceedings, as well.


Height Gain

In general, higher is better in VHF and UHF antenna installations. Raising the antenna over nearby obstructions may make dramatic improvements in coverage. Within reason, greater height is almost always worth its cost, but height gain (see the Radio Wave Propagation chapter) must be balanced against increased transmission line loss. This loss can be considerable, and it increases with frequency. The best available line may not be very good if the run is long in terms of wavelengths. Line loss considerations as discussed in the Transmission Lines chapter are important in antenna planning.

Physical Size

A given antenna design for 432 MHz has the same gain as the same design for 144 MHz, but being only one third as large intercepts only one-ninth as much energy in receiving. In other words, the antenna has less pickup efficiency at 432 MHz. To be equal in communication effectiveness, the 432-MHz array should be at least equal in size to the 144-MHz antenna, which requires roughly three times as many elements. With all the extra difficulties involved in using the higher frequencies effectively for weak-signal operation, it is best to keep antennas as large as possible for these bands.

Polarization

Whether to position antenna elements vertically or horizontally has been widely debated since early VHF pioneering days. Tests have shown little evidence about which polarization sense is most desirable. On long propagation paths there is no consistent advantage either way. Shorter paths tend to yield higher signal levels with horizontally polarized antennas over some kinds of terrain. Man-made noise, especially ignition interference, also tends to be lower with horizontal antennas. These factors make horizontal polarization somewhat more desirable for weak-signal communications. On the other hand, vertically polarized antennas are much simpler to use in omnidirectional systems and in mobile operation. Circular polarization is commonly used for satellite and EME communication with antenna systems that can switch between right-hand and left-hand orientation.

Vertical polarization was widely used in early VHF operation, but horizontal polarization gained favor when directional arrays started to become widely used. The widespread use of FM and repeaters, particularly in the VHF/UHF bands, has tipped the balance in favor of vertical antennas in mobile and repeater use. Horizontal polarization predominates in other communication on 50 MHz and higher frequencies. An additional loss of up to 20 dB can be expected when cross-polarized antennas are used over direct paths.

15.2 Basic Antennas For VHF And UHF

Local operation with mobile stations and handheld radios requires an antenna with wide coverage capabilities and a generally omnidirectional pattern. Most mobile operation uses FM and the polarization used with this mode is generally vertical. Some simple vertical systems for fixed or base station use are described below. Additional material on antennas of this type is presented in the Mobile VHF and UHF Antennas chapter.

15.2.1 PROJECT: VHF/UHF Ground-Planes And Dipoles

For the FM operator living in the primary coverage area of a repeater, the ease of construction and low cost of a 1⁄4 λ ground-plane antenna make it an ideal choice. Three different types of construction are detailed in the following section; the choice of construction method depends upon the materials at hand and the desired style of antenna mounting. (Note that while UHF connectors are not generally recommended for use on the upper VHF bands and at UHF, they will work fine as a base for ground-plane antennas. It is their uncontrolled impedance above 100 MHz that causes problems in transmission lines but as part of an antenna, their impedance is accounted for when trimming the antenna for minimum SWR.)

The 144-MHz model shown in Figure 15.1 uses a flat piece of sheet aluminum, to which radials are connected with machine screws. A 45° bend is made in each of the radials. This bend can be made with an ordinary bench vise. An SO-239 chassis connector is mounted at the center of the aluminum plate with the threaded part of the connector facing down. The vertical portion of the antenna is made of #12 AWG copper wire soldered directly to the center pin of the SO-239 connector.

[image: ]

The 222-MHz version, Figure 15.2, uses a slightly different technique for mounting and sloping the radials. In this case the corners of the aluminum plate are bent down at a 45° angle with respect to the remainder of the plate. The four radials are held to the plate with machine screws, lock washers, and nuts. A mounting tab is included in the design of this antenna as part of the aluminum base. A compression type of hose clamp could be used to secure the antenna to a mast. As with the 144-MHz version, the vertical portion of the antenna is soldered directly to the SO-239 connector.

[image: ]

A very simple method of construction, shown in Figure 15.3, requires nothing more than an SO-239 connector and some #4-40 hardware. A small loop formed at the inside end of each radial is used to attach the radial directly to the mounting holes of the coaxial connector. After the radial is fastened to the SO-239 with #4-40 hardware, a large soldering iron or propane torch can be used to solder the radial and the mounting hardware to the coaxial connector. The radials are bent to a 45° angle and the vertical portion is soldered to the center pin to complete the antenna. The antenna can be mounted by passing the feed line through a mast of 3⁄4-inch ID plastic or aluminum tubing. A compression hose clamp can be used to secure the PL-259 connector, attached to the feed line, in the end of the mast. Dimensions for the 144-, 222- and 440-MHz bands are given in Figure 15.3.

[image: ]

Dipole antennas are used frequently above the HF bands because horizontally polarized gain antennas are fairly small and easy to construct. Nevertheless, a rotatable dipole is very inexpensive and can be used for weak-signal operating when a beam isn’t practical. A dipole may actually be better than a beam when a very broad pattern is needed, such as for meteor scatter when the direction of propagation isn’t known until a station is heard.

The rotatable dipole shown in Figure 15.4 can be made of copper or aluminum tube or rod. The mounting plate can be made of almost any non-conductive plastic material such as thick plastic kitchen cutting boards. The simplicity of the antenna lends itself to experimenting or scrounging. (This design is from the ARRL book Magic Band Antennas for Ham Radio by Bruce Walker, N3JO — see the Bibliography.)

[image: ]

If these antennas are to be permanently mounted outside, waterproof the antenna by applying a small amount of sealant around the areas of the center pin of the connector to prevent the entry of water into the connector and coax line. The coax connector should be waterproofed as well. Techniques and materials for waterproofing are described in the Building Antenna Systems and Towers chapter.

15.2.2 The J-Pole Antenna

The J-Pole is a half-wave antenna that is end-fed at its bottom. Since the radiator is longer than that of a 1⁄4-wave ground-plane antenna, the vertical lobe is compressed down toward the horizon and it has about 1.5 dB of gain compared to the ground-plane configuration. The stub-matching section used to transform the high impedance at the end of a half-wave antenna to 50 Ω is shorted at the bottom, making the antenna look like the letter “J,” and giving the antenna its name.

Rigid copper tubing, fittings and assorted hardware can be used to make a rugged J-pole antenna for the VHF bands through 440 MHz. (A flexible “roll-up” J-pole is described in the Mobile and Portable Antennas chapter.) When copper tubing is used, the entire assembly can be soldered together, ensuring electrical integrity, and making the whole antenna weatherproof. A general-purpose set of dimensions for the J-pole is provided in Figure 15.5 along with a table of dimensions for 53 MHz, 146 MHz, 223 MHz, and 440 MHz. MHz. The dimensions assume 1⁄2-inch copper pipe is used to construct the antenna. The 53-MHz version is somewhat large for this construction method and the 440 MHz version a little small. Note that the inside dimensions of the matching section are between the outside surfaces of the tubing, not center-to-center. For placing the feed point, start with the feed point approximately as high above the bottom of the matching section as the tubing spacing.

[image: ]

The J-Pole can be fed directly from 50-Ω coax through a choke balun. A choke balun can be made by coiling the feed line or by using ferrite beads or cores as described in the Transmission Line System Techniques chapter. If the balun is not used, the outer surface of the coaxial cable will become part of the antenna, making tuning difficult and highly dependent on cable placement. In addition, radiation from the current flowing on the feed line can distort the pattern of the antenna, leading to poor performance by breaking up the low-elevation main lobe expected from this design.

PROJECT: 2 Meter All-Copper J-Pole

There are many J-pole designs available online and in the ARRL’s online archive of QST articles at arrl.org. One of the more popular variants is known as the “Copper Cactus” (see Bibliography) and has been adapted to dual- and tri-band designs.

Construction

No special hardware or machined parts are used in this antenna, nor are insulating materials needed. If mounted on a metal mast the antenna is grounded, as well. The following 2 meter J-pole design came from an article by Michael Hood, KD8JB, in The ARRL Antenna Compendium, Vol. 4.

Copper and brass is used exclusively in this antenna. These metals get along together, so dissimilar metal corrosion is eliminated. Both metals solder well, too. See Figure 15.6. Cut the copper tubing to the lengths indicated. Item 9 is a 11⁄4-inch nipple cut from the 20-inch length of 1⁄2-inch tubing. This leaves 183⁄4 inches for the 1⁄4-λ matching stub. Item 10 is a 31⁄4-inch long nipple cut from the 60-inch length of 3⁄4-inch tubing. The 3⁄4-wave element should measure 563⁄4 inches long. Remove burrs from the ends of the tubing after cutting, and clean the mating surfaces with sandpaper, steel wool or emery cloth.

[image: ]

After cleaning, apply a very thin coat of flux to the mating elements and assemble the tubing, elbow, tee, end caps and stubs. Solder the assembled parts with a propane torch and rosin-core solder. Wipe off excess solder with a damp cloth, being careful not to burn yourself. The copper tubing will hold heat for a long time after you’ve finished soldering. After soldering, set the assembly aside to cool.

Flatten one each of the 1⁄2-inch and 3⁄4-inch pipe clamps. Drill a hole in the flattened clamp as shown in Figure 15.6A. Assemble the clamps and cut off the excess metal from the flattened clamp using the unmodified clamp as a template. Disassemble the clamps.

Assemble the 1⁄2-inch clamp around the 1⁄4-wave element and secure with two of the screws, washers, and nuts as shown in Figure 15.6B. Do the same with the 3⁄4-inch clamp around the 3⁄4-wave element. Initially set the clamps to a spot about 4 inches above the bottom of the “J” on their respective elements. Tighten the clamps only finger tight, since you’ll need to move them when tuning.

Tuning

Before tuning, mount the antenna vertically, about 5 to 10 feet from the ground. A short TV mast on a tripod works well for this purpose. When tuning VHF antennas, keep in mind that they are sensitive to nearby objects — such as your body. Attach the feed line to the clamps on the antenna, and make sure all the nuts and screws are at least finger tight. It really doesn’t matter to which element (3⁄4-wave element or stub) you attach the coaxial center lead. KD8JB has done it both ways with no variation in performance. Tune the antenna by moving the two feed point clamps equal distances a small amount each time until the SWR is a minimum at the desired frequency. The SWR will be close to 1:1. (Stand clear of the antenna when measuring the SWR and include the choke balun in the feed line when making measurements.)

Final Assembly

The final assembly of the antenna will determine its long-term survivability. Perform the following steps with care. After adjusting the clamps for minimum SWR, mark the clamp positions with a pencil and then remove the feed line and clamps. Apply a very thin coating of flux to the inside of the clamp and the corresponding surface of the antenna element where the clamp attaches. Install the clamps and tighten the clamp screws.

Solder the feed line clamps where they are attached to the antenna elements. Now, apply a small amount of solder around the screw heads and nuts where they contact the clamps. Don’t get solder on the screw threads! Clean away excess flux with a noncorrosive solvent. After final assembly and erecting/mounting the antenna in the desired location, attach the feed line and secure with the remaining washer and nut. Weatherproof this joint as described in the Building Antenna Systems and Towers chapter.

15.2.3 Collinear and Curtain Arrays

The information given earlier in this chapter pertains mainly to parasitic arrays, but the collinear array is worthy of consideration in VHF/UHF operation. Two types of collinear arrays are commonly used by amateurs; the transposed-coaxial array and the collinear dipole array.

Collinear arrays tend to be tolerant of construction tolerances, making them easy to build and adjust for VHF and UHF applications. The use of many collinear driven elements was once popular in very large phased arrays, such as those required in moonbounce (EME) communications, but computer-optimized Yagi arrays have largely replaced them. A collinear array of four dipoles is a popular repeater antenna as described in the Repeater Antenna Systems article included with this book's downloadable content.

Collinear Transposed-Coax Arrays

The most popular collinear array is the omnidirectional array of half-wave dipoles constructed of transposed sections of coaxial cable as shown in Figure 15.7. The original array of this type is the Franklin array shown in Figure 15.7A. The phase-reversing stubs allow multiple half-wave sections to operate in phase, creating gain at right angles to the antenna. An example of this array is the popular Cushcraft Ringo Ranger series of omnidirectional VHF and UHF antennas.

[image: ]

While the phasing stubs make the Franklin array inconvenient for vertical stacking of more than two elements, a derivative of this array uses transposed sections of coaxial cable as in Figure 15.7B. The phasing stub is created by the inside of each coaxial section. The outer surface of the coaxial shield forms the radiating element. The resulting antenna can be enclosed in a PVC or fiberglass tube, such as the Comet GP-series of VHF/UHF omnidirectional antennas. Numerous examples of this design are available online. An article by WA6SVT in 73 magazine was the initial description of these antennas in the amateur literature. (See repeater-builder.com/antenna/wa6svt.html and this chapter’s References and Bibliography section — see the entries for Collis and Belrose.) Gains claimed for this antenna may be optimistic (owenduffy.net/antenna/WA6SVT/index.htm) but the basic design is quite serviceable.

Another method of creating the phase reversal between radiating sections is the meander line shown in Figure 15.7C. The meander line is a coil of wire that forms a delay line of 180 degrees. The pitch (turns per unit length) and overall length are the important characteristics of the meander line. There are several designs for meander line collinear arrays online such as from WA3AYW at hamuniverse.com/wb3aywcollinear.html.

The practical limit for gain in this type of array is about 10 dBi. A choke balun or other method of decoupling such as a set of λ/4 radials is required at the feed point of the array to prevent current from being induced on the outer surface of the coaxial feed line. Feed line current would both upset the radiation pattern, reducing gain, and affect the feed point impedance in unpredictable ways.

Collinear Omnidirectional Array for 70 cm

Figure 15.8 shows the basic construction of a transposed-coax array for the 70 cm band with dimensions in millimeters for accuracy. The λ/4 whip at the end of the array is optional. The gain of this array is approximately 9 dBi (slightly less without the whip). The original design of this antenna is credited to the Radio Amateur Society of Norwich (rason.org). More information is available via the “Projects” page of the RASON website.

[image: ]

The physical length of each λ/2 section of coax must account for the velocity factor of the cable which should be measured accurately before cutting any cable. Once the physical length of λ/2 has been determined, add 8 mm to allow for creating the 4 mm connecting surfaces on each end. For a VF = 0.66, the λ/2 sections should be 223 mm long plus 8 mm for a total of 231 mm. RG-58, RG-8, RG-8X or RG-213 can be used for this antenna. Do not remove the outer jacket from the cable other than at the connecting ends as this will allow the individual braid strands to loosen, reducing the shield’s effectiveness as a continuous conductor.

Use a 169 mm segment of #16 AWG copper wire for the top whip section. A λ/4 coaxial sleeve balun is attached at the feed point of the antenna. (See the Transmission Line System Techniques chapter.) The balun is made from copper tubing that is soldered to the shield of the feed line using strips of brass or copper shim. If 5⁄8-inch tubing is used, the length should be 160 mm. The feed line should be centered in the balun tubing by using small pieces of plastic inserted between the coax jacket and the tubing’s inner surface. Approximately λ/4 beyond the end of the balun’s closed end add an additional choke balun of three type #43 ferrite beads (choose the ID to fit the feed line coax). The entire antenna should be enclosed in a length of PVC or fiberglass tubing to protect it from the weather. If necessary for mechanical stability, support the antenna sections with a length of wooden dowel or plastic rod, secured with electrical tape.

Collinear Dipole Array

The vertical four-dipole collinear array in Figure 15.9 is a very common repeater antenna, giving an omnidirectional pattern. Gain can be from 3 to 7.5 dBd depending on the dipoles vertical spacing and whether all of the dipoles are mounted on the same side of the supporting mast. Arrays of two to eight dipoles are practical. (See the Repeater Antenna Systems article in the online material.)
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KG4JJH has published a very detailed article on the design and construction of 2-element and 4-element arrays for 2 meters using single-conductor dipole elements (available from kg4jjh.com). Most commercial versions use folded dipoles so that all antenna elements can be maintained at dc ground.

The phasing lines used to connect the individual dipoles must be of the correct length within a few electrical degrees in order to present a 50 Ω impedance to the main feed line. Individual phasing line segments may be of 50, 75, or some other impedance so be careful when repairing or replacing a phasing line or harness so that the antenna’s radiation pattern and feed point impedance are correct.

Dipole Curtain Arrays

Collinear dipole arrays were popular in the past because of simplicity, before computer modeling of antennas. Modern optimized Yagi antennas offer higher performance in terms of gain, cost, size, weight, and wind loading. Still, there are possibly applications where collinear arrays might be useful. Strictly speaking, the antennas discussed here are broadside arrays and not true collinear arrays since the antennas are not aligned along a single line. Nevertheless, they are often referred to as collinear arrays and included here for convenient reference.

Bidirectional curtain arrays of four, six and eight half waves in phase are shown in Figure 15.10. Usually reflector elements are added, normally at about 0.2 λ behind each driven element, for more gain and a unidirectional pattern. Such parasitic elements are omitted from the sketch in the interest of clarity.
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The feed point impedance of two half waves in phase is high, typically 1000 Ω or more. When they are combined in parallel and parasitic elements are added, the feed impedance is low enough for direct connection to open wire line or twin-lead, connected at the points indicated by black dots. With coaxial line and a balun, it is suggested that the universal stub match (see the VHF-UHF Antenna System Design chapter) be used at the feed point. All elements should be mounted at their electrical centers, as indicated by open circles in Figure 15.10. The framework can be metal or insulating material. The metal supporting structure is entirely behind the plane of the reflector elements. Sheet-metal clamps can be cut from scraps of aluminum for this kind of assembly. Collinear elements of this type should be mounted at their centers (where the RF voltage is a minimum), rather than at their ends, where the voltage is high and insulation losses and detuning can be harmful.

A reflecting plane, which may be sheet metal, wire mesh, or even closely spaced elements of tubing or wire, can be used in place of parasitic reflectors. To be effective, the plane reflector must extend on all sides to at least 1⁄4 λ beyond the area occupied by the driven elements. The plane reflector provides high F/B ratio, a clean pattern, and somewhat more gain than parasitic elements, but large physical size limits it to use above 420 MHz. An interesting space-saving possibility lies in using a single plane reflector with elements for two different bands mounted on opposite sides. Reflector spacing from the driven element is not critical — about 0.2 λ is common.

The German antenna reference text, Rothammel, (see References and Bibliography for the Antenna Fundamentals chapter). gives the following guidelines for the reflecting plane:

	For the best F/B ratio, the reflecting plane should extend at least λ/2 beyond the perimeter of the curtain on all sides.

	If made of wire or mesh instead of solid sheet metal to reduce wind loading surface area, the wire pitch should be 0.1 λ or less.

	A reflecting plane spaced 5/8 l behind the radiators adds a maximum gain of up to 7 dB, but a spacing of 0.1 to 0.3 λ provides a better F/B ratio.

	If spaced at least 0.3 λ behind the curtain, the reflecting plane does not affect the feed point impedance of the array.



15.3 Yagis And Quads At Vhf And Uhf

Without doubt, the Yagi is king of home-station VHF and UHF antennas for weak-signal operating and for long-distance repeater and simplex operation. Today’s best designs are computer optimized. The HF Yagi and Quad Antennas chapter describes the parameters associated with Yagi antennas. Due to the shorter wavelengths above 50 MHz, high-performance designs that would be impractical at HF are easily achievable at VHF and UHF. A variety of designs are presented for 50 through 432 MHz.

15.3.1 Constructing VHF And UHF Yagis

Before discussing materials, it is important to note that high-performance, especially at and above 144 MHz, requires that design specifications be followed very closely. Measurement or machining errors that can be ignored at HF become more significant at short wavelengths. The antenna designs in this chapter are fairly tolerant of deviations in the final assembly dimensions from those specified by the model and in the dimension tables. Good performance will be obtained using standard building practices and paying attention to details. However, accurate assembly is required if maximum performance is required or to duplicate the modeled performance.

Materials

Normally, aluminum tubing or rod is used for Yagi elements. Brass tubing is also used and has the additional advantage of being solderable. Hard-drawn copper wire can also be used on Yagis above 420 MHz. Resistive losses are inversely proportional to the square of the element diameter and the square root of its conductivity.

Element diameters of less than 3⁄16 inch or 4 mm should not be used on any band. The size should be chosen for reasonable strength. Half-inch diameter elements are the minimum suitable for 50 MHz (use a tempered alloy) and should be used at 144 MHz. One-quarter to three-sixteenths inch elements are acceptable for higher frequencies. Steel, including stainless steel and unprotected brass or copper wire, should not be used for elements.

When developing a Yagi at VHF and up, it is important to make the driven elements adjustable. This allows the builder to compensate for minor variations in feed line attachments and slight variations in element placement. See the note regarding connections in the section on Feed Point Construction below.

Boom material may be aluminum tubing, either square or round. High-strength aluminum alloys such as 6061-T6 or 6063-T651 offer the best strength-to-weight advantages. If the original design uses a metal boom, use the same size and shape metal boom when you duplicate it. Larger or smaller conductive booms may require an adjustment in element length. If the design calls for a wood boom, use a nonconductive material. Fiberglass tubes or poles are also good for booms but may need painting for UV protection.

Wood is popular for temporary or portable antennas, such as those in the section Cheap Yagis by WA5VJB later in this chapter. Suitable sizes of lumber include 1 × 3 (up to 15 feet long), 1 × 2 or 3⁄4 × 11⁄4 pine molding stock, or even strips of 1⁄2-inch exterior plywood for very short antennas. The wood should be well seasoned and free from knots. Clear pine, spruce and Douglas fir are often used. The wood should be well treated to avoid water absorption and warping. If varnished well, wood can outlast aluminum in salt air and marine environments.

Insulated and Non-insulated Elements

Elements may be mounted insulated or non-insulated, above or through the boom. Insulating the elements from the boom reduces interaction between the elements and boom which becomes increasingly important in high-performance designs.

Non-insulated elements as in Figure 15.11 are mechanically convenient and are at dc ground, assuming the boom of the antenna is also grounded. Two muffler clamps hold each aluminum plate to the boom, and two U-bolts fasten each element to the plate, which is 0.25 inch thick and 4 × 4 inches square. Stainless steel is the best choice for hardware, but galvanized hardware can be substituted. Plated muffler clamps do not work well in this application because they are not galvanized and quickly rust once exposed to the weather.
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Computer modeling can apply a correction for the connection of the element with the boom — make sure you account for that interaction when designing the antenna as it is significant at VHF and higher frequencies! (Correction tables are available on the DG7YBN and YU7EF websites referenced in the sidebar “Yagi Designs Online” later in this chapter.)

Insulated elements can be mounted on shoulder insulators and run through the boom as in Figure 15.12. The stainless-steel element retainers are usually referred to as push-on retainers or “pushnuts” such as those made by Auveco Products (auveco.com). The insulating shoulder washers should be UV-resistant Teflon or Delrin, such as are available from Unicorp (unicorpinc.com). Directive Systems & Engineering (directivesystems.com) can supply small quantities of both parts.
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Mounting non-insulated elements through a metal boom is the least desirable method unless the elements are welded in place. The Yagi elements will oscillate, even in moderate winds. Over several years this element oscillation will work open the boom holes or loosen connecting hardware. This will allow the elements to move in the boom, creating noise (in the receiver) when the wind blows, as the element contact changes. (Rope or string inside the element helps damp this movement.) Eventually the element-to-boom junction will corrode (aluminum oxide is a good insulator). This loss of electrical contact between the boom and element will reduce the boom’s effect and change the resonant frequency of the Yagi.

One of the most popular construction methods for insulated elements is to mount the elements through the boom using insulating shoulder washers. This method is lightweight and durable. Its main disadvantage is difficult disassembly, making this method impractical for portable antennas.

Stauff clamps (us.stauff.com) can be used to hold the elements on the boom as shown in Figure 15.13. These clamps are relatively new to US antenna builders but solve several problems with the traditional plate-and-U-bolt construction and are rated for industrial and outdoor use. The clamps for reflector and director elements are typically mounted directly to the boom. Various brackets and supports are also available from Stauff. Be sure to use clamps with polypropylene (PP) insulation at VHF and above as other plastics exhibit excessive loss.
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If a conductive boom is used, element lengths must be corrected for the mounting method used. The amount of correction is dependent upon the boom diameter in wavelengths. (A change in boom diameter also requires element length adjustment.) See Figure 15.14 for an example of the effect of element mounting. Elements mounted through the boom and not insulated require the greatest correction. Mounting on top of the boom or through the boom on insulated shoulder washers requires about half of the through-the-boom correction. When using a model or design plans for a Yagi, be sure to note whether the elements are in contact with a conductive boom and whether corrections are incorporated into the model and design.
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Feed Point Construction

The following applies especially to high-performance antennas at VHF and above. Modeling software assumes that at the antenna feed point, the coax stops and the driven element starts and there are no wires or pigtails or connectors between them. This means that when an antenna is built from a software model, the driven element will need to be shorter than the model suggests when built, in order to account for the connections that will indeed need to exist between the coax and the antenna feed point in the real world.

RF does not wait until it arrives at the element itself to radiate. At the exact point at which the coax cable is no longer coaxial, the radiating element begins and this includes any wires or pigtails. It is for this reason that a driven element must usually be a bit shorter than modeled, assuming that the antenna is built correctly and any correction factors have been appropriately applied. Additionally, this highlights the fact that tail length should be reduced to an absolute minimum and more T-shaped across the feed point as in Figure 15.15 rather than Y-shaped in order for the software model can be replicated as closely as possible. Similar considerations apply to the use of connectors. The higher the frequency, the more relevant this rule becomes.
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Leads from a feed line or balun to the feed point (or coax pigtails) should be as short as possible and spread apart parallel to the driven element. Once no longer inside the coaxial cable, the leads form part of the driven element and if they are excessively long it will affect antenna performance.

Weatherproofing a coax pigtail can be a challenge, especially for VHF/UHF antennas where the length of the connections must be short. John Portune, W6NBC, designed a 3D-printed housing for these pigtails that makes the job easier. The March 2019 QST article, “3D-Printed Coax-to-Wire Connection Blocks” is included in the online content for the chapter Building Antenna Systems and Towers and is listed in this chapter’s References and Bibliography.

Choke Baluns for VHF/UHF Yagis

A choke balun should be used at the feed point to prevent interaction between the antenna and the feed line shield’s outer surface. Alternately, resonant transmission line baluns are commonly used at VHF and UHF. See the Transmission Line System Techniques chapter for design and construction information on choke and transmission line baluns. At VHF and UHF, the most consistent performance from bead baluns requires using an appropriate ferrite mix such as #43 or #61.

If a choke balun at the feed point is used, feed line length between the balun and the feed point should be as short as possible to limit interaction between the feed line’s outer surface and the antenna.

Gamma Match for 6 Meter Yagis

The drawing in Figure 15.16 shows a gamma match design in the ARRL book Magic Band Antennas for Ham Radio by Bruce Walker, N3JO (see the References and Bibliography). The full article goes into some detail about the construction but the basic idea is well-illustrated here. Be sure to use anti-oxidation compound for all metal-to-metal connections, including the sheet metal screws holding the bracket to the driven element. For additional support of the gamma match, UV-resistant cable ties can be used.
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Tune the gamma match by adjusting the position of the shorting strap connecting the driven element and 3⁄8-inch tubing. If the minimum obtainable SWR remains too high, shorten the length of the driven element by 1⁄2 inch and readjust the strap. If minimum SWR has decreased, continue to shorten the driven element and adjust the strap position. If minimum SWR has increased, the driven element needs to be lengthened, instead.

15.3.2 PROJECT: Yagis for 50 MHz

Boom length often proves to be the deciding factor when one selects a Yagi design. Table 15.1 shows three 6 meter Yagis designed for convenient boom lengths (6, 12 and 22 feet). The 3-element, 6-foot boom design has 8.0 dBi gain in free space; the 12 foot boom, 5-element version has 10.1 dBi gain, and the 22-foot, 7 element Yagi has a gain of 11.3 dBi. All antennas exhibit better than 22 dB front-to-rear ratio and cover 50 to 51 MHz with better than 1.7:1 SWR. A high-performance OWL (Optimized Wideband Low Impedance) design for 50 MHz by Justin Johnson, GØKSC, is included in the High-Performance Yagi Design section of this chapter.
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A beam designed for FM operation higher in the band is described by the August 2007 QST article “A Short Boom, Wideband 3 Element Yagi for 6 Meters,” by L.B. Cebik, W4RNL. Cebik describes two additional 3-element Yagis for 6 meters — one optimized for gain and F/B and the other optimized for bandwidth — in the February 2000 QST article, “2 x 3 = 6.” Both articles are included with this book’s online material.

Half-element lengths and spacings are given in the table. Elements can be mounted to the boom as shown in Figure 15.13. Please note that the element lengths shown in Table 15.1 are half the overall element lengths. See the Antenna Materials and Construction chapter for practical details of telescoping aluminum elements.

The driven element is mounted to the boom on a Bakelite or G-10 fiberglass plate of similar dimension to the other mounting plates. A 12-inch piece of Plexiglas rod is inserted into the driven element halves. The Plexiglas allows the use of a single clamp on each side of the element and also seals the center of the elements against moisture. Self-tapping screws are used for electrical connection to the driven element.

Refer to Figure 15.17 for driven-element and hairpin match details. A bracket made from a piece of aluminum is used to mount the three SO-239 connectors to the driven element plate. A 4:1 transmission line balun connects the two element halves, transforming the 200 Ω resistance at the hairpin match to 50 Ω at the center connector. Note that the electrical length of the balun is λ/2, but the physical length will be shorter due to the velocity factor of the particular coaxial cable used. The hairpin is connected directly across the element halves. The exact center of the hairpin is electrically neutral and should be fastened to the boom. This has the advantage of placing the driven element at dc ground potential.

[image: ]

The hairpin match requires no adjustment as such. However, you may have to change the length of the driven element slightly to obtain the best match in your preferred portion of the band. Changing the driven-element length will not adversely affect antenna performance. Do not adjust the lengths or spacings of the other elements — they are optimized already. If you decide to use a gamma match, add 3 inches to each side of the driven element lengths given in the table for all antennas.

15.3.3 PROJECT: Utility Yagis for 144 MHz and 432 MHz

There are many applications for Yagis on 144 MHz that do not require high gain or tightly-controlled pattern. In fact, for casual operating, a beamwidth that is too narrow can actually prevent a station from hearing weak signals not in the main lobe of the antenna. For meteor scatter and other applications (see the sidebar, “Meteor Scatter: How Much Antenna is Too Much?”) where the opening comes from an unknown azimuth, a wider beamwidth is preferred. Rover and portable stations often find the lighter weight and shorter boom length of the smaller antennas easier to handle.

Utility Yagi for 144 MHz

The following material is a summary of the design presented by L.B. Cebik, W4RNL in the December 2004 QST article “Building a Medium-Gain, Wide-Band, 2 Meter Yagi.” (The complete article is included with this book’s online material.)

The 6-element Yagi presented here is a derivative of the “optimized wideband antenna” (OWA) designs developed for HF use by NW3Z and WA3FET. Figure 15.18 shows the general structure of the beam and Figure 15.19 gives the free-space E-plane pattern. If mounted with the elements horizontal, the E-plane pattern would be the azimuthal pattern.
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Oversimplifying the design somewhat, the reflector and first director largely set the feed point impedance. The next two directors contribute to setting the operating bandwidth. The final director sets the gain.

Designed using NEC-4, the antenna’s six elements are arranged on a 56-inch boom Table 15.2 gives the specific dimension for the antenna. The parasitic elements are all 3⁄16-inch aluminum rod while the driver uses 1⁄2-inch aluminum tubing for reasons of construction. Dimensions for the beam with an alternate driver or the use of 1⁄8-inch elements is given in the original article.
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The OWA design provides about 10.2 dBi of free-space gain with better than 20 dB F/B across the entire 2 meter band. The horizontal beamwidth is considerably wider if the beam is mounted with the elements vertical for use on FM.

One significant feature of the OWA design is its direct 50-Ω feed point impedance that requires no matching network. Of course, a common-mode choke balun (see the Transmission Line System Techniques chapter) is desirable. The SWR as shown in Figure 15.20 is very flat across the band and never exceeds 1.3:1. The SWR and pattern consistency together create a very useful utility antenna for 2 meters.
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Meteor Scatter: How Much Antenna is Too Much?
Can an antenna be too big or have too much gain? Perhaps surprisingly, in some circumstances the answer is a definite “Yes.”
High gain means narrow beamwidth. Even supposing that a sharp beam can be directed just as desired, you may sometimes want your transmitter to illuminate a larger range of directions, or to receive signals with reasonable gain over a larger range. Such situations can exist even for point-to-point communication — for example, when station A tries to work station B, at a known location some 800 to 1200 km away, on a VHF band using meteor scatter.
The most probable path geometries for random meteor scatter are offset by angles of about 8° to 16° either side of the great circle path. Smaller offsets apply to the longest paths, on the order of 2200 to 2400 km; paths less than 1000 km have optimum offsets near the high end of the range. The largest number of meteor-scatter reflections will occur when stations A and B use antenna beamwidths that overlap throughout most of the potentially useful scattering volume. This implies beamwidths at least twice the offset angle: around 32° for 800 km paths, or 16° for the longest feasible paths. Of course, antennas with higher gain and narrower beams may yield stronger signals, when they produce any at all; but for efficient completion of their desired contact, A and B may be interested in getting more meteor reflections, rather than stronger ones.
A Yagi antenna with 30° beamwidth has boom length of about 3 wavelengths and gain of 13 dBd. Three wavelengths at 50 MHz is nearly 60 feet, so few if any amateur antennas for this band are likely to be “too large” for effective meteor-scatter use. At 144 MHz, however, Yagis of 5 wavelengths and more are quite practical. Their beamwidths will be significantly less than 30°, so they will be sub-optimal for meteor-scatter contacts at moderate distances.
Real-world amateur meteor scatter experience confirms the picture outlined above. For meteor scatter out to 1600 km on the 2 meter band, an optimized 10 to 12 element Yagi (length 1.8 to 2.5 l) is probably close to the optimum antenna. Takeoff angles for meteor scatter are no more than about 15°, so a vertical stack of two such Yagis (which would have the same beamwidth in azimuth) would be even better. Horizontal stacking of a pair, or a 2 × 2 box of four such Yagis, would work well beyond about 1600 km, but would be sub-optimal at shorter distances. On the longest feasible meteor-scatter paths, beyond about 1800 km, the rule-of-thumb once again becomes “bigger is better.” Note that for these long paths the optimum takeoff angle has fallen to less than 3°, so antenna height in excess of 5 l (about 35 feet at 144 MHz) is also important. — Joe Taylor, K1JT


Utility Yagi for 432 MHz

The following design was developed by Zack Lau, W1VT and described in his “RF” column “A Small 70-cm Yagi” in the July/August 2001 QEX. The complete article is included with this book’s online material.

This six-element Yagi was designed for a wide bandwidth — in gain, F/B and SWR. Its gain was measured at 8.5 dBd during the 1995 Eastern States VHF/UHF Conference — with little gain variation between 417 and 446 MHz. The SWR is almost as broad, with better than 1.4:1 SWR between 422 and 446 MHz. The measured gain and return loss curves are shown in Figure 15.21. The short 30-inch boom is small enough to fit in the trunk of a compact sedan, perfect for portable or emergency operation. The F/B bandwidth is also very good, with over 20 dB of F/B between 424 and 450 MHz, according to a Yagi Analyzer computer model.
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Even if you only intend to use this antenna for 432-MHz SSB or 436-MHz satellite operation, the extra bandwidth is useful when it rains. Heavy rain causes antenna elements to resonate lower in frequency. This is much worse if the antenna is tweaked for maximum gain. Yagis typically have a low-pass gain response. The gain falls off rapidly past the maximum-gain point. Thus, while the maximum gain is around 442 MHz, the gain is significantly lower at 457 MHz, while only a little bit lower at 427 MHz.

The optimized design is shown in Figure 15.22 and the element lengths and placement are given in Table 15.3. The element lengths are adjusted to work with a particular boom and mounting arrangement. Changing the boom or element mounting may require adjusting the element lengths. The antenna uses a simple T-match, as simpler gamma matches have a poor reputation on this band. A T-matched Yagi is more likely to have a symmetrical radiation pattern. The feed system shown in the complete article included with this book’s online material is a copy of that used in the K2RIW Yagi. A half-wave balun made out of semi-rigid UT-141 coax steps up the impedance to 200 Ω. Similarly, the T match steps up the impedance of the driven element to 200 Ω.
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15.3.4 PROJECT: Cheap Yagis By WA5VJB

The following material is adapted from an online paper by Kent Britain, WA5VJB, entitled “Controlled Impedance ‘Cheap’ Antennas.” The paper is available from wa5vjb.com/references.html. The simplified feed uses the structure of the antenna itself for impedance matching. The antennas were designed with YagiMax, tweaked in NEC, and the driven elements experimentally determined on the antenna range. The result is a family of Yagis with good performance that can be built very inexpensively.

Construction of the antennas is straightforward. The boom is 3⁄4-inch square, or 1⁄2-inch by 3⁄4-inch wood. To install an element, drill a hole through the boom and insert the element. A drop of cyanoacrylate “super glue,” epoxy, or silicone adhesive is used to hold the elements in place. There is no boom-to-mast plate — drill holes in the boom and use a U-bolt to attach it to the mast! The life of the antenna is determined by what you coat it with. The author had a 902-MHz version in the air varnished with polyurethane for two years with little deterioration.

The parasitic elements on prototypes have been made from silicon-bronze welding rod, aluminum rod, brass hobby tubing, and #10 or #12 AWG solid copper ground wire. So that you can solder to the driven element, use the welding rod, hobby tubing or copper wire. The driven element is folded at one end with its ends inserted through the boom.

Figure 15.23 shows the basic plan for the antenna and labels the dimensions that are given in the table for each band. All table dimensions are given in inches.
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Figure 15.24 shows how the driven element is constructed for each antenna. Trim the free end of the driven element to tune it for minimum SWR at the desired frequency. Figure 15.25 shows how to attach coaxial cable to the feed point. Sliding a quarter-wave sleeve along the coax had little effect, so there’s not much RF on the outside of the coax. You may use a ferrite bead choke balun if you like, but these antennas are designed for minimum expense!
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144 MHz Yagi: While others have reported good luck with 16-element long-boom wood antennas, six elements was about the maximum for most rovers. The design is peaked at 144.2 MHz, but performance is still good at 146.5 MHz. All parasitic elements are made from 3⁄16-inch aluminum rod and the driven element is made from 1⁄8-inch rod. Lengths and spacings are given in Table 15.4.
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222 MHz Yagi: This antenna is peaked at 222.1 MHz, but performance has barely changed at 223.5 MHz. You can drill the mounting holes to mount it with the elements horizontal or vertical. All parasitic elements are made from 3⁄16-inch aluminum rod and the driven element is made from 1⁄8-inch rod. Lengths and spacings are given in Table 15.4.

432 MHz Yagi: At this band the antenna is getting very practical and easy to build. All parasitic elements are made from 1⁄8-inch diameter rod and the driven element is made from #10 AWG solid copper wire. Lengths and spacings are given in Table 15.5.
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435 MHz Yagi for AMSAT: Ed Krome, K9EK, provided help and motivation for these antennas. A high front-to-back ratio (F/B) was a major design consideration of all versions. The model predicts 30 dB F/B for the six-element and over 40 dB for the others. For gain, NEC predicts 11.2 dBi for the six-element, 12.6 dBi for the eight-element, and 13.5 dBi for the 10-element, and 13.8 dBi for the 11-element.

Using 3⁄4-inch square wood for the boom makes it easy to build two antennas on the same boom for cross-polarization. Offset the two antennas 61⁄2 inch along the boom and feed them in-phase for circular polarization, or just use one for portable operations. All parasitic elements are made from 1⁄8-inch diameter rod and the driven element is made from #10 AWG solid copper wire. Lengths and spacings are given in Table 15.6. The same element spacing is used for all four versions of the antenna.
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450 MHz Yagi for FM: this six-element Yagi is a good, cheap antenna to get a newcomer into a repeater or make a simplex-FM QSO during a contest. Aluminum ground wire, typically 1⁄8-inch diameter, was used in the prototype for all the elements except the driven element, which is made from #10 AWG solid copper wire. Other 1⁄8-inch diameter material could be used. Lengths and spacings are given in Table 15.7.

[image: ]

902 MHz Yagi: The 2.5-ft length has proven very practical. All parasitic elements are made from 1⁄8-inch-diameter rod and the driven element is made from #10 AWG solid copper wire. Lengths and spacings are given in Table 15.8.
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1296 MHz Yagi: This antenna is the veteran of several “Grid-peditions” and has measured 13.5 dBi on the Central States VHF Society antenna range. Dimensions must be followed with great care. The driven element is small enough to allow 0.141-inch semi-rigid coax to be used. The prototype antennas use 1⁄8-inch silicon-bronze welding rod for the elements, but any 1⁄8-inch-diameter material can be used. The driven element is made from #10 AWG solid copper wire. Lengths and spacings are given in Table 15.9.
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421.25 MHz 75-Ω Yagi for ATV: 421 MHz vestigial sideband video is popular in North Texas for receiving the FM video input repeaters. These antennas are made for 421 MHz use and the driven element is designed for 75 Ω. RG-59 or an F adapter to RG-6 can be directly connected to a cable-TV converter or cable-ready TV on channel 57. All parasitic elements are made from 1⁄8-inch diameter rod and the driven element is made from #10 AWG solid copper wire. Lengths and spacings are given in Table 15.10. The same spacing is used for all versions.
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15.3.5 High-Performance Yagi Design

This section was primarily updated and extended by Justin Johnson, GØKSC, based on his articles in DUBUS and from material on his website at g0ksc.co.uk. In addition to the summarized information here, several articles by Justin are included with this book’s online content. The online content also includes the classic Yagi designs by Steve Powlishen, K1FO, featured in several recent editions of this book. For those who wish to construct antennas based on DL6WU’s work, a family of designs is available at the article referenced in the References and Bibliography.

The treatment of high-performance Yagi design in this edition takes advantage of high-precision modeling developed over the past few years to achieve better control of antenna pattern through manual and automatic optimization. In addition, construction techniques that can have a significant effect on performance across a band and susceptibility to noise pickup are discussed.

New techniques pioneered by YU7EF, DG7YBN, UA9TC, RA3AQ, and others (see the sidebar Yagi Designs Online) have contributed to the development of Yagis optimized for wideband (flat) performance, consideration of elevation plane lobes, self-matching radiating elements, close-spaced “driver cell” (first three elements), and other key performance indicators, particularly gain/noise temperature performance as described in the sidebar Gain/Noise Temperature (G/T). It should be understood that not all of the antenna designs found online take into account the entire set of considerations in the following discussion while being optimized.

Yagi Designs Online
Many designers have been creating high-performance Yagis for EME and VHF+ contesting. Here are a few of the active designers websites:
DG7YBN — dg7ybn.de/index.htm
DK7ZB — qsl.net/d/dk7zb
GØKSC — g0ksc.co.uk
G4CQM — g4cqm.www.idnet.com
UA9TC — vhfdx.ru/faylyi/view-details/shemyi-i-opisaniya/ant-ua9tc
YU7EF — yu7ef.com
YU7XL— qslnet.de/member/yu7xl
DUBUS Magazine — dubus.org


Gain/Noise Temperature (G/T)
This parameter is a figure of merit for evaluating the antenna’s ability to receive weak signals. That ability is particularly important at VHF/UHF/microwave where signals can be very weak, such as for EME operation and in contests. G represents the antenna gain in dB and Ta is the equivalent noise temperature of the antenna in degrees Kelvin. (See T. Milligan, Modern Antenna Design, 2nd Edition, IEEE Press, p. 32.)
For the purposes of this discussion:
G/T = (G + 2.15) – (10 log Ta)
where more positive values indicate better performance. Ta includes noise received from all directions including side lobes. A clean radiation pattern reduces noise and increases G/T.
An alternative calculation of G/T for the entire receiving system includes the noise produced by the antenna and receiving system, which includes the feed line, any preamplifiers, and the receiver itself.
Optimizing G/T is similar to optimizing signal-to-noise ratio (SNR) in that the goal is optimizing the quality of the received signal and not necessarily absolute signal level or noise level.
G/T may be calculated directly from the Far Field radiation pattern tables produced by EZNEC or 4nec2 by using TANT, a DOS utility program developed by Sinisa Miloskjovic, YU1NT, originally for use in developing EME antenna systems. It imports the far field data from the file and computes G/T in 5-degree increments from elevation angles of 0 to 90 degrees. TANT may be downloaded at dg7ybn.de/Ant_Temp/Ant_Temp.htm#TANT with instructions for use and sample input and output files.
It is important to note that while this is a good method of comparison between antennas, it is intended for use in EME systems and the calculations are performed assuming an antenna elevation fixed at 30°. With any given set of Yagis pointed at the horizon or at elevation angles greater than 30° very different comparative results may be seen.


Building on the current state of computer-optimized antenna design, this section details some additional attributes that contribute to the “ideal” Yagi. In addition, reasons are presented and discussed as to why Yagis for UHF and microwave bands sometimes do not perform at the level predicted by software models.

On a philosophical note, recent advances in modeling and optimization of antenna performance have led to some exciting new advances, all pioneered by amateurs. The combination of sophisticated design tools, inexpensive materials, and the manageable weight and size for Yagis above 50 MHz, make it possible for any amateur so inclined to construct their own state of the art antennas.

High-Performance At and Above 144 MHz

At 144 MHz and above, most high-performance operation requires Yagi antennas two or more wavelengths in length. Before computer-based optimization became practical for amateurs, a boom length of 2 wavelengths was the point at which classic Yagi performance started to fall apart in terms of gain per boom length, bandwidth, and pattern quality. Careful optimization techniques have extended the range of high-performance Yagi designs considerably beyond the 2-wavelength limit. This is discussed in the sections Optimization and Bandwidth followed by Optimizing to Minimize Real-World Noise.

The Classic Design Approach

As described in previous editions of this book, classic high-performance Yagi design approaches start with closely spaced directors. The spacings gradually increase until a constant spacing of about 0.4 λ is reached. Conversely, the director lengths start out longest with the first director and decrease in length in a decreasing rate of change until they are virtually constant in length. This method of construction results in a wide gain bandwidth. A bandwidth of 7% of the center frequency at the –1 dB forward-gain points is typical for these Yagis even when they are longer than 10 λ. The driven-element impedance also changes moderately with boom length.

The actual rate of change in element lengths is determined by the diameter of the elements (in wavelengths). The spacings can be optimized for an individual boom length or chosen as a best compromise for most boom lengths.

Measurements and computer analysis by both amateurs and professionals indicates that given an optimum classic design, doubling a Yagi’s boom length will result in a maximum theoretical gain increase of about 2.6 dB. (This value is not exact and varies with optimization technique and element construction.) In practice, the real gain increase may be less because of escalating resistive losses and the greater possibility of construction error. Figure 15.26 shows the maximum theoretically possible gain per boom length expressed in decibels, referenced to an isotropic radiator. The actual number of directors does not play an important part in determining the gain vs boom length as long as a reasonable number of directors are used. The use of more directors per boom length will normally give a wider gain bandwidth, but a point exists where too many directors will adversely affect all performance aspects.
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While short antennas (< 1.5 λ) may show increased gain with the use of quad or loop elements, long Yagis (> 2 λ) will not exhibit measurably greater forward gain or pattern integrity with loop-type elements. Similarly, loops used as driven elements and reflectors will not significantly change the properties of a long log-taper Yagi. Multiple-dipole driven-element assemblies will also not result in any significant gain increase per given boom length when compared to single-dipole feeds.

Once a long-Yagi director string is properly tuned, the reflector becomes relatively non-critical. Reflector spacings between 0.15 λ and 0.2 λ are preferred. The spacing can be chosen for best pattern and driven element impedance. Multiple-reflector arrangements will not significantly increase the forward gain of a Yagi which has its directors properly optimized for forward gain.

Bent-Element Yagis

By bending elements in the most active part of the Yagi (the reflector, driven element, and first director) a variety of improvements can be made to antenna performance with a variety of additional construction complexity.

UA9TC first experimented with bending the reflector in a right angle at the ends, similar to the Moxon designs, resulting in improved bandwidth and less noise pickup but gain was reduced. GØKSC then changed the design to bend the tips of the driven element back toward the reflector. (OP-DES designs)

Another early experimenter was K6STI who developed designs with V-shaped driven elements to raise the feed point impedance. (The V opens rearward toward the reflector.) A five-element version of this design for FM broadcast has been published at ham-radio.com/k6sti/five.htm. This approach was extended by DG7YBN and others.

LFA Yagis

The LFA Yagi (Loop Fed Array) replaces the bent tips of the driven element with an extended folded-dipole type feed laid flat on the boom. Thus, both sides of the driven loop are in line with the parasitic elements, rather than extending above or below the boom. Unlike a traditional folded dipole driven element, the feed point of the LFA design is in line with the boom and all elements as shown in Figure 15.27 with the feed point toward the front of the antenna.
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The LFA design leads to a symmetrical pattern in both the E and H planes. However, this mechanical arrangement adds certain construction complications. With all elements in line, the feed point lies at the boom, centered on its axis. Workable construction options include using a metallic boom, although for optimum long-term performance the elements must be welded to the boom. Insulated elements passing through a metallic boom are another option, but this practice can lead to eddy currents in the boom, detuning the antenna and causing deterioration of both pattern and system temperature. With these problems in mind, a hollow fiberglass boom is recommended.

OWA, OWL, and OWM Yagis

Optimized Wideband Low Impedance (OWL) Yagis are a modification of the Optimized Wideband Array (OWA) Yagi designs developed by WA3FET and NW3Z (naic.edu/~angel/kp4ao/ham/owa.html). The OWA Yagi has a feed point impedance of 50 Ω for direct feed and wide bandwidth but as a tradeoff has lower peak gain and F/B. A benefit of the OWA design at VHF and higher frequencies is that the OWA design is less sensitive to small impedance shifts from weather or interaction with surrounding objects such as trees, buildings, and most importantly, other antennas.

The OWL Yagi has a conventional, split-dipole driven element, is designed to have a 12.5 Ω feed point impedance, and can be easily matched to 50 Ω with a λ/4 section of 25 Ω transmission line made from two parallel sections of 50 Ω coax. (See the Transmission Lines and Transmission Line System Techniques chapters for information on coaxial impedance transformers.) This enables good performance over a wider bandwidth than was previously available.

An alternate implementation of the OWL is to use a folded dipole for the driven element. This conveys the benefits of closed-loop feed systems, including that the feed point impedance is transformed to 50 Ω for direct connection to feed lines. This is the type of driven element used in the 144 MHz OWL designs later in this chapter.

The OWM (Optimized Wideband Medium Impedance) Yagi is designed for 28 Ω feed point impedance. This impedance can be matched to 50 Ω with a λ/4 section of 37.5 Ω transmission line made from two parallel sections of 75 Ω coax or a matching device can be used. (See the section on 144 MHz and 222 MHz Yagis for more information on building these coaxial cable transformer sections.)

Self-Matched Yagis

“Self-matched” Yagis are those that have the driven element constructed in such a way as to increase the impedance to 50 Ω for direct connection to 50 Ω feed lines. Rearranging the driven element can include bending the element, using folded dipoles as in the OWL designs in this chapter, or using a loop as for the Loop-Fed Array (LFA).

VE7BQH Antenna Performance Tables
Similar to the Sherwood Engineering receiver performance tables (sherweng.com/table.html) that show dynamic range and other performance metrics for popular transceivers, Lionel Edwards, VE7BQH, has compiled the performance data of a large number of antennas for 50, 144, and 432 MHz. (a.k.a. – the VH List) The tables are maintained online at dxmaps.com/VE7BQH.html and are also available as downloadable spreadsheet files from bigskyspaces.com/w7gj/6mTable.htm.


There are a number of advantages of doing so, not the least of which is that the Yagi can be modeled, optimized and viewed exactly as it will be built with no additional structure (matching device) being added outside the model during the build-phase. This added structure and connections, including the feed line, can and do affect and change performance parameters in the real world. At the same time, direct feed can reduce the susceptibility to man-made noise and drastically increase the power levels of that can fed to the antenna system without problems.

Optimizing and Bandwidth

Figure 15.28 shows a graph of gain versus (F/R – F/B) in a “typical” Yagi with a single point (frequency) of optimization that is focused on maximum gain within the optimization parameter setup. (F/R is the ratio of forward to gain averaged over the entire rear-ward hemisphere — the “rear bubble” — and F/B is the ratio of forward gain to that at the exact opposite direction to the main lobe.) This is not a real plot of any Yagi and is very much exaggerated in order that the point can be illustrated.
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The problem with optimizing metrics at a single frequency and to single parameters is the potential impact on real-world performance in changing conditions and from variations in materials used to build these antennas which could result in a shift of performance (and ultimately G/T) away from the specified frequency toward the band edges. For example, as the center of frequency on the VH list (the list of antennas in the VE7BQH Antenna Performance Tables, see sidebar) is 144.1 MHz and the bandwidth of each antenna is measured between 144 MHz and 145 MHz, the potential issue of the antenna’s performance shifting within or even outside of its operating range is plain to see in Figure 15.31.

Often, the presented usable bandwidth is simply specified as the frequencies between which SWR is below a certain threshold (1.5:1 for example) rather than an average of all performance parameters over a given range. When correctly optimized, a good Yagi will have characteristics similar to a bandpass filter (BPF) in terms of performance with stable and consistent performance up to several hundred kHz (at VHF) or several MHz (at UHF) on either side of its center frequency. It’s not just a nice flat SWR curve over a good range — gain and F/R will remain fairly constant, too.

What stands out clearly in Figure 15.31 is the best F/B (and/or F/R) and best forward gain are typically at opposite ends of the bandwidth of the antenna. Gain is highest at the top of this bandwidth (naturally) because of the increasing boom length (in terms of λ). F/B and F/R drop off very quickly in the same direction, usually because the Yagi is too long for the number of elements the modeler has selected for this given boom length, or the modeler has optimized for an exceedingly long boom length. In that case the Yagi cannot be optimized for a balance of gain and F/B (F/R) across the desired range. This “ski sloping” of performance parameters in opposite directions is very common and often the reason why gain and F/B figures are quoted as being “peak gain, peak F/B.”

In Figure 15.31, the vertical line denotes the performance of this hypothetical antenna at 144.1 MHz and the corresponding gain and F/B results. Shifting frequency up and down just 50 kHz or so will show very different gain – F/B combinations which will result in a large variation in antenna temperature and G/T as well. Furthermore, it is important to note how close the center of operation (144.1 MHz) is to the band edge. Taking into account the desired BPF-type characteristics, the center of activity for any 144 MHz Yagi should more likely be focused around 144.300 MHz if modes other than just EME will be practiced by the end user. It would not take too much for narrower-band antennas to move well out of their peak performance characteristic range in real-world conditions (wet weather, ice, other antennas close by, and so on) if they were optimized between 144 and 145 MHz and were being used at 144.100 MHz. While the focus of the VH list is G/T performance at 144.1 MHz for EME applications, the comparison of G/T at three points (perhaps 144.0, 144.1 and 144.2 MHz) may give a much more accurate indication as to what the user might expect for day-to-day or contest use.

Because performance tends to fall off toward the edge of an antenna’s design bandwidth, optimizing should be performed with 144.300 MHz, for example, as the true center of operation with a guided bandwidth of 500 kHz either side of that point (143.800 to 144.800 MHz). Doing this ensures very constant performance either side of the center frequency rather than perhaps experiencing the typical tail-off of performance at the band edges as discussed above. This leads to less impressive table values across 144-145 MHz but a more stable design to be used in varying weather conditions. An antenna which yields the most consistent results across a range centered on the most likely frequencies of use is likely to be the most stable for day to day use and/or use in extreme environments and not just for EME applications either!

Optimizing to Minimize Real-World Noise

The collection and pick-up of real world noise is dependent on the lack of side lobes in the elevation (El) plane. If lobes in the El plane are prominent and down-facing, regardless of how quiet a location is believed to be, higher levels of noise will be received in certain directions (direction of the shack and/or house, for example) than if any such lobes were more highly suppressed. When measuring and comparing G/T, rear-facing lobes in back of the 90°-270° line are what are considered for calculation and measurement. (See the sidebar Gain/Noise Temperature (G/T).) However, real-world operation by hams requires us to pay equal consideration to more forward and down facing lobes in this plane. At this point optimization starts to become more complicated — generally speaking, optimizing on one band then scaling to another will not show the same improvements in performance.

Different considerations and attributes must be taken into account during the design phase when switching from designing a Yagi on one band and then looking to repeat the results on another band. Quiet Yagis are very much band-specific — note that what is being discussed here is relevant only when optimizing on 144 MHz.

Take a look at Figure 15.29 and the design considerations taken in order to not just show a good G/T figure (assume G/T is based on Ta unless noted otherwise), but to also reduce the likelihood of man-made noise pick-up to an absolute minimum from beneath the antenna within its near-field. This particular antenna used a closed-loop driven element to allow direct-feed (50 Ω feed point impedance) and lower noise pickup.
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Within Figure 15.32 are two bars marked T1 and T2. T1 shows a sharp taper from the back towards the front. This level of taper right at the back of the antenna and forward is important to ensure good G/T results as tighter suppression from the 90° line backward will yield much better results. However, to continue this level of taper for the first side lobes would be disastrous for near-field noise pick-up. From having very wide side lobes in the azimuth (Az) plane (not much more than 12 dB below the main lobe) additional noise sources could be detected and interfere with signals in the desired capture direction from noise sources either side of center. The ability for this antenna to hear weak signals (real-world) would be greatly reduced by having what in effect would be three forward lobes in both planes, all receiving whatever was beneath or either side of the antenna. It is for this reason that an amount of suppression has been applied to the first lobe to arrive at the best compromise between the overall size of the “rear bubble” and outright forward gain.

The challenge is to achieve the best from the antenna in terms of performance while at the same time, keeping the El pattern as clean as possible. During optimization, GØKSC uses a maximum limit or “marker” for side lobes. Basically, this is a parameter that can be controlled during software optimization that is not so easily achieved when optimizing manually. Some software packages allow the starting point at which F/R is measured (normally 90°) to be moved forward towards the forward lobe. The advantage of so doing is this starting point can be moved forward until it covers the angle from the forward lobe where forward lobes would start to increase in size. While this sounds simple, in practice, getting excellent results take a lot of time and work.

Antennas of typical length up to around six elements tend not to produce side lobes of any consequence, at least not in the Az plane. For weak signal and EME work, the desire is to have much longer antennas than six elements and normally they would have booms of multiple wavelengths. If uncontrolled, the natural course of gain-focused optimization would see very large side lobes at large angles away from the center of the forward lobe upon optimization completion. Simply moving the starting point (within software) further forward than the point of these lobes will result in two side-effects: First, a reduction in forward gain and the second, a “blown” rear bubble with odd small lobes or spikes that cause F/R to be much worse than the starting point.

As the boom gets longer, the forward lobe becomes narrower and in-turn, the side lobes get closer to one another either side of the main forward lobe but exactly how close they sit to the main lobe can be controlled, to a point.

In order to achieve the best overall gain results and to ensure the rear bubble can be minimized, an antenna is best optimized (assuming computer optimization now) with F/B parameters being set just behind the Az side lobe position as in Figure 15.30. For example, if the side lobes on a subject antenna are at 50°, the F/B point would be set at 55°. The antenna can then be optimized for bandwidth and gain several times until no further improvements can be made. (At 144 MHz and higher, optimization should be performed in 1° increments.)
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At this point, move the optimization point from 55° to 54° and re-optimize then 53° then 52° and so on. Improvements should be seen in terms of gain and bandwidth by doing this method of controlling the elevation lobes in addition to (hopefully) pushing the side lobes closer to the main lobes resulting in less significance or negative consequences. (For best results, computer optimization/controlling of side lobes should only be done in the El plane, so doing will see the Az lobes kept in-check automatically. The same does not happen in reverse should you optimize in the Az plane.)

Each time the optimization results should be saved individually as there will become a point where the gain starts to drop and the rear bubble starts to “blow” (rear lobes growing quickly with further changes). At this point you know you are trying to compress the side lobes too tightly and you should go back to your last improvement optimization for your best usable result. The whole optimization process is much more detailed than the explanation given in these few lines but at least now an understanding of the levels of attention and time taken to optimize this antenna can be perhaps much more appreciated.

OWA Yagis

This set of long-boom OWA Yagis was designed by Justin Johnson, GØKSC, of Innovantennas (innovantennas.com) for the Antenna Book. Designs for 7 through 12-element Yagis are provided. These are very high gain antennas with a narrow beamwidth. They are suitable for DXing and EME operation where high gain and low noise are important.

The EZNEC model for each antenna is also included in the online material. The elements are specified with metric (mm) measurements, but the diameters are chosen to match the inch-based telescoping tubing sizes available in North America. (See the Antenna Materials and Construction chapter.) Use 0.049-inch or 0.058-inch wall thickness tubing as specified in Table 10.3. Lengths are given in the model’s Wires table in millimeters (0.001-meter) increments. This represents an excellent compromise between accuracy of the model and specifying available materials for North American readers.

PROJECT: High-Performance LFA and OWL VHF/UHF Yagi Designs

The antenna designs by GØKSC and listed in Table 15.11 are new designs not previously published or made available as products. Justin is a primary designer of HF, VHF, and UHF antennas for InnovAntennas (innovantennas.com). He has published a number of articles featuring innovative and high-performance antennas, including discussions of what makes a design successful, issues for competitive and high-performance antennas, and helpful information on the construction details for these designs. Model files and sample radiation patterns for all of the Yagis are available with this book’s online content but require EZNEC PRO/4 to reproduce the gain and other performance specifications listed.
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The Stauff clamps (us.stauff.com) recommended for these designs are industrial pipe clamps designed for rugged, outdoor service. The standard series part numbers (DIN 3015, Part 1) in Table 15.12 are sufficiently rated for these designs. Stauff clamps are easiest to use with booms of square tubing although adapters for round booms are available.
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Constructing the Loop Driven Element

The loop driven element may be unfamiliar. GØKSC has created a detailed description of the construction process at g0ksc.co.uk/intro-lfa/making-the-lfa-loop.html which is also available as a PDF file included with this book’s online content. The following set of instructions are summarized from that document.

Figure 15.30 shows the orientation of the loop on the boom with the feed point located on the forward side. Figure 15.31 shows the overall construction and adjustment of the LFA Yagi’s loop driven element. LFA driven elements are constructed with straight sections (DE1 and DE2, parallel to the other elements) and side sections of slightly smaller diameter that are adjustable “trombone-style” by sliding in and out of the straight sections. This allows SWR to be adjusted without a separate impedance-matching structure and to compensate for feed point construction variations.
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Once the SWR is satisfactory, the sliding sections are secured to the straight sections with a stainless-steel screw (be sure to use anti-corrosion compound), an aluminum rivet, or a hose clamp (the straight section would require a short slot to allow compression by the clamp). The screw and rivet are convenient but have limited contact area. Spot welding the tubing sections together also works very well. If brass tubing is used, the sliding and fixed sections should be soldered together.

The tubing for DE1 and DE2 should be cut 50 mm short of the model’s full dipole length in the tables. Measure 30 mm from the end of the remaining straight 1⁄2 inch section to the inside of the loop end as in the figure. This additional width provides a correction for the radius at the corners of the loop. The additional 5 mm of width remains fairly constant on all bands since the radius becomes more like a 90° bend at lower frequencies as modeled. (This assumes use of the same bending tool to create all bends.) Absolute accuracy here is not essential; this is a starting point from where the antenna is adjusted for best SWR.

After cutting and deburring the loop’s straight sections, cut the side section tubing such that it has approximately 80 mm of extra length beyond the difference between the DE1 and DE2 positions. For example, if the positions of DE1 and DE2 are 0.128 m and 0.235 m, respectively, cut the side section tubing to be (0.235 – 0.128) + 0.080 = 0.107 + 0.080 = 0.187 m long. Use an automotive brake line bending tool (see the PDF instructions for photographs) to bend approximately 40 mm of the section length at a right angle. Insert the bent section into either the DE1 section. Bend the other end of the side section tubing so that the DE2 section is 0.107 m from DE1. Repeat for the remaining side section.

Cut the DE2 section to leave a feed point gap of approximately 10 mm. To support the loop at the feed point (see Figure 15.32A), insert a short section of fiberglass, polycarbonate, or Teflon rod approximately 25 mm longer than the gap on each side. Drill through the element and supporting rod. Use stainless steel #8 hardware to hold the element and supporting rod together and create attachment points for the feed line. Use Stauff clamps with angled mounting plates as in Figure 15.35 to support the feed point assembly.
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Note that the exact center of the loop driven element opposite the feed point is at an RF-neutral point and can be connected directly to the boom by using an aluminum clamp. (Substitute –AL for –PP in the Stauff clamp part number or fabricate your own mounting bracket.) Doing so will place the driven element at dc ground for static protection and it will also cause the driven element impedance to increase rapidly away from the design frequency.

In Figure 15.32B, the driven element loop for a 10-element 432 MHz LFA Yagi is shown with a through-the-boom construction option that eliminates the need for extra clamps with the smaller driven element.

Following construction, temporarily mount the beam at least 1 wavelength above ground or pointed at the sky with the reflector at least 1⁄2 wavelength above ground, Adjust each of the loop sliding sections in equal increments starting from a symmetrical position until SWR is satisfactory. Following adjustment, secure the sliding sections to the fixed sections as described above.

50 MHz LFA Yagi

The 4-element design in Table 15.13 is an illustration of what can be achieved by careful optimization on a fairly short boom (12 feet 8 inches). The design is well suited for stacking and can be handled by small rotators. It is ideal for portable and rover station use as well as at a home station.
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The reflector and both directors have three segments of tubing per half-element — one center segment and a pair of segments on each half-element. The driven element loop’s DE1 and DE2 section both have two segments per half-element. Element lengths assume a conductive boom with insulated elements.

144 MHz OWL Yagis

Common dimensions and notes for the high-performance 144, 222, and 432 MHz Yagis are listed in Table 15.14. Two designs are presented in this section — a 9-element in Table 15.15 and a 14-element antenna in Table 15.16. Performance is specified at 144.2 MHz. The E-plane pattern for the 14-element antenna is shown in Figure 15.33.
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Element lengths assume a conductive 1.25 inch square boom with insulated elements. If a non-conductive boom is used, subtract 1 mm from all element lengths. If a 1.5 inch square conductive boom is used, add 1 mm to all element lengths.

A folded-dipole driven element is used on both antennas. Construction is similar to that of the LFA loop driven-element. Two methods of mounting the driven element are shown in Figure 15.34. The feed point’s insulating rod is mounted through a short mounting section of boom material which is, in turn, attached to the top of the main boom. The feed point thus straddles the mounting section — be sure to minimize coax-to-feed point leads lengths.
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As with the LFA driven element, the point on the folded dipole directly opposite the feed point is a neutral point at RF and can be attached directly to the boom as shown in the figure’s front view. The same caution applies regarding rapid impedance change away from the design frequency. An insulating support such as a Stauff clamp can be used, as well.

The boom is assumed to be made from 1.25 inch square tubing. If a 3⁄4 inch square boom is used, an under-boom support will be required as in Figure 15.35. Alternatively, boom guying could also be used.
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222 MHz LFA Yagis

Two designs are presented in this section — a 10-element in Table 15.17 and a 19-element antenna in Table 15.18. Performance is specified at 222.1 MHz. The E-plane pattern for the 19-element antenna is shown in Figure 15.36.
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See the notes on constructing the LFA driven element above. The 19-element antenna will require boom guying or an under-boom as in Figure 15.35.

Element lengths assume a conductive boom with insulated elements. If a non-conductive boom is used, subtract 1 mm from all element lengths.

432 MHz LFA Yagis

Two designs are presented in this section — a 10-element broadband LFA in Table 15.19 and a 20-element antenna in Table 15.20. Performance is specified at 432.1 MHz.

The broadband 10-element design provides a flat, low SWR across a 6 MHz bandwidth as shown in Figure 15.37. The broad-banded nature of this antenna makes it more accepting of measurement variations in both boom and element lengths.
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The 20-element design is optimized for use in stacked arrays, allowing some forward side lobes to appear in exchange for a highly suppressed rear bubble. The forward side lobes are kept close to the main lobe, however, and elevation plane lobes are highly suppressed, as well. As a result, when stacked with the correct separation, no odd “spike-lobes” should appear and the pattern should remain clear. E- and H-plane patterns for the 20-element antenna are shown in Figures 15.38 and 15.39.
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See the notes on constructing the LFA driven element above. All element lengths are based on a metal boom. If a non-conducting boom, such as fiberglass, is used, subtract 1.5 mm from all element lengths.

Both antennas can be constructed using Stauff clamps and a 1.25 inch square boom as for the 144 and 222 MHz Yagis.

For the 10-element antenna, a much lighter version (3 lbs versus 6 lbs) with less wind load can be constructed using a 3⁄4 inch square boom and mounting the elements through the boom, secured by a stainless steel screw. The loop driven element is also mounted through the boom, requiring a wider feed point gap. The non-conductive rod is extended through the boom as shown in Figure 15.33B. The lighter version of the antenna can be mounted to the mast using a single U-bolt through the boom.

For the 20-element antenna, boom guys are required if the 1.25 inch square boom and Stauff clamps are used for construction. If the 3⁄4 inch square boom technique is used, an under-boom is required as in Figure 15.35.

15.3.6 Quads For VHF

The quad antenna can be built with inexpensive materials, yet its performance is comparable to other arrays of its size. Adjustment for resonance and impedance matching can be accomplished readily.

Quads can be stacked horizontally and vertically to provide high gain, without sharply limiting frequency response. Quads can be mounted side by side or one above the other, or both, in the same general way as other beam antennas. Sets of driven elements can also be mounted in front of a screen reflector. The recommended spacing between adjacent element sides is 1⁄2 λ. Phasing and feed methods are similar to those employed with other antennas described in this chapter.

Parasitic elements ahead of the driven element work in a manner similar to those in a Yagi array. Closed loops can be used for directors by making them 5% shorter than the driven element. Spacings are similar to those for conventional Yagis. In an experimental model the reflector was spaced 0.25 l and the director 0.15 l. A square array using four 3-element bays worked extremely well.

Because of the small size of the quad at VHF and UHF, many of the mechanical issues associated with HF quads are no longer significant. PVC pipe, fiberglass rod, and wood are all acceptable materials for booms and spreaders.

Quad antennas are best suited for the 6-meter and 2-meter bands. They are very popular for portable and backpacking operation. A quad design for 144 MHz is presented below. See the Portable Antennas chapter for a 2-element, 6-meter quad design.

PROJECT: A 144-MHz 4-Element Quad

Element spacing for quad antennas found in the literature ranges from 0.14 l to 0.25 l. Factors such as the number of elements in the array and the parameters to be optimized (F/B ratio, forward gain, bandwidth, etc), determine the optimum element spacing within this range. The 4-element quad antenna described here was designed for portable use, so a compromise between these factors was chosen. This antenna, pictured in Figure 15.40, was designed and built by Philip D’Agostino, W1KSC.

[image: ]

Based on several experimentally determined correction factors related to the frequency of operation and the wire size, optimum design dimensions were found to be as follows.

Reflector length (ft) = 1046.8/fMHz

Driven element length (ft) = 985.5/fMHz

Directors (ft) = 937.3/fMHz

Cutting the loops for 146 MHz provides satisfactory performance across the entire 144-MHz band.

Materials

The quad was designed for quick and easy assembly and disassembly, as illustrated in Figure 15.41. Wood (clear trim pine) was chosen as the principal building material because of its light weight, low cost and ready availability. Pine is used for the boom and element supporting arms. Round wood clothes closet poles comprise the mast material. Strips connecting the mast sections are made of heavier pine trim. (See the previous section on Yagi Construction for more information about wood boom material.) Elements are made of #8 AWG aluminum wire. Plexiglas is used to support the feed point. Table 15.21 lists the hardware and other parts needed to duplicate the quad.
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Construction

The elements of the quad are assembled first. The mounting holes in the boom should be drilled to accommodate 11⁄2 inch #8 hardware. Measure and mark the locations where the holes are to be drilled in the element spreaders, Figure 15.42. Drill the holes in the spreaders just large enough to accept the #8 AWG wire elements. It is important to drill all the holes straight so the elements line up when the antenna is assembled.
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Construction of the wire elements is easiest if the directors are made first. A handy jig for bending the elements can be made from a piece of 2 × 3-inch wood cut to the side length of the directors. It is best to start with about 82 inches of wire for each director. The excess can be cut off when the elements are completed. (The total length of each director is 77 inches.) Two bends should initially be made so the directors can be slipped into the spreaders before the remaining corners are bent. See Figure 15.43. Electrician’s copper-wire clamps can be used to join the wires after the final bends are made, and they facilitate adjustment of element length. The reflector is made the same way as the directors, but the total length is 86 inches.
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The driven element, total length 81 inches, requires special attention, as the feed attachment point needs to be adequately supported. An extra hole is drilled in the driven element spreader to support the feed point strut, as shown in Figure 15.44. A Plexiglas plate is used at the feed point to support the feed point hardware and the feed line. The feed point support strut should be epoxied to the spreader, and a wood screw used for extra mechanical strength.
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For vertical polarization, locate the feed point in the center of one side of the driven element, as shown in Figure 15.44. Although this arrangement places the spreader supports at voltage maxima points on the four loop conductors, D’Agostino reports no adverse effects during operation. However, if the antenna is to be left exposed to the weather, the builder may wish to modify the design to provide support for the loops at current maxima points, such as shown in Figure 15.44. (The element of Figure 15.44 should be rotated 90° for horizontal polarization.)

Orient the driven element spreader so that it mounts properly on the boom when the antenna is assembled. Bend the driven element the same way as the reflector and directors, but do not leave any overlap at the feed point. The ends of the wires should be 3⁄4 inch apart where they mount on the Plexiglas plate. Leave enough excess that small loops can be bent in the wire for attachment to the coaxial feed line with stainless steel hardware.

Drill the boom as shown in Figure 15.45. It is a good idea to use hardware with wing nuts to secure the element spreaders to the boom. After the boom is drilled, clean all the wood parts with denatured alcohol, sand them, and give them two coats of glossy polyurethane. After the polyurethane dries, wax all the wooden parts.
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The boom to mast attachment is made next. Square the ends of a 6-foot section of clothes closet pole (a miter box is useful for this). Drill the center holes in both the boom attachment piece and one end of the mast section (Figure 15.46). Make certain that the mast hole is smaller than the flat-head screw to be used to ensure a snug fit. Accurately drill the holes for attachment to the boom as shown in Figure 15.46.
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Countersink the hole for the flat-head screw to provide a smooth surface for attachment to the boom. Apply epoxy cement to the surfaces and screw the boom attachment piece securely to the mast section. One 6-foot mast is used for attachment to the other mast sections.

Two additional 6-foot mast sections are prepared next. This brings the total mast height to 18 feet. It is important to square the ends of each pole so the mast stands straight when assembled. Mast-section connectors are made of pine as shown in Figure 15.47. Using 31⁄2 × 1⁄4-inch hex bolts, washers and nuts, sections may be attached as needed, for a total height of 6, 12, or 18 feet. Drill the holes in two connectors at a time. This ensures good alignment of the holes. A drill press is ideal for this job, but with care a hand drill can be used if necessary.
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Line up two mast sections end to end, being careful that they are perfectly straight. Use the predrilled connectors to maintain pole straightness, and drill through the poles, one at a time. If good alignment is maintained, a straight 18-foot mast section can be made. Label the connectors and poles immediately so they are always assembled in the same order.

When assembling the antenna, install all the elements on the boom before attaching the feed line. Connect the coax to the screw connections on the driven element support plate and run the cable along the strut to the boom. From there, the cable should be routed directly to the mast and down. Assemble the mast sections to the desired height. The antenna provides good performance and has a reasonable SWR curve over the entire 144 MHz band (Figure 15.48).
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15.3.7 Loop Yagis

The loop Yagi fits into the quad family of antennas, as each element is a closed loop with a length of approximately 1 λ. Several versions are described, so the builder can choose the boom length and frequency coverage desired for the task at hand. Mike Walters, G3JVL, brought the original loop-Yagi design to the amateur community in the 1970s in the out-of-print RSGB VHF/UHF Manual. Since then, many versions have been developed with different loop and boom dimensions. G3JVL’s Loopquad software is available online at g3jvl.com/programPages/loopQuad.php to design loop Yagis. Along with the 1296-MHz version described below construction articles for a 902-MHz and 2304-MHz are included with this book’s online content.

PROJECT: A Loop Yagi for 1296 MHz

Described here are loop Yagis for the 1296-MHz band designed by Chip Angle, N6CA. Three sets of dimensions are given. Good performance can be expected if the dimensions are carefully followed. Check all dimensions before cutting or drilling anything. The 1296-MHz version is intended for weak-signal operation, while the 1270-MHz version is optimized for FM and mode L satellite operation. The 1283-MHz antenna provides acceptable performance from 1280 to 1300 MHz.

These antennas have been built on 6- and 12-foot booms. Results of gain tests at VHF conferences and by individuals around the country show the gain of the 6-foot model to be about 18 dBi, while the 12-foot version provides about 20.5 dBi. Swept measurements indicate that gain is about 2 dB down from maximum gain at ±30 MHz from the design frequency. The SWR, however, deteriorates within a few megahertz on the low side of the design center frequency.

The Boom

The dimensions given here apply only to a 3⁄4-inch OD boom. If a different boom size is used, the dimensions must be scaled accordingly. Many hardware stores carry aluminum tubing in 6- and 8-foot lengths, and that tubing is suitable for a short Yagi. If a 12-foot antenna is planned, find a piece of more rugged boom material, such as 6061-T6 grade aluminum. Do not use anodized tubing. The 12-foot antenna must have additional boom support to minimize boom sag. The 6-foot version can be rear mounted. For rear mounting, allow 41⁄2 inches of boom behind the last reflector to eliminate SWR effects from the support.

The antenna is attached to the mast with a gusset plate. This plate mounts at the boom center. See Figure 15.49. Drill the plate mounting holes perpendicular to the element mounting holes (assuming the antenna polarization is to be horizontal).

[image: ]

Elements are mounted to the boom with no. 4-40 machine screws, so a series of no. 33 (0.113 inch) holes must be drilled along the center of the boom to accommodate this hardware. Figure 15.50 shows the element spacings for different parts of the band. Dimensions should be followed as closely as possible.
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Parasitic Elements

The reflectors and directors are cut from 0.032-inch thick aluminum sheet and are 1⁄4 inch wide. Figure 15.51 indicates the lengths for the various elements. These lengths apply only to elements cut from the specified material. For best results, the element strips should be cut with a shear. If the edges are left sharp, birds won’t sit on the elements.

[image: ]

Drill the mounting holes as shown in Figure 15.48 after carefully marking their locations. After the holes are drilled, form each strap into a circle. This is easily done by wrapping the element around a round form. (A small juice can works well.)

Mount the loops to the boom with no. 4-40 × 1-inch machine screws, lock washers and nuts. See Figure 15.52. It is best to use only stainless steel or plated-brass hardware. Although the initial cost is higher than for ordinary plated-steel hardware, stainless or brass hardware will not rust and need replacement after a few years. Unless the antenna is painted, the hardware will definitely deteriorate.
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Driven Element

The driven element is cut from 0.032-inch copper sheet and is 1⁄4 inch wide. Drill three holes in the strap as detailed in Figure 15.50. Trim the ends as shown and form the strap into a loop similar to the other elements. This antenna is like a quad; if the loop is fed at the top or bottom, it is horizontally polarized.

Driven element mounting details are shown in Figure 15.53. A mounting fixture is made from a 1⁄4-20 × 11⁄4 inch brass bolt. File the bolt head to a thickness of 1⁄8 inch. Bore a 0.144-inch (no. 27 drill) hole lengthwise through the center of the bolt. A piece of 0.141 inch semi-rigid hardline (UT-141 or equivalent) mounts through this hole and is soldered to the driven loop feed point. The point at which the UT-141 passes through the copper loop and brass mounting fixture should be left unsoldered at this time to allow for matching adjustments when the antenna is completed, although the range of adjustment is not very large.
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The UT-141 can be any convenient length. Attach the connector of your choice (preferably type N). Use a short piece of low-loss RG-8 size cable (or 1⁄2-inch Hardline) for the run down the boom and mast to the main feed line. For best results, the main feed line should be the lowest loss 50-Ω cable obtainable. Good 7⁄8-inch hardline has 1.5 dB of loss per 100 feet and virtually eliminates the need for remote mounting of the transmit converter or amplifier.

Tuning the Driven Element

If the antenna is built carefully to the dimensions given, the SWR should be close to 1:1. Just to be sure, check the SWR if you have access to test equipment. Be sure the signal source is clean, however; wattmeters respond to “dirty” signals and can give erroneous readings. If problems are encountered, recheck all dimensions. If they look good, a minor improvement may be realized by changing the shape of the driven element. Slight bending of reflector 2 may also improve the SWR. When the desired match has been obtained, solder the point where the UT-141 jacket passes through the loop and brass bolt.

15.4 Moxon and HB9CV Beams

Along with the basic Yagi, alternate small beam designs are practical and effective in the upper-HF and the VHF/UHF range. The size reduction of these designs is less attractive at higher frequencies since high-performance Yagis with three or more elements are of a practical size. However, in lightweight portable applications such as mountain-topping, a small beam provides useful gain and pattern characteristics. Two such designs are described in this section, the Moxon rectangle and the less-well-known HB9CV beam that is popular in Europe.

15.4.1 Moxon Rectangles

The 2-element Moxon rectangle beam is more completely described in the chapter HF Beam Antennas, but its design principles apply at VHF and UHF, as well. The design is popular because it shortens the length of the antenna elements by about 30 percent, has a 50 Ω feed point impedance, provides good gain roughly equal to a 2-element Yagi, and excellent F/B performance. At VHF, Moxons are common on 6 meters, particularly for portable and rover operation. Commercial models of the 2-meter and 6-meter Moxons are available. See the References and Bibliography entries for Cebik for more articles about the Moxon.

PROJECT: Moxon RECTANGLES for VHF and UHF

Moxon designs for the 6-meter, 2-meter, 1.25-meter, and 70-centimeter bands are summarized here with complete construction articles included in the online material. A dual-band Moxon satellite array for 2 meters and 70 cm is included in the Antennas for Space Communications chapter and can be used to create separate 2 meter or 70 cm antennas.

Although the Moxon is usually a 2-element design, at VHF and higher frequencies, beams with multiple Moxon rectangles are practical. There are numerous online articles about “Super Moxon” (two Moxon rectangles) and “Super Duper Moxon” (three or four Moxon rectangles) designs.

A critical design parameter of the Moxon is the coupling through a gap between the ends of the elements. At the shorter wavelengths of VHF and higher frequencies, it is important to maintain the exact length of the gap. A non-conductive spacer across the gap is recommended to prevent the element ends from moving and changing the gap distance.

The term stressed Moxon refers to a Moxon beam in which the ends of the elements are put in tension which pulls them against each other. This makes it easier to maintain the gap distance since the ends of the elements are less free to move relative to each other. Stressed Moxons for 10 and 6 meters are the most common.

Moxon Design Calculator

Dan Maguire, AC6LA, used an algorithm by LB Cebik, W4RNL, to create a free downloadable tool called MoxGen that calculates the antenna’s dimensions as a function of frequency and element diameter. The tool also generates both EZNEC and NEC models. Cebik’s algorithm results in antennas with a Z0 of 50 to 54 Ω, reactance of less than 1 Ω, free-space gain in the range of 5.95 dBi to 6.05 dBi, and a front to back ratio (F/B) greater than 35 dB. The conductor diameters range from 10–5 to 10–2 λ. The tool is available online at ac6la.com/moxgen1.html.

6-Meter Moxon

The 6-meter Moxon described here is from the article “A 6 Meter Moxon Antenna” by Allen Baker, KG4JJH in the April 2004 issue of QST. (See References and Bibliography, the full article is included in the online material.) Two versions of the design are presented: one is horizontally polarized for operation at the low end of the 6-meter band from 50 – 51 MHz and the second is vertically polarized for FM use at the upper end of the band from 52 – 54 MHz. The Moxon design is particularly useful where a narrow beamwidth is not useful, such as for rover or meteor scatter operation.

The MoxGen design calculator was used to generate EZNEC models at 50.5 (H-POL in the article) and 53.0 MHz (V-POL), using 5/8-inch OD aluminum tubing. The resulting dimensions for the antennas are presented in Figure 15.54. The completed antennas are shown installed in Figure 15.55. Both beams sufficiently lightweight to be supported by telescoping fiberglass masts or painter’s poles.
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2-Meter Moxon

The most extensive article describing a Moxon beam for the 2-meter band was written by LB Cebik, W4RNL, “Building a 2 Meter Moxon.” It can be found on numerous online websites and discusses both design methods and construction techniques. A design for the vertically polarized antenna in Figure 15.56 was described in the QST article “A Compact Two-Element 2-Meter Beam” that is included in the online material.
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220 MHz Moxon

The antenna in Figure 15.57 uses dimensions from the MoxGen design calculator. The elements are made from 5 feet of 1⁄4-inch copper tubing, copper elbows, and schedule 40 PVC tubing and plumbing adapters. Only a hack saw, a Dremel tool or file, and a hobbyist butane torch are needed for construction. Sturdy but weighing less than one pound, it is ideal for portable mountain-topping in VHF+ contests or to activate a Summits On the Air (SOTA) peak. The QST article “A Moxon Antenna for 220 MHz” is included in the online material.
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70 cm Moxon

The 70 cm band is about the highest frequency at which Moxon designs are useful. The antenna in Figure 15.58 is constructed using solid #12 AWG copper wire on a hand-held PVC tubing boom. Designed using the MoxGen software, a similar variation was built for reception of DTV signals near 550 MHz, as well. This antenna would be very useful as a hand-held antenna for locating RFI sources at UHF, as well. The design is described in “Moxon Mighty Mite” which is included in the online material.
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15.4.2 HB9CV Beam

The HB9CV Beam has two driven elements and was introduced by HB9CV in the 1950s. It is a coax-fed version of the ZL-Special described in the Broadside and End-Fire Dipole Array chapter. The reflector is separated from the forward element by λ/8 or 45 degrees. A 180-degree phasing line connects the elements for a total phase shift of 225 degrees.

Gain is slightly greater than 4 dBd, with good bandwidth and F/B that are relatively insensitive to element length or tubing taper schedule as with a Yagi’s parasitic elements. The phasing line requires some attention to detail in construction and a compensating capacitor in series with the feed point is used for impedance matching. Figure 15.59 sketches the basic design.
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PROJECT: HB9CV Beams for 10, 6 and 2 Meters

HB9CV designs for 10, 6, and 2 meters are described, including construction details at dj6ca.de/dj6ca3/hb9cv.pdf. From that article, dimensions in millimeters are given in Table 15.22 for a boom of 25 × 25 mm (1-inch) square aluminum and elements of 12 mm OD × 1 mm wall (1/2-inch) tubing. The phasing line is made of 2 mm brass wire held 5 mm from the boom and elements. It should be routed directly above the elements. The phasing line is attached to each element a short distance from the boom.
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At the feed point, the body of a coaxial connector such as an SO-239 is attached directly to the boom. From the center conductor of the connector, the compensation capacitor is attached to the point at which the phasing line reaches the forward element. DK7ZB recommends initial adjustment be made with a variable capacitor, then replace it with a fixed-value capacitor.

15.5 Reflector Antennas

When a single driven element is used, a reflector screen (as used for collinear arrays bent to form an angle) gives an improvement in the radiation pattern and gain. At 222 and 420 MHz its size assumes practical proportions, and at 902 MHz and higher, practical reflectors can approach ideal dimensions (very large in terms of wavelengths), resulting in more gain and sharper patterns. The corner can be used at 144 MHz, though usually at much less than optimum size. For a given aperture, the reflector does not equal a parabola in gain, but it is simple to construct, broadband, and offers gains from about 9 to 14 dBi, depending on the angle and size. This section was written by Paul M. Wilson, W4HHK. (The original section, including antenna dimensions from 144 through 2304 MHz, is available in the online information as “Corner and Trough Reflector Antennas.”) Chapters 17 and 29 of Jasik (see References and Bibliography) provide more background and design information on reflector antennas.

15.5.1 Corner Reflectors

The basic design and construction of corner reflectors are shown in Figure 15.60A and B. The driven radiator is a dipole placed on the midline of the antenna. Spacing of the dipole from the reflector, which can be a solid sheet or separate elements, determines feed point impedance, gain, and beamwidth. Typical construction is shown in Figure 15.61.
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The corner angle can be 90, 60, or 45°, but the side length must be increased as the angle is narrowed. For a 90° corner, the driven element spacing can be anything from 0.25 to 0.7 λ, 0.35 to 0.75 λ for 60°, and 0.5 to 0.8 λ for 45°. In each case the gain variation over the range of spacings given is about 1.5 dB. Because the spacing is not very critical to gain, it may be varied for impedance-matching purposes. Closer spacings yield lower feed point impedances, but a folded dipole radiator could be used to raise this to a more convenient level.

The maximum gain obtained with minimum spacing is the design generally used at 144, 222, and 432 MHz to maintain reasonable side lengths). A 90° corner, for example, should have a minimum side length equal to twice the dipole spacing, or 1 λ long for 0.5 λ spacing. A side length greater than 2 λ is ideal. Gain with a 60° or 90° corner reflector with 1 λ sides is about 10 dB. A 60° corner with 2 λ sides has about 13 dBi gain, and a 45° corner with 3 λ sides has about 14 dBi gain. Reflector length should be a minimum of 0.6 λ. Less than that spacing causes radiation to increase to the sides and rear and decreases gain.

A corner reflector may be used for several bands, or for UHF television reception, as well as amateur UHF operation. For operation on more than one frequency, side length and reflector length should be selected for the lowest frequency, and reflector spacing for the highest frequency.

The reflector and driven element can also be mounted on a ground-plane, which can be used for vertical polarization. The corner reflector and a λ/4 radiator are mounted on the ground plane, permitting direct connection to a coaxial line if the proper spacing is used. A J-pole antenna could be used to maintain the aperture area and provide a match to a coaxial line.

For vertical polarization operation, four 90° corner reflectors built back-to-back (with common reflectors) could be used for scanning 360° of horizon with modest gain. Feed line switching could be used to select the desired sector.

15.5.2 Trough Reflectors

To reduce the overall dimensions of a large corner reflector the vertex can be cut off and replaced with a plane reflector. Such an arrangement is known as a trough reflector. See Figure 15.62. Performance similar to that of a larger corner reflector can be obtained if the dimensions of S and T as shown in the figure do not exceed the indicated limits. This antenna provides performance very similar to the corner reflector and presents fewer mechanical problems because the plane center portion is relatively easy to mount on a mast or boom. The sides are considerably shorter, as well.
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The gain of both corner reflectors and trough reflectors may be increased by stacking two or more and arranging them to radiate in phase, or alternatively by adding further collinear dipoles (fed in phase) within a wider reflector. Not more than two or three radiating units should be used, because the great virtue of the simple feeder arrangement would then be lost.

15.6 Helical Antennas

Probably the most common amateur use of the helical antenna is in satellite communications, where the spinning of the satellite antenna system (relative to the Earth) and the effects of Faraday rotation cause the polarization of the satellite signal to be unpredictable. Using a linearly polarized antenna in this situation can result in deep fading, but with the helical antenna (which responds equally to linearly polarized signals), fading is essentially eliminated.

This same characteristic makes helical antennas useful in polarization-diversity systems. The advantages of circular polarization have been demonstrated on VHF voice schedules over non-optical paths, in cases where linearly polarized beams did not perform satisfactorily.

Another use for the helical antenna is the transmission of color ATV signals. Many beam antennas (when adjusted for maximum gain) have far less bandwidth than the required 6 MHz, or lack uniform gain over this frequency range. The result is significant distortion of the transmitted and received signals, affecting color reproduction and other features. This problem becomes more aggravated over non-optical paths.

The helix exhibits maximum gain (within 1 dB) across a range of more than 20 MHz anywhere above 420 MHz. Not only does the helix give high gain over an entire amateur band, but it also allows operation on FM, SSB and CW without the need for separate vertically and horizontally polarized antennas.

Helical Antenna Basics

The helical antenna is an unusual specimen in the antenna world, in that its physical configuration gives a hint to its electrical performance. A helix looks like a large air-wound coil with one of its ends fed against a ground plane, as shown in Figure 15.63. (Also see the article “The Helical Antenna — Description and Design” by VE3KL in this book’s online material.)
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The ground plane is a screen of 0.8 to 1.1 λ diameter (or on a side for a square ground plane). The circumference (Cλ) of the coil form must be between 0.75 and 1.33 λ for the antenna to radiate in the axial mode. The coil should have at least three turns to radiate in this mode. The ratio of the spacing between turns (in wavelengths), Sλ to Cλ, should be in the range of 0.2126 to 0.2867. This ratio range results from the requirement that the pitch angle, α, of the helix be between 12° and 16°, where:
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These constraints result in a single main lobe along the axis of the coil.

A helix with a Cλ of 1 λ has a wave propagating from one end of the coil (at the ground plane), corresponding to an instantaneous dipole “across” the helix. The electrical rotation of this dipole produces circularly polarized radiation. Because the wave is moving along the helix conductor at nearly the speed of light, the rotation of the electrical dipole is at a very high rate, and true circular polarization results.

Regarding the type of circular polarization, in simple terms the IEEE definition is that when viewing the antenna from the feed point end, a clockwise winding results in RHCP, and a counterclockwise winding results in LHCP. This is important, because when two stations use helical antennas over a nonreflective path, both must use antennas with the same polarization sense. If antennas of opposite sense are used, a signal loss of at least 20 dB results from the cross-polarization alone.

As mentioned previously, circularly polarized antennas can be used in communication with any linearly polarized antenna (horizontal or vertical), because circularly polarized antennas respond equally to all linearly polarized signals. The gain of a helix appears 3 dB less than the theoretical gain in this case, because the linearly polarized antenna does not respond to linearly polarized signal components orthogonal to it.

The response of a helix to all polarizations is indicated by a term called axial ratio, also known as circularity. Axial ratio is the ratio of amplitude of the polarization that gives maximum response to the amplitude of the polarization that gives minimum response. An ideal circularly polarized antenna has an axial ratio of 1.0. A well-designed practical helix exhibits an axial ratio of 1.0 to 1.1. The axial ratio of a helix is:
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where

AR = axial ratio

n = the number of turns in the helix

Axial ratio can be measured in two ways. The first is to excite the helix and use a linearly polarized antenna with an amplitude detector to measure the axial ratio directly. This is done by rotating the linearly polarized antenna in a plane perpendicular to the axis of the helix and comparing the maximum and minimum amplitude values. The ratio of maximum to minimum is the axial ratio.

The impedance of the helix is easily predicted. The terminal impedance of a helix is unbalanced, and is defined by:

Z = 140 × Cλ

where Z is the impedance of the helix in ohms.

The gain of a helical antenna is determined by its physical characteristics. Gain can be calculated from:

Gain (dBi) = 11.8 + 10 log (Cλ2n Sλ)

In practice, helical antennas do not deliver this amount of gain for antennas with turns count greater than about twelve. This will be discussed further regarding practical antennas.

The beamwidth of the helical antenna (in degrees) at the half-power points is:
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The diameter of the helical antenna conductor should be between 0.006 and 0.05 λ but smaller diameters have been used successfully at 144 MHz. The previously noted diameter of the ground plane (0.8 to 1.1 λ) should not be exceeded if you desire a clean radiation pattern. As the ground plane size is increased, the sidelobe levels also increase. The ground plane need not be solid; it can be in the form of a spoked wheel or a frame covered with hardware cloth or screen. Cupped ground planes have also been used according to Kraus (see the References and Bibliography).

50-Ω Helix Feed

Joe Cadwallader, K6ZMW, presented this feed method in the June 1981 QST (see References and Bibliography). Terminate the helix in an N connector mounted on the ground screen at the periphery of the helix. See Figure 15.64. Connect the helix conductor to the N connector as close to the ground screen as possible (Figure 15.65). Then adjust the first quarter-turn of the helix to a close spacing from the reflector.
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This modification goes a long way toward curing a deficiency of the helix — the 140-Ω nominal feed point impedance. The traditional λ/4 matching section has proved difficult to fabricate and maintain. But if the helix is fed at the periphery, the first quarter turn of the helix conductor (leaving the N connector) acts much like a transmission line — a single conductor over a perfectly conducting ground plane. The impedance of such a transmission line is:
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where

Z0 = line impedance in ohms

h = height of the center of the conductor above the ground plane

d = conductor diameter (in the same units as h).

The impedance of the helix is 140 Ω a turn or two away from the feed point. But as the helix conductor curves down toward the feed connector (and the ground plane), h gets smaller, so the impedance decreases. The 140-Ω nominal impedance of the helix is transformed to a lower value. For any particular conductor diameter, an optimum height can be found that will produce a feed point impedance equal to 50 Ω. The height should be kept very small, and the diameter should be large. Apply power to the helix and measure the SWR at the operating frequency. Adjust the height for an optimum match.

Typically, the conductor diameter may not be large enough to yield a 50-Ω match at practical (small) values of h. In this case, a strip of thin brass shim stock or flashing copper can be soldered to the first quarter-turn of the helix conductor (Figure 15.66). This effectively increases the conductor diameter, causing the impedance to decrease further yet. The edges of this strip can be slit every 1⁄2 inch or so, and the strip bent up or down (toward or away from the ground plane) to tune the line for an optimum match.
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This approach yields a perfect match to nearly any coax. The usually wide bandwidth of the helix (70% for less than 2:1 SWR) will be reduced slightly (to about 40%) for the same conditions. This reduction is not enough to be of any consequence for most amateur work. The improvements in performance, ease of assembly and adjustment are well worth the effort in making the helix more practical to build and tune.

15.7 Slot Antennas

(Material in this section is largely taken from Slot Antennas for Ham Radio: The Forgotten Antenna by John Portune, W6NBC. The book is available in Kindle format from Amazon.)

The slot antenna is based on a uniform straight narrow rectangular hole cut into a large flat metal plane. This classic slot is how most hams picture the slot antenna. By no means is this the only effective configuration, nor does it reveal the many possible uses of the slot antenna in amateur radio.

Following the explanation of how the slot antenna works and a general tuning procedure, several examples of slot antennas are presented. Construction details are available in supplemental articles in the online material.

15.7.1 How the Slot Works

Professional literature usually presents the slot as complementary to the dipole based on Babinet’s Principle. (See the reference for Pelosi.) For the slot antenna to be useful to amateurs, however, this level of analysis is unnecessary. A more intuitive explanation is presented here. Figure 15.67A shows the relationship of the familiar half-wavelength dipole and slot. While the classic slot looks very much like a folded dipole and even has the same one-wavelength circumference, operation is very different. (See the Dipoles and Monopoles chapter for a description of the folded dipole.)
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Consider that a dipole is fed by a voltage source (the feed line) in series with the two conductors making up the legs of the antenna. This results in voltages of opposite polarity on each leg of the dipole, creating an electric dipole. The voltages drive current back and forth along the antenna. The situation is reversed for a slot antenna. Instead of two voltage polarities, the voltage applied across the slot results in two current flows around the slot, creating a magnetic dipole.

As a result, dipoles and slots are said to be complementary: a dipole creates a single current from voltage with two polarities while a slot creates two currents from voltage with a single polarity.

Figure 15.67B is a model of the slot made up of a pair of back-to-back shorted ¼-wave transmission lines (i.e., stubs) with voltage applied to both stubs by a feed line. Look carefully at the currents along the stubs and at the end. Everywhere along the slot except at the end of the stub, currents on opposite sides of the slot are in opposite directions so the fields from them cancel. At the end of the slot, however, the currents loop around the slot in the same direction and their radiated fields add together. Figure 15.67C is a schematic representation of the resulting currents.

Remember that an antenna is simply a structure that arranges current flows to create the desired radiation pattern. In the case of a slot antenna, the hole in the conducting plane is the structure that forces current to flow around it. In the simulated current flow shown in Figure 15.67D, notice that the end currents are perpendicular to the axis of the slot just like the applied voltage across the slot’s feed point. These high currents at the end are also flowing in the same direction. The ends are where the EM field from a slot is radiated — the hole in the plane does not radiate at all.

The radiation patterns of the dipole and the slot antenna have the same orientation — maximum radiation broadside to the antenna axis with minimum strength along the axis. The slot’s field is also a minimum along the plane around the slot. The key difference, however, is that the field from a dipole has the same polarization as the axis of the dipole while the field from the slot is polarized perpendicularly to the axis of the slot. i.e., a horizontal slot will radiate a vertically polarized pattern and vice versa. This allows the slot to be used as an omni-directional, horizontally polarized antenna by orienting the slot so that it is vertical.

15.7.2 Slot Matching and Tuning

Recall that the voltage in a dipole is high at the ends and low in the middle and that the current is opposite — high in the middle, low at the ends (see the chapter Dipoles and Monopoles). The impedance — voltage divided by the current — is therefore high, often several thousand ohms at the ends, and low in the middle, roughly 72 Ω in free space. This situation is reversed in a slot: the current and the impedance for a narrow straight slot in a large metal plane is very low (nearly a short circuit) at the ends and high in the middle, on the order of 450 – 500 Ω. In practice, slot antennas are fed near the end where the impedance matches 50 or 75 Ω coaxial cable. Fine adjustments in feed point impedance can be made by moving the feed point back and forth along the slot.

Because of the slot’s symmetry, there are two matching points along the slot where the feed point impedance (across the slot) will be close to 50 or 75 Ω. These points aren’t always at the same relative distance from the ends for different types of slots. Generally, the wider the slot or the plane, the farther the matched points will be from an end. Slot builders should expect to experiment to find the point of lowest SWR. Changes in the slot position in the surrounding metal surface or in the configuration of the metal surface will also affect the position of the matched feed point.

Adjusting Feed Point Impedance

Begin by attaching the feed line in a “best-guess” location. A moveable magnetic fixture like those in Figure 15.68 can be used to locate an approximate feed point. For non-magnetic surfaces, magnets on the opposite side of the surface will allow the fixture to stay attached. Brass washers can be used instead of magnets and held to the surface with tape. Move the feed point along the slot until an acceptable SWR is obtained.
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Adjusting Resonant Frequency

To adjust the slot’s resonant frequency — seen as a change in the frequency of minimum SWR — change slot length, just as with a dipole. The ends of the slot can be easily shortened with the self-adhesive aluminum or copper tape to raise the frequency. (The adhesive on the tape forms a low-reactance capacitance that is transparent at VHF and higher frequencies.) Change both ends by the same amount to preserve the relative position of the slot in the surrounding plane. This is much easier than having to cut the slot longer to lower its frequency. The tape should extend beyond the slot on both sides by at least an inch. As with a dipole, it is useful to start with the slot a bit longer than the expected final length to allow for tuning by shortening the antenna.

Tuning and Construction Notes

Using an SWR meter, antenna analyzer, or vector network analyzer, locate an approximate feed point with reasonably low SWR. Then adjust the slot length at both ends with metallic tape. SWR should not change significantly as resonant frequency is adjusted. Repeat the process of adjusting SWR then frequency until the final configuration is reached. It is generally easiest to move the tape at the end closest to the feed point to change the impedance match, and the tape at the other end to change the frequency.

Tune the slot in a location like the intended final location. If, for example, the antenna will be mounted on a wood-framed house with composition roofing tiles, tune it up on a wooden work bench or a wooden ladder several feet off the ground. If the antenna will be mounted over an aluminum patio roof, it may be okay to tune it up over a metal work bench. Adjusting antennas at the working location is more important for slots with narrower bandwidths, such as folded or skeleton slots.

Once the final feed point is located, drill permanent screw holes for screws, nuts, and washers. Alternatively, the feed line shield and center conductor can be soldered directly to the metal surface. For slot antennas made of heavier aluminum, elongated holes for movable screws and nuts can be cut near a feed point.

If the feed line will not be bonded directly to the metal surface around the slot, a feed line choke or choke balun is needed to prevent the shield from carrying common-mode current from the antenna. Ferrite beads can be used as described in the Transmission Line System Techniques chapter. Alternately, a wound-coax choke is effective at 2 meters and 220 MHz. 5 or 6 turns of RG-8X or RG-58 in a 2-inch diameter coil is generally sufficient. Above those frequencies, use a ferrite bead choke.

PROJECT: 2 Meter Slot in A Satellite TV Dish

Originally described in March 2016 QST magazine, this antenna is shown in Figure 15.69. (The full article is included in the online material.) The slot is cut in a common 22 × 32-inch SlimLine DIRECTV® dish.
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Because a straight, full-length half-wave slot is too long to fit on the dish, the ends are bent at right angles. The main slot is 24 inches long and the right-angle sections are 7.5 inches each for a total length of 39 inches. Bending the slot only has a modest effect on directivity and gain, filling in the pattern nulls along the slot’s main length.

SWR is 1.5:1 or less in the 2 meter band with the feed point being 3.5 to 4.5 inches from one end of the slot. Figure 15.70 shows the coaxial feed line attached to the dish from the rear. It is not recommended that the dish also be used for TV reception because of the risk of damage to the microwave receiver from the high power 2 meter transmitted signal.
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PROJECT: 6 Meter “Hentenna” Skeleton Slot

The classic slot design is too big for lower VHF and HF operation. A smaller configuration that made HF slots practical for HF is the skeleton slot. It was first introduced as the Hentenna for 6 meters by JE1DEU, JH1FCZ, and JH1YST. (The complete description from the ARRL Antenna Compendium, Vol. 5 is available in the online material.) Figure 15.71 shows the basic antenna design. Like a classic slot, the antenna is one-half wavelength long. The conductors forming the antenna act as the edges of the slot with the rest of the conducting plane around the slot omitted. Since most of the current flows close to the slot edge (see Figure 15.71D) performance is approximately that of the classic slot although the radiation efficiency is lower.
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The Hentenna’s suggested dimensions are λ/2 long, λ/6 wide, with the feed point at λ/10 from one end. However, any narrow half-wavelength long loop roughly a third as wide as long, has much the same characteristics. The 1:3 ratio of length to width results in a feed point impedance of close to 50 Ω at λ/10 from one end of the slot.

The azimuth pattern in Figure 15.72 is horizontally polarized and bidirectional perpendicular to the plane of the antenna. Reflectors can be placed behind each of the horizontal elements, creating a beam antenna as described at qsl.net/dk7zb/Quadlong/Hentenna.htm. The Hentenna can also be used with the long dimension horizontal, creating a vertically polarized antenna. Hentennas are also practical for the upper HF bands and a version for 75 meters has also been constructed in Japan. Skeleton slots for HF are also described in ARRL Compendium articles — see the references for Gordon and Prack.
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PROJECT: 2 Meter Cubical Slot

If the Hentenna in the previous section is wound around a square form, the result is a cubical slot with dimensions significantly smaller than but comparable performance to a full-size half-wavelength antenna. Designed here for 2 meters, the diminutive 10 x 10 x 7 inch “slot cube” antenna in Figure 15.73 has approximately the same omnidirectional gain as a 2-meter J-pole as shown in Figure 15.74. The antenna was described in January 2019 QST and the complete article is included in the online material, including construction details. A version for 6 meters was described in December 2019 QST and that article is also included.
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15.8 Microwave Antennas

The domain of amateur microwaves begins at 902 MHz and includes all higher frequency bands. (The 10 GHz and higher bands are also referred to as mm-wave bands.) The short wavelength of microwaves enables a wide range of interesting designs quite different from the antennas based on discrete linear and loop elements popular at lower frequencies. At microwaves, surfaces and shapes are used in ways that are impractical at longer wavelengths.

This section of the book has been extensively updated by Paul Wade, W1GHZ, a prolific designer as well as author of the QST column “Microwavelengths.” Paul has also published the excellent online W1GHZ Microwave Antenna Book and his website, w1ghz.org, contains a wealth of information about many facets of microwave operating and building.

The RSGB texts listed in the References and Bibliography provide a more complete treatment of amateur microwave antennas. A number of horn and dish designs, including conversion of surplus offset-feed satellite TV receive dishes are presented in the RSGB publication Antennas for VHF and Above.

15.8.1 Microwave Antenna Guidelines

Many antenna construction practices that are common on lower frequencies cannot be used at microwave frequencies. This is the most important reason why all who venture to microwaves are not equally successful. When a proven antenna design is used, copy it exactly; don’t change anything.

Do not allow the mast to pass through the elements, as is common on antennas for lower frequencies. Avoid any unnecessary metal around the antenna: 1/4 λ at 1296 MHz is only a little over 2 inches. Cut all U-bolts and mounting hardware to the minimum length needed so that no resonant or near-resonant conductors are present to couple to the antenna’s field.

After antenna performance, feed line loss is the next most important aspect of antenna system design. Mount the antennas to keep feed line losses to an absolute minimum. Antenna height is less important than keeping the line losses low.

Use the best feed line you can get. As an example of why this is important, here are some realistic measurements of common coaxial cables at 1296 MHz (loss per 100 feet):

• RG-8, 213, 214 coaxial cable: 11 dB

• 1/2-inch foam/copper hardline: 4 dB

• 7/8-inch foam/copper hardline: 1.5 dB

Preamps should be mounted at the antenna wherever practical and only connectors designed for frequency of operation should be used.

15.8.2 Waveguides

Above 2 GHz, coaxial cable is a losing proposition for communications operation. Fortunately, at this frequency the wavelength is short enough to allow practical, efficient energy transfer by an entirely different means. A waveguide is a conducting tube through which energy is transmitted in the form of electromagnetic waves. The tube is not considered as carrying a current in the same sense that the wires of a two-conductor line do, but rather as a boundary that confines the waves in the enclosed space. Skin effect prevents any electromagnetic effects from being evident outside the guide. The energy is injected at one end, either through capacitive or inductive coupling or by radiation, and is removed from the other end in a like manner. Waveguide merely confines the energy of the fields, which are propagated through it to the receiving end by means of reflections against its inner walls.

3D-Printing and CNC Techniques for Microwaves
Amateurs have long been limited to using surplus microwave components or building relatively simple antenna designs because special machining or construction techniques, particularly at 10 GHz and higher frequencies, are beyond most amateur shops. This situation is changing as 3D-printing and CNC machining equipment has become affordable. Amateurs can not only replicate commercial designs but can implement custom designs with subtle and precise aspects. Expect to see more of these techniques in design and construction articles in the amateur literature!


RF Safety for Waveguides, Horns and Dishes
Never look into the open end of a waveguide when power is applied or stand directly in front of a dish while transmitting. Tests and adjustments in these areas should be done while receiving or at extremely low levels of transmitter power (less than 0.1 watt). The FCC has set a limit of 10 mW/cm2 averaged over a 6-minute period as the safe maximum. Other authorities believe even lower levels should be used. Destructive thermal heating of body tissue results from excessive exposure. This heating effect is especially dangerous to the eyes. The accepted safe level of 10 mW/cm2 is reached in the near field of a parabolic antenna if the level at 2D2/λ is 0.242 mW/cm2. (D and λ must have the same units.) The equation for power density at the far-field boundary is
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where
P = average power in kilowatts
D = antenna diameter in feet
For example, a 2-foot dish at 10 GHz has a power density of 0.242 mW/cm2 at the far field boundary at a power level of 7 watts. Thus, any lower power is within the accepted safe level, but exercise caution.


Evolution of Waveguide

Suppose an open-wire line is used to carry UHF or microwave energy from a generator to a load. Imagine the transmission line is supported with quarter-wave stubs, shorted at the far end. The open end of such a stub presents an infinite impedance to the transmission line, provided that the shorted stub is non-reactive. Thus, the stub acts as an insulating support. Since the stubs act as an open-circuit, an infinite number of them may be connected in parallel without affecting the open-wire line.

Because the shorting link has finite length it also has some inductance. This inductance can be minimized by making the RF current flow on the surface of a plate rather than through a thin wire. If the plate is large enough, it will prevent the magnetic lines of force from encircling the RF current.

The transmission line may be supported from the top as well as the bottom and when infinitely many supports are added, they form the walls of a waveguide at its cutoff frequency. Figure 15.75 illustrates how a rectangular waveguide evolves from a two-wire parallel transmission line.

[image: ]

Waveguide Operation

As a signal propagates along a waveguide, the metal walls contain the electric and magnetic fields. We’ll concentrate on the electric field here, because the dominant mode of propagation for waveguide is called TE or Transverse Electric. Figure 15.76 shows how the electric and magnetic fields are oriented for the TE10 mode. (See the discussion on waveguide modes below.) The electric field intensity in the rectangular waveguide, which is oriented parallel to the shorter side walls. The electric field is strongest in the center and must be zero at the side walls, since the walls are short circuits. This is the reason for the E-plane and H-plane terminology in Figure 15.74D.
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The field strength distribution is half of a sine wave at the operating frequency, and propagates down the waveguide as if it were bouncing off the side walls. For this to work, the width of the waveguide must be at least one-half the wavelength of the propagating signal. At lower frequencies with longer wavelengths, the field cannot be zero at both walls so these signals will not propagate in the waveguide.

Waveguide Dimensions

Cutoff and Upper Frequencies

The minimum frequency of operation for a waveguide is that at which the waveguide width, a, is 1/2 wavelength. This is called the waveguide’s cutoff frequency, fc.

fc = c / 2a

where c = the speed of light in free space, 2.9979 × 108 meters per second, and a is the waveguide’s larger dimension

A wavelength in the waveguide, λg, is longer than a wavelength in free space, λ0. This implies a velocity faster than the speed of light. But only the phase velocity exceeds the speed of light — energy cannot travel faster. The waveguide wavelength varies with frequency as a function of the cutoff frequency:
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Near the cutoff frequency, λg is much longer than the free-space wavelength λ0, becoming closer to λ0 as frequency increases.

Waveguide operating frequencies are usually well above the cutoff frequency — near (and below) the cutoff frequency, losses increase and the guide wavelength changes rapidly with frequency causing dispersion of the transmitted waveform. This is why a waveguide makes an excellent high-pass filter.

The height of a rectangular waveguide, between top and bottom walls, determines both the upper frequency limit and the characteristic impedance. The upper limit is the frequency at which the waveguide height is 1/2 λ — above this frequency, the electric field may change orientation and other modes may propagate.

Waveguide Dimensions

In a rectangular guide the critical dimension is a in Figure 15.76. This dimension must be more than λ/2 at the lowest frequency to be transmitted. In practice, the b dimension usually is made about equal to a/2 to avoid the possibility of operation in other than the dominant mode.

Cross-sectional shapes other than a rectangle can be used, the most important being the circular pipe. Much the same considerations apply as in the rectangular case.

Wavelength dimensions for rectangular and circular guides are given in Table 15.23, where X is the width of a rectangular guide and r is the radius of a circular guide. All figures apply to the dominant mode.
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Characteristic Impedance

The characteristic impedance is usually much higher than 50 Ω and is calculated for TE modes using this formula:
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where a and b are the large and small dimensions, respectively, of the rectangular waveguide. 377 Ω is the approximate impedance of free space.

For example, at 10 GHz, WR90 waveguide is often used. The width is 0.9 inches, or 22.86 mm, and the height is 0.4 inches, or 10.16 mm. The cutoff frequency is 6.56 GHz, but the recommended operating frequency range is 8 to 12.4 GHz. At 10.368 GHz, the free space wavelength is λ0 = 28.915 mm, the guide wavelength is λg = 37.33 mm and the characteristic impedance is Z0 = 433 Ω. Several common waveguides are pictured in cross-section in Figure 15.77.
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For circular waveguide, the cutoff wavelength is λc = 1.706 × diameter and the characteristic impedance is
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Waveguide Modes

The operating mode described above is for the dominant mode, TE10 (or TE11 in circular waveguide). This is the lowest frequency mode at which a given waveguide will operate, and is the preferred mode for waveguide transmission.

If there is no upper limit to the frequency to be transmitted, there are an infinite number of ways exist in which the fields can arrange themselves in a guide. Each field configuration is a mode. All modes may be separated into two general groups. One group, designated TM (Transverse Magnetic), has the magnetic field entirely crosswise to the direction of propagation, but has a component of electric field in the propagation direction. The other group, designated TE (Transverse Electric) has the electric field entirely crosswise to the direction of propagation, but has a component of magnetic field in the direction of propagation. TM waves are sometimes called E-waves in older references and TE waves are sometimes called H-waves. The TM and TE designations are preferred, however. The particular mode of transmission is identified by the group letters followed by subscript numbers; for example TE11, TM11 and so on. The number of possible modes increases with frequency for a given size of guide.

Higher-order modes are useful in certain applications, for instance, in multi-mode feed horns, where the additional modes can shape the radiation pattern, special high-power waveguides, and in certain cavity filters.

Coaxial-Waveguide Transitions

Energy may be introduced into or extracted from a waveguide or resonator from a coaxial cable by using adapters called coaxial transitions. Energy is coupled via either the electric or magnetic field. A typical transition using the electric field method, shown in Figure 15.78, is a probe like a monopole antenna in the center of a wide wall of the waveguide. The probe in Figure 15.76C is simply a short extension of the inner conductor of the coaxial line, oriented so that it is parallel to the electric lines of force. If the probe were very thin and had no capacitance or inductance, it would be λ/4 long and spaced λ/4 from a short-circuit — the closed end of the waveguide. Actual dimensions, in Table 15.24, compensate for the probe inductance and capacitance.
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Figures 15.76A and B are methods for weaker coupling, for instance to sample the signal. The loop shown in Figure 15.76B is arranged so that it encloses some of the magnetic lines of force. The point at which maximum coupling is obtained depends upon the mode of propagation in the guide or cavity. Coupling is maximum when the coupling device is in the most intense field.

Coupling can be varied by turning the probe or loop through a 90° angle. When the probe is perpendicular to the electric lines the coupling is minimum. Similarly, when the plane of the loop is parallel to the magnetic lines the coupling is minimum.

Coaxial transitions are widely available as surplus components for most standard waveguide sizes. More explanation of how they work, and the different types can be found on the excellent Microwaves101 website at microwaves101.com/encyclopedias/waveguide-to-coax-transitions. In addition, you can learn more about the design of transitions in the QEX article, “Rectangular Waveguide to Coax Transition Design” (see reference for Wade).

Waveguide Termination

If a waveguide is not terminated in its characteristic impedance, there will be an elevated SWR on the line like any other transmission line. A typical termination is a long horn antenna, which flares out from the end of the waveguide to match the waveguide’s characteristic impedance to the impedance of free space, 377 Ω.

Waveguide connections are made by bolting their flanges together firmly. Several flanges are shown in Figure 15.79. There are two types of flanges, flat flanges and choke flanges, which have a groove around the waveguide. The groove acts like a shorted stub that presents a high impedance to the RF energy to prevent leakage. Choke flanges should be mated with flat flanges, but two flat flanges may be mated together.
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Waveguides of two different sizes may be mated, but there should be a transition between them since different waveguide sizes have different Z0. Just as in coaxial lines, impedance discontinuities such as at a transition will cause reflections.

Practical Waveguides

Standard waveguide sizes dating to World War II are still in use today. The standard designator is WRxx, where xx is the wide inside dimension in hundredths of an inch; for instance, WR90, often used at 10 GHz, has a wide dimension of 90 hundredths of an inch, or 0.9 inches. There are no standards for circular waveguide, so common copper plumbing is often used — 3/4-inch tubing works well at 10 GHz. Practical dimensions for standard waveguides at amateur microwave calling frequencies are shown in Table 15.27.

Table 15.27 includes dimensions for the waveguide sizes likely to be encountered in microwave work, and probe dimensions for transitions from waveguide to 50 Ω coax. While a waveguide would work very well at lower frequencies, it would be very large — one meter wide for the 2-meter band! The recommended frequency range for each type is also shown in the table. For narrowband amateur work, we can stretch the frequency range a bit to take advantage of available waveguide — some of the waveguide sizes are usable on more than one band. Many smaller size guides are used at mm-wave frequencies.

There are no standard dimensions for circular waveguide, so any available pipe or can may be used as long as the diameter is larger than the cutoff wavelength. Probe dimensions for transitions from circular waveguide to 50 Ω coax are suggested in W1GHZ’s Jan/Feb 2001 QEX article (see the References) and at w1ghz.org/QEX/circular_wg.pdf.

Losses in waveguide are very low, much less than coaxial transmission line, but not negligible at the higher frequencies. For example, WR90 loss is approximately 10 dB per 100 feet at 10 GHz. Power handling is not a problem; even the smallest waveguide is rated at far more than the amateur power limit.

Where the waveguide has to change direction, special fittings called bends are used, shown in Figure 15.80. These are constructed so that impedance discontinuities from the change in direction are minimized.
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Waveguide transmission lines used outdoors will suffer from internal water condensation, like any closed metal container with temperature variations. Even a short length used in a portable station can collect condensation. Commercial installations often pressurize the waveguide with dry air. Otherwise, a drain hole should be provided at the lowest point of a run.

15.8.3 Horn Antennas

Horn antennas are an excellent choice for microwaves — they work well, are easy to build, and are almost foolproof. A horn antenna is the ideal choice for a rover station. It offers moderate gain in a small, rugged package with no adjustments needed, and has a wide enough beam to be easily pointed under adverse conditions. Larger horn antennas can provide higher gain, even enough for EME operation. For horns intended as feed horns for dishes and lenses, beam angle and phase center are more important than horn gain.

Horn Design

An antenna may be considered as a transformer from the impedance of a transmission line to the impedance of free space, 377 Ω. A common microwave transmission line is waveguide, a hollow tube carrying an electromagnetic wave. If one dimension of the tube is greater than one-half wavelength, then the wave can propagate through the waveguide with extremely low loss. If the end of a waveguide is simply left open, the wave will radiate out from the open end.

Practical waveguides have the larger dimension greater than one-half wavelength, to allow wave propagation, but smaller than one wavelength, to suppress higher-order modes which can interfere with low-loss transmission. Thus, the aperture of an open-ended waveguide is less than a wavelength, which does not provide much gain.

For more gain, a larger aperture is desirable, but a larger waveguide is not. However, if the waveguide size is slowly expanded, or tapered, into a larger aperture, then more gain is achieved while preventing undesired modes from reaching the waveguide. In common rectangular waveguide, the taper creates a familiar pyramidal horn, sketched in Figure 15.81. Horns come in many sizes, like those shown in the photograph, Figure 15.82. In cylindrical waveguide, a funnel-like taper is called a conical horn. The larger conical horn for 2304 MHz shown in Figure 15.82 was made by pop-riveting aluminum flashing to a coffee can. (See the article “How To Build A Tin Can Waveguide WiFi Antenna” by Gregory Rehm at offgridworld.com/how-to-build-a-tin-can-wifi-antenna-for-5. The webpage wikarekare.org/Antenna/WaveguideCan.html is a calculator for 2.4 GHz band circular horn “cantennas”.) based on can diameter along with connector and coupling probe dimensions.)
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To achieve maximum gain for a given aperture size, the taper must be long enough so that the phase of the wave is nearly constant across the aperture. An optimum horn is one that provides a specified gain with the least material; several definitions are available. The Table 15.25 uses approximate dimensions from a set of tables by Cozzens to design pyramidal horn antennas with gains from 10 to 25 dB (see References and Bibliography). Higher gains are possible, but the length of the horn increases much faster than the gain, so very high gain horns tend to be unwieldy.
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The dimensions in Table 15.28 are in wavelengths, so they are applicable to any frequency. Horns are very forgiving, so the dimensions are not critical — small differences will result in a very small gain difference.

The radiation pattern of a horn antenna can be tailored for special purposes; for instance, a broad azimuth pattern with a narrow vertical pattern might be useful to cover a broad sector without needing rotation, useful for a beacon or mesh network. In Antennas (see Bibliography) Kraus gives the following approximations for beamwidth in degrees and dBd gain (with respect to a dipole):
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and for gain

G ≅ 10 log10 (4.5 Aeλ Ahλ) dB over dipole

where Aeλ is the aperture dimension in wavelengths in the E-plane and Ahλ is the aperture in wavelengths dimension in the H-plane. Horns shorter than the optimum horns will have less gain than this equation.

There are many varieties of horn antennas. If the waveguide is flared out only in the H-plane, the horn is called an H-plane sectoral horn. Similarly, if the flare is only in the E-plane, an E-plane sectoral horn results. Sectoral horns for 10 GHz and that cover 24 and 47 GHz are shown in Figure 15.83. If the flare is in both planes, the antenna is called a pyramidal horn.
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For a horn of any given aperture, directivity (gain along the axis) is maximum when the field distribution across the aperture is uniform in magnitude and phase. When the fields are not uniform, sidelobes that reduce the directivity of the antenna are formed. To obtain a uniform distribution, the horn should be as long as possible with minimum flare angle. From a practical point of view, however, the horn should be as short as possible, so there is an obvious conflict between performance and convenience.

Figure 15.84 illustrates this problem. For a given flare angle and a given side length, there is a path-length difference from the apex of the horn to the center of the aperture (L), and from the apex of the horn to the edge of the aperture (L′). This causes a phase difference in the field across the aperture, which in turn causes formation of sidelobes, degrading directivity (gain along the axis) of the antenna. If L is large this difference is small, and the field is almost uniform. As L decreases however, the phase difference increases, and directivity suffers. An optimum (shortest possible) horn is constructed so that this phase difference is the maximum allowable before sidelobes become excessive and axial gain markedly decreases.
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The magnitude of this permissible phase difference is different for E-plane and H-plane horns. For the E-plane horn, the field intensity is quite constant across the aperture. For the H-plane horn, the field tapers to zero at the edge. Consequently, the phase difference at the edge of the aperture in the E-plane horn is more critical and should be held to less than 90° (1/4 λ). In an H-plane horn, the allowable phase difference is 144° (0.4 λ). If the aperture of a pyramidal horn exceeds one wavelength in both planes, the E-plane and H-plane patterns are essentially independent and can be analyzed separately.

The usual direction for orienting the waveguide feed is with the broad face horizontal, giving vertical polarization. If this is the case, the H-plane sectoral horn has a narrow horizontal beamwidth and a very wide vertical beamwidth. This is not a very useful beam pattern for most amateur applications. The E-plane sectoral horn has a narrow vertical beamwidth and a wide horizontal beamwidth. Such a radiation pattern could be useful in a beacon system where wide coverage is desired.

The most useful form of the horn for general applications is the optimum pyramidal horn. In this configuration the two beamwidths are almost the same. The E-plane (vertical) beamwidth is slightly less than the H-plane (horizontal), and also has greater sidelobe intensity.

Small horns may be constructed from sheet metal, from raw PC board material, or even machined from solid metal for extremely high microwave frequencies. Larger horns have been made from mesh screening and from foil-coated Styrofoam insulation. Templates and construction instructions are provided in the document “Horn Construction and Templates” in the online material.

A recent construction technique is 3D-printed horns. The printed plastic is transparent to RF, so the horn must be metalized. Glenn Robb, KS4VA, and Michelle Thompson, W5NYV, have worked to perfect the techniques. Some of Glenn’s horn antennas are shown in Figure 15.85. See the “Microwavelengths” column in the January 2019 issue of QST for details.
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Surplus horns may be found in many shapes and sizes, for instance, on satellite TV antennas and various WiFi devices. The key is the input waveguide size — if the diameter or large rectangular dimension is greater than 0.6 λ and less than 1 λ, the horn will work as an antenna, so it is worth a try.

15.8.4 Parabolic Dish Antennas

Parabolic dish antennas can provide extremely high gains at microwave frequencies. A 2-foot dish at 10 GHz can provide more than 30 dB of gain. The gain is only limited by the size of the parabolic reflector; a number of hams have dishes larger than 20 feet, and occasionally a much larger commercial dish is made available for amateur operation. For example, the former 1000-foot dish Arecibo dish in Puerto Rico was operational on 432 MHz EME on a few occasions. All dish antennas have high directivity (sharp patterns); high gains are only achievable if the antennas are properly implemented, and dishes have more critical dimensions than horns and lenses. The fundamental parameters are explained here using pictures and graphics as an aid to understanding the critical areas and how to deal with them.

New commercial dishes are expensive, but surplus ones can often be purchased at low cost. Some amateurs build theirs, while others modify satellite TV dishes or even circular metal snow sleds for the amateur bands. Figure 15.86 shows a dish using a homemade coffee-can feed described below.
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Alternatives

Bear in mind that the narrow beamwidth of a dish may make contacts more difficult, particularly in windy conditions. It is often easier to complete a contact for all but the longest paths with smaller, easier to point antennas, such as horns and flat panel antennas. As an extreme example, Rex Moncur, VK7MO, has made 10 GHz EME contacts with a horn antenna — DX doesn’t get any farther than that.

For a rover station, a reasonable size horn might be a good compromise with adequate gain and moderate beamwidth for easy aiming. I often use the 17.5 dBi Gunnplexer horn, with a 12-inch lens ready to place in front of it when signals are marginal.

Aiming

A quality compass and a way of accurately aligning a dish antenna to it are essential for successful operation. Narrow beamwidth and frequency uncertainty can make searching for weak signals frustrating and time-consuming. A heavy tripod with setting circles is a good start; hang a heavy object like a portable station operating battery from the center of the tripod and it will be more stable, especially in the wind. Calibrate your headings by locating a station with a known beam heading rather than by eyeballing the dish heading; small mechanical tolerances can easily shift the beam a few degrees from the apparent boresight (the line along which the dish is aimed).

Dish Antenna Design

A dish antenna works the same way as a reflecting optical telescope. Electromagnetic waves, either light or radio, arrive as parallel rays (or planar wavefronts) from a distant source and are reflected by a parabolic mirror to a common point, called the focus. When a ray of light reflects from a mirror or flat surface, the angle of the path leaving (angle of reflection) is the same as the angle of the path arriving (angle of incidence). If the mirror is a flat surface, then two rays of light leave in parallel paths; however, if the mirror is curved, two parallel incident rays leave at different angles. If the curve is parabolic (y = ax2) then all the reflected rays meet at one point, as shown in Figure 15.87. A dish is a parabola of rotation, a parabolic curve rotated around an axis which passes through the focus and the center of the curve.
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A transmitting antenna reverses the path: The light or radio wave originates from a point source at the focus and is reflected into a beam of rays parallel to the axis of the parabola, as shown in Figure 15.87.

There are two basic types of parabolic dishes: prime-focus dishes, the classic shape, and offset-fed dishes, like the popular small satellite TV dishes. While almost all offset-fed dishes that you are likely to find have the same basic geometry, prime-focus dishes come in various configurations, from very deep dishes to shallow ones. They are characterized by the f/D ratio, the ratio of focal length of the parabola to its diameter. Deep dishes (such as a soup bowl) have a small f/D, less than about 0.35, while shallow dishes (such as a dinner plate) have larger f/D and thus a larger focal length for a given diameter. All dishes with the same f/D have the same geometry, regardless of size, which simplifies antenna system design.

Illuminating the Dish

Some of the difficulties found in real antennas are easier to understand when considering a transmitting antenna but are also present in receiving antennas, since antennas are reciprocal. One difficulty is finding a point source, since any antenna, even a half-wave dipole at 10 GHz, is much bigger than a point. (A point source is equivalent to the isotropic radiator used as a reference for specifying gain.) Even if we were able to find a point source, it would radiate equally in all directions, so the energy that was not radiated toward the reflector would be wasted. The energy radiated from the focus toward the reflector illuminates the reflector, just as a light bulb would. What we are looking for is a point source that illuminates only the reflector, without any spillover missing the reflector or aimed away from the dish entirely.

Aperture, Gain, and Efficiency

The aperture, A, of a dish antenna is the area of the reflector as seen by a passing radio wave:
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where r is the radius, half of the dish diameter.

If the dish antenna is replaced with a much larger one, the greater aperture of the larger dish captures much more of the passing radio wave, so larger dish has more gain than the smaller one. From a little geometry, we find that the gain is proportional to the aperture area.

The gain of a dish with reference to an isotropic radiator is calculated as:
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where η is the efficiency of the antenna.

How much efficiency should be expected? References suggest that 55% is reasonable and 70 to 80% is possible with very good feeds. These values are possible with large dishes, > 25 λ in diameter, but many amateur dishes are relatively small. Realizing an efficiency greater than 50% is difficult for small dishes, and efficiency decreases further for diameters less than 10 λ.

See Table 15.26 for parabolic antenna gain for the bands 420 MHz through 10 GHz and diameters of 2 to 30 feet. The 55% efficiency assumed in the table is rather optimistic for small dishes.
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A close approximation of beamwidth may be found from
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where

ψ = beamwidth in degrees at half-power points (3 dB down)

D = dish diameter in feet

λ = wavelength in feet

Practical Dish Antennas

Feed Patterns

The parabolic dish antenna was first described with a point source at the focus so that energy would radiate with uniform magnitude and phase in all directions. The problem is that energy not radiated toward the reflector is wasted. What is desired is a feed antenna that only radiates toward the reflector and has a phase pattern that appears to radiate from a single point.

We have already seen that efficiency is a measure of how well the aperture is used. If the whole reflector is illuminated, then we should be using the whole aperture. Perhaps the feed pattern should be as shown in Figure 15.88, with uniform feed illumination across the reflector. Looking more closely at the parabolic surface, the focus is farther from the edge of the reflector than from the center. Since radiated power diminishes with the square of the distance (inverse-square law), less energy is arriving at the edge of the reflector than at the center; this is commonly called space attenuation or space taper. In order to compensate, more power must be provided to the edge of the dish than in the center. This is done by adjusting the feed pattern as shown in Figure 15.89 to have constant illumination over the surface of the reflector.
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Simple feed antennas, like a circular horn (coffee-can feed) used by many hams, have a cosn(θ) pattern like the idealized pattern shown in Figure 15.90. Figure 15.91 superimposes the ideal pattern on our desired pattern; there is too much energy in the center, not enough at the edges, and some misses the reflector entirely. The missing energy at the edges is called illumination loss and the energy that misses the reflector is called spillover loss. The more energy we have at the edge, the more spillover we have, but if we reduce spillover, then the outer part of the dish is not well illuminated and is not contributing to the gain. Therefore, simple horn feeds are not ideal for dish feeds (although they are useful). In order to have very efficient dish illumination we need to increase energy near the edge of the dish and have the energy drop off very quickly beyond the edge.
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Edge Taper

Almost all feed horns will provide less energy at the edge of dish than at the center, as in Figure 15.92 . The difference in power at the edge is referred to as the edge taper. With different feed horns, edge taper can be varied. Different edge tapers produce different amounts of illumination loss and spillover loss, as shown in Figure 15.92: a small edge taper results in larger spillover loss, while a large edge taper reduces the spillover loss at the expense of increased illumination loss.
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Plotting these losses versus the energy at the edge of the dish in Figure 15.93, we find that the total efficiency of a dish antenna peaks with an illumination taper, like Figure 15.91, so that the energy at the edge is about10 dB lower than the energy at the center. This is often referred to as 10 dB edge taper or edge illumination — often recommended but not explained. However, some high-efficiency feeds shape the radiation pattern for maximum dish performance. For these feeds, the best edge taper may not be 10 dB.
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Gain/Temperature (G/T)

When an antenna is receiving a signal from space, like a satellite or EME signal, there is very little background noise emanating from the sky compared to the noise generated by the warm (300° K) earth during terrestrial communications. Most of the noise received by an antenna pointed at the sky is earth noise arriving through feed spillover. As we saw in Figure 15.91, the spillover can be reduced by increasing the edge taper, while Figure 15.92 shows the efficiency, and thus the gain, decreasing slowly as edge taper is increased. The best compromise is reached when G/T, the ratio of gain to antenna noise temperature, is maximized. This typically occurs with a larger edge taper than for maximum gain. The optimum edge taper for G/T is a function of receiver noise temperature and sky noise temperature at any given frequency.

Focal Length and ƒ/D Ratio

All parabolic dishes have the same parabolic curvature, but some are shallow dishes while others are much deeper, more like a bowl. They are just different parts of a parabola which extends to infinity. A convenient way to describe how much of the parabola is used is the ƒ/D ratio, the ratio of the focal length, f, to the diameter, D, of the dish. All dishes with the same f/D ratio require the same feed geometry, in proportion to the diameter of the dish. The figures so far have depicted one arbitrary f/D: Figure 15.94 shows the relative geometries for commonly used f/D ratios, typically from 0.25 to 0.65, with the desired and idealized feed patterns for each.
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To calculate the focal length and f/D ratio of a dish, measure the diameter of the dish and the depth, d, in the center of the dish. This may need to be an approximation for some dishes, due to holes or flat areas in the center. The focal length is calculated as:
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Notice the feed horn patterns for the various f/D ratios in Figure 15.96. As f/D becomes smaller, the feed pattern to illuminate it becomes broader, so different feed horns are needed to properly illuminate dishes with different f/D ratios. The feed horn pattern must be matched to the reflector’s f/D. Dishes with larger f/D ratios need a feed horn with a moderate beamwidth, while a dish with an f/D of 0.25 has its focus level with the edge of the dish and the subtended angle that must be illuminated is 180 degrees. Also, the edge of the dish is twice as far from the focus as the center of the dish, so the desired pattern would have to be 6 dB stronger (according to the inverse-square law) at the edge as in the center. This is an extremely difficult feed pattern to generate, and consequently, it is almost impossible to efficiently illuminate a dish this deep.

Given a choice, a reflector with a large f/D (0.5 to 0.6) would be preferable. As described earlier, dishes with small f/D are hard to illuminate efficiently and are more sensitive to focal length errors. On the other hand, a dish that is available for the right price is always a good starting point!

Phase Center

A well-designed feed for a dish or lens has a single phase center, so illuminating radiation appears to emanate from a single point source, at least in the feed’s main beam which is the part of the pattern that illuminates the dish or lens. Away from the main beam, the phase center may move around and appear at multiple points because stray reflections and surface currents affect the radiation pattern. Also, the phase center will move with frequency, adding difficulty to broadband feed design. Fortunately, amateur microwave operation only uses narrow frequency ranges.

Symmetry of E-plane and H-Plane

On paper, we can only depict radiation in one plane. For a simple antenna with linear polarization, like a dipole, this is all we really care about. A dish, however, is three-dimensional, so it must be fed uniformly in all planes. The usual plane for linear polarization is the E-plane, while the plane perpendicular to it is the H-plane. Unfortunately, most antennas not only have different radiation patterns in the E- and H- planes but also have different phase centers in each plane, so both phase centers cannot be at the focus. A good feed antenna has the same phase center in both E- and H- planes and all other planes.

Focal Length Error

The most critical dimension in a dish antenna is the focal length — the axial distance from the feed to the center of the dish. Figure 15.95 shows the loss as the feed horn is moved closer and farther from the focus for various f/D dishes with uniform illumination; the tapered illumination used in practice will not have nulls as deep as these curves. It is clear that dishes with small f/D are much more sensitive to focal length error. Remember that a wavelength at 10 GHz is just over an inch! Lateral errors in feed horn position are far less serious; small errors have little effect on gain but do result in shifting the beam slightly off boresight.
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Notice that the focal length error in Figure 15.94 is in wavelengths, independent of the dish size. A 1/4-wavelength error in focal length produces the same loss for a 150-foot dish as for a 2-foot dish, and a 1/4-wavelength at 10 GHz is just over 1/4 inch. Another implication is that multiband feeds should be optimized for the highest band, since they will be less critical at lower bands with longer wavelengths.

Total Efficiency

We want high efficiency because a dish has the same size, wind loading, and narrow beamwidth regardless of efficiency — we should get as much performance as possible for these operational difficulties.

The major factors affecting aperture efficiency are illumination taper and spillover, but there are several other factors that can significantly reduce efficiency. Because the feed horn and its supporting structures are in the beam of the dish, part of the radiation is blocked or deflected. A real feed horn also has sidelobes, so part of its radiation is in undesired directions and thus wasted. Finally, no reflector is a perfect parabola, so the focusing of the beam is not perfect. The result is quite a list of contributions to total efficiency:

• Illumination taper

• Spillover loss

• Asymmetries in E- and H-Planes

• Focal point error

• Feed horn sidelobes

• Blockage by the feed horn

• Blockage by supporting structures

• Imperfections in parabolic surface.

• Feed line loss

The most critical are:

Focal point error –— the phase center of the feed must be at the focal point of the parabolic reflector. Errors here can add up to many dB.

Feed illumination — the feed must efficiently illuminate the reflector. The difference between a good feed and a poor one can be a few dB.

Everything else is a matter of good engineering practice. Shortcuts might only cost a few tenths of a dB, but a few of them can add up.

Practical Feed Systems

An optimum feed would approximate the desired feed pattern for the f/D of the parabolic reflector in both planes and have the same phase center in both planes.

The feed aperture is located at the focal point of the dish and aimed at the center of the reflector. The feed mounts should permit adjustment of the aperture either side of the focal point and should present a minimum of blockage to the reflector. Correct distance to the dish center places the focal point about 1 inch inside the feed aperture. The use of a nonmetallic support minimizes blockage. PVC pipe, fiberglass and Plexiglas are commonly used materials. A simple test by placing a material in a microwave oven reveals if it is satisfactory up to 2450 MHz. PVC pipe has tested satisfactorily and appears to work well at 2300 MHz. A simple, clean looking mount for a 4-foot dish with 18 inches focal length, for example, can be made by mounting a length of 4-inch PVC pipe using a PVC flange at the center of the dish. At 2304 MHz the circular feed is approximately 4 inches ID, making a snug fit with the PVC pipe. Precautions should be taken to keep rain and small birds from entering the feed.

Circular Feed

One of the simplest feed horns for a prime-focus dish is a plain cylindrical waveguide. It provides moderately good performance which can be improved by the addition of choke rings, described below. (Rectangular waveguide feeds can also be used, but dish illumination is not as uniform as with round guide feeds.) A circular feed can be made of copper, brass, aluminum, or even tin cans. The circular feed must be within a proper diameter range for the frequency being used. This feed operates in the circular waveguide’s dominant TE mode. The guide must be large enough to pass the mode with no attenuation, but smaller than the diameter that permits the next higher mode to propagate. To support the desirable mode in circular waveguide, the cutoff frequency, Fc, is given by
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where

fc = cutoff frequency in MHz for mode

d = waveguide inner diameter

Circular waveguide will support the mode having a cutoff frequency

[image: ]

The wavelength in a waveguide always exceeds the free-space wavelength and is called guide wavelength, λg. It is related to the cutoff frequency and operating frequency by the equation
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where

λg = guide wavelength, inches

f0 = operating frequency, MHz

fC = waveguide cutoff frequency, MHz

An inside diameter range of about 0.66 to 0.76 λ is suggested. The lower frequency limit (longer dimension) is dictated by proximity to the cutoff frequency. The higher frequency limit (shorter dimension) is dictated by higher order waves. See Table 15.27 for recommended inside diameter dimensions for the 902 MHz to 10 GHz amateur bands.
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The probe that excites the waveguide and makes the transition from coaxial cable to waveguide is approximately λ/4 λ long and spaced from the closed end of the guide by 1/4 guide wavelength, but adjustments will be needed for good VSWR. The length of the feed should be 2 to 3 guide wavelengths. The latter is preferred if a second probe is to be mounted for polarization change or for polaplexer operation where duplex communication (simultaneous transmission and reception) is possible because of the isolation between two properly located and oriented probes. The second probe for polarization switching or polaplexer operation should be spaced 3/4 guide wavelength from the closed end and mounted at right angles to the first probe. (A polaplexer is a polarization-based diplexer antenna, or antenna feed, which supports two simultaneous inputs or outputs that are independent and isolated from each other by use of orthogonal (at right angles) linear polarization. (See the article by Munn listed in the References and Bibliography.)

Table 15.28 gives the subtended angle at focus for dish f/D ratios from 0.2 to 1.0. A dish, for example, with a typical f/D of 0.4 requires a 10-dB beamwidth of 130 degrees. A circular waveguide feed with a diameter of approximately 0.7 λ provides nearly optimum illumination but does not uniformly illuminate the reflector in both the magnetic (TM) and electric (TE) planes. At 1296 and 2304 MHz, coffee cans are roughly the right diameter, roughly 0.71 λ, and have been frequently used as a feed horn.
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Open waveguide feeds are simple and work reasonably well, but performance can be significantly improved by adding a choke ring which shapes the feed radiation pattern for better dish illumination. A sketch is shown in Figure 15.96.
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A version of the choke ring popularized by Barry Malowanchuk, VE4MA, has a choke depth, C, of 1/2 λ and choke diameter, B, of one λ greater than the horn diameter, A. However, the dimensions which offer best performance are a choke depth of 0.45 λ and a choke width of 1.2 λ greater than the horn diameter. The choke position may be adjusted to optimize the horn projection for different f/D — the horn projection should be larger for small f/D. The phase center of these feeds is very close to the center of the aperture of the central horn. Patch antennas have also been used as feeds for dishes. (See examples in the Antennas for Space Communication chapter.)

Mechanical support

There are two critical mechanical problems: mounting the feed horn to the dish and mounting the dish to a tripod. Most small dishes have no backing structure, so the thin aluminum surface is easily deformed. Larry Filby, K1LPS, discovered that some cast-aluminum frying pans have a rolled edge that sits nicely on the back of a dish. This is a good use for an old frying pan with worn-out non-stick coating. Drill and tap a few holes in the edge of the old pan, screw the dish to it, and you have a solid backing. A solid piece of angle iron or aluminum attaches the bottom of the frying pan to the top of a tripod.

The mounting structure for the feed horn is in the RF field of view, so we must minimize its blockage. We do this by using non-conductive materials and by mounting the support struts diagonally, so they aren’t in the plane of the polarization. Fiberglass is a good material; plant stakes or bicycle flags are good sources. Using four rather than three struts is recommended — if they are all the same length, then the feed will be centered. The base of the struts should be attached to the backing structure or edge of the frying pan; the thin dish surface is not mechanically strong.

The feed horn is in the center of the beam, also blocking part of the beam and reducing gain and efficiency. If the electronics are placed near the feed horn, they may add additional blockage, while placing the electronics behind the dish requires lossy feed line. A good compromise is to place an LNA at the feed horn for best G/T, while the transmit signal suffers feed line loss.

There is also a mechanical problem. Prime-focus dishes are mounted and supported from the rear, resulting in an unbalanced structure with all the weight on one side. Small dishes may be balanced by the weight of the electronics on the back. Larger dishes may require a counterweight.

Offset Parabolic Dishes

An offset-fed dish has some advantages. The major advantage is that the feed horn is not in the beam of the antenna, so that the whole reflector is utilized, and efficiency is higher. Equipment may also be placed out of the beam but close to the feed horn for minimum feed line loss. But setting up an offset-fed dish is much less obvious: where is the focus, where to point the feed horn, and how to aim the antenna?

Almost all offset dishes, especially the ubiquitous small satellite-TV dishes, use a geometry shown in Figure 15.97 where the oval reflector projects as a circle looking along the beam from the front, so the effective diameter, D, equals the width of the oval. The bottom of the offset dish is the vertex of a full parabola, so that the vertex, focus and the beam are still in line. This simplifies the required calculations. (For a more complete treatment, see “Microwavelengths” in the April 2018 issue of QST.)
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Focal length, f, is calculated from the height and width of the reflector using Legon’s equation:
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The resulting f/D is about 0.6 for most common offset dishes.

The feed horn is placed with its phase center at the focus and aimed so that the reflector is evenly illuminated. Note in Figure 15.100 that the focus is closer to the bottom of the dish than to the top — the feed must be aimed slightly higher than the center of the dish to compensate. The feed is aimed up toward the dish by the feed angle:
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about 40 degrees for common offset dishes.

The offset reflector is then tilted forward by the tilt angle ϕc to aim the beam on the horizon:
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about 67 degrees for common offset dishes.

Then the feed horn must illuminate the whole reflector, a subtended angle of:
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about 80 degrees for common offset dishes.

The focal point of an offset dish is the most important dimension, but the location is not obvious. If you find one with the original feed assembly, it should be close to your calculations. Otherwise, the focal point is separated from the bottom edge of the dish by the focal length, and from the top edge by a distance = D/sin jο.

The feed horn should be chosen to properly illuminate the f/D of the reflector, about 0.6 for common offset dishes. The aiming angle for the feed is less critical — aiming a little above the center will work fine.

PROJECT: Feed Horns for Offset Dish

The subtended angle that the feed horn must illuminate is narrower for offset dishes, which suggests that a higher gain antenna is required. A simple rectangular horn may be designed to provide equal beamwidths in the E- and H- planes with a common center.

Figure 15.98 is a template for a 10 GHz feed horn using WR-90 waveguide, with dimensions chosen to illuminate a common satellite TV dish and to have the same phase center in both planes. The phase center is about 6 mm inside the horn aperture, centered in the horn. Figure 15.99 is a template for a 5.76 GHz horn using WR-137 waveguide, with phase center about 6mm inside the horn aperture. Both are suitable for the ubiquitous small satellite TV dishes.
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A higher performance feed horn is the dual-mode horn, invented and patented by Dick Turrin, W2IMU. In the sketch of Figure 15.100, the conical section of the horn generates a second waveguide mode which cancels currents in the rim of the horn and thus reduces unwanted sidelobes. The dimensions shown in Table 15.32 are fairly critical.
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Practical Considerations for Offset Dishes

Small errors in an offset-fed dish result in a beam which is tilted slightly up or down, are easily compensated for by tilting the antenna elevation. The final elevation angle should be found by peaking on a distant signal. A bubble level on the dishset at the approximate angle for a horizontal beam angle assists with aiming.

Offset dishes also have mechanical problems. Ideally, the electronics are placed under the feed horn, with short feed line and out of the beam. However, this puts all the weight at the end of the feed support, as shown in Figure 15.101A. If the reflector is mounted from the rear, as most are, a sturdy tripod is required even for a small dish. Another choice is to mount the offset dish on top of the electronics, as in Figure 15.101B. A wooden wedge holds the dish at the required tilt angle.
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With any dish, it is desirable to have some elevation adjustment since microwave signals can bend due to atmospheric effects. Distant (beyond line-of-sight) signals often peak at a few degrees of elevation, and occasionally below the horizon.

For portable operation, always calibrate azimuth and elevation on a signal at each setup. Bouncing around in a vehicle tends to shift adjustments and even distort parabolic reflectors slightly, so aiming by eye might be off. If you are lucky enough to have a beacon available, calibration is easier and more accurate.

15.8.5 PROJECT: Vivaldi Antennas

The following material is reprinted from the RSGB publication Microwave Know-How (see References and Bibliography). The Vivaldi antenna in Figure 15.102 is an exponential antenna from the same family as V-beams and rhombics (see the Long-Wire and Traveling-Wave Antennas chapter). They have exceptionally wide bandwidth. The lowest frequency is determined by the width of the opening.
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The higher frequency of operation is determined by how accurately the slot is formed. As an example, the 75 mm PCB version has an excellent return loss from 5 GHz to 18 GHz and is usable from 2 GHz. (See wa5vjb.com/pcb-pdfs/10-25GHzSweep.pdf for additional construction information.)

All versions start with the template shown in Figure 15.105. Place the template on a photocopy machine and enlarge or reduce to the desired frequency range as shown in Table 15.29 Cut out the template and mark your material as shown in Figure 15.103. Thin brass, tin plate, or PC board material have all been used.
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Cut out the antenna using sharp scissors or a band saw. The feed line shield should be soldered to one side of the slot and the center conductor to the other side as close to the circle as possible. (See Figure 15.104.) Both semi-rigid and Teflon braided coax types can be used.
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Vivaldi antennas make excellent test antennas for use with test instruments or can be used as dish feeds over several bands. The phase center of the Vivaldi does move back and forth in the narrow region of the slot, but when the dish is at the highest frequency of planned use, the lower bands will be focused very close. Mount the narrow area of the slot at the focus of the dish.

15.8.6 Patch Antennas

The following material is adapted from the RSGB publication Microwave Know-How. (See References and Bibliography for additional articles by Kraus and Krug.) Patch antennas (also called microstrip antennas) are a good example of how an antenna’s shape is used at microwave frequencies in ways not possible at 70 cm and longer wavelengths. Patch antennas become practical at and above the 902 MHz band and are very common in commercial microwave applications such as GPS reception, wireless telephony, and wireless data links. As more amateurs investigate operation at microwave frequencies, the patch antenna should receive more attention. A comprehensive tutorial on microstrip antennas is available from Microwaves & RF magazine. (See the References and Bibliography entry for Puglia.)

The patch, an example of which is shown in Figure 15.105, consists of a radiating surface mounted over a ground plane although there are many variations of the basic design. The patch is approximately λ/2 on a side for a square patch. Patch antenna gain is on the order of 7 to 9 dBi.
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Some patches are constructed of double-sided PCB material with the patch etched on one side and the unetched side acting as the ground plane. The shape of the patch is such that when excited by a signal, the resulting currents form patterns that create a useful radiation pattern. It works the same as an arrangement of discrete elements. The closest electrical analogy is that the square patch acts similarly to a pair of slot antennas fed in phase and approximately λ/2 apart.

Since the impedance of the patch is high at the edges where current is low (just as in a linear element), the feed point is usually close to the center of the patch. Placement of the feed point determines the feed point impedance and influences the pattern of current on the surface of the patch. An alternate method of feeding the patch is to create a 50-Ω microstrip or stripline transmission line from a location with a 50-Ω impedance to the edge of the structure where a feed line can be attached.

It is not necessary for the patch to be rectangular in shape and could conveniently be round or polygon shaped. A rectangular patch with its opposite corners cut off will produce circular polarization.

Flat-Panel Patch Array Antennas

Flat panel antennas are arrays of printed antennas which can provide good gain in a compact package. A version for 24 GHz is shown in Figure 15.106, with 256 printed patch antennas. Compare this with the collinear dipole arrays discussed earlier in this chapter — the printed array is groups of four patches combined with a tree of printed transmission lines. An array like this can provide very good gain, which we can estimate from the aperture area of the array.
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A printed antenna like this can be economically produced in large quantities but would be very expensive to make only a single antenna. A significant amount of engineering is required. A dense array like this has significant mutual coupling between adjacent antenna elements, which must be compensated -- notice that the combining lines are not all identical. And for low loss, the array is printed on an expensive Teflon-based dielectric.

Fortunately, flat panel antennas have been mass-produced for a number of applications and can often be found at reasonable prices on online auction sites. These are usually intended for outdoor use, so they are packaged with a weatherproof cover. Look for versions that are close to or include the desired microwave ham band. Just be wary of the advertised gains — a better estimate can be made from the aperture area of the array.

PROJECT: A Patch Antenna for 23 cm

This simple patch antenna for the middle range of the 23 cm band was designed by Kent Britain, WA5VJB. The antenna works for use as a dish feed as well as for point-to-point communication such as for D-STAR, ATV, or satellite contacts.

The antenna can be made from almost any sheet metal. The base can be made from sheet aluminum, brass, copper, or PCB material. It is probably easier to assemble if the patch is made from something that can be soldered. Figure 15.95 shows two patches. The one on the right is made from PCB material and the one on the left from galvanized sheet steel. Figure 15.107 shows the dimensions for the 23 cm band patch.
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Since the very center of the patch is electrically neutral, similar to the center of a dipole, you can use a metal screw to support the patch over the conductive plate or ground plane. This provides a dc ground for the antenna and dissipates any static charge. A #4 or #6 brass or similar screw can be used. The diameter of the screw is not important but the height at which it holds the patch above the ground plane is. Adjust the height of the patch above the ground plane for the best impedance match. If swept frequency measurements are not possible, adjustment at a single frequency is acceptable.

Coaxial feed line is attached to the patch 23 mm from the mounting screw as shown in Figure 15.107 and Figure 15.108. The orientation of the line from the feed point to the center of the patch determines the antenna’s polarization. If the antenna is placed with the feed point below the center, the antenna will be vertically polarized.
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An SMA connector is used for this design, but coax can be soldered directly to the patch. The center conductor attaches to the patch and the shield to the ground plane. Ground plane size is not critical and 150 mm × 150 mm or larger will work well.

The typical patch will have a bandwidth of 50 MHz at this frequency. To use the 1240-1280 MHz portion of the band, increase the patch to 105 mm × 105 mm. For 1280-1325 MHz reduce the patch size to 100 mm × 100 mm.

15.8.7 Periscope Antenna Systems

One problem common to all who use microwaves is that of mounting an antenna at the maximum possible height while trying to minimize feed line losses. The higher the frequency, the more severe this problem becomes, as feeder losses increase with frequency. Because parabolic dish reflectors are most often used on the higher bands, there is also the difficulty of waterproofing feeds (particularly waveguide feeds). Inaccessibility of the dish is also a problem when changing bands. Unless the tower is climbed every time and the feed changed, there must be a feed for each band mounted on the dish. One way around these problems is to use a periscope antenna system (sometimes called a “flyswatter antenna”).

The material in this section was prepared by Bob Atkins, KA1GT, and appeared in QST for January and February 1984. Figure 15.109 shows a schematic representation of a periscope antenna system. A plane reflector is mounted at the top of a rotating tower at an angle of 45°. This reflector can be elliptical with a major to minor axis ratio of 1.41, or rectangular. At the base of the tower is mounted a dish or other type of antenna such as a Yagi, pointing straight up. The advantage of such a system is that the feed antenna can be changed and worked on easily. Additionally, with a correct choice of reflector size, dish size, and dish to reflector spacing, feed losses can be made small, increasing the effective system gain. In fact, for some system configurations, the gain of the overall system can be greater than that of the feed antenna alone.
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Gain of a Periscope System

Figure 15.110 shows the relationship between the effective gain of the antenna system and the distance between the reflector and feed antenna for an elliptical reflector. At first sight, it is not at all obvious how the antenna system can have a higher gain than the feed alone. The reason lies in the fact that, depending on the feed to reflector spacing, the reflector may be in the near field (Fresnel) region of the antenna, the far field (Fraunhofer) region, or the transition region between the two.
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In the far field region, the gain is proportional to the reflector area and inversely proportional to the distance between the feed and reflector. In the near field region, seemingly strange things can happen, such as decreasing gain with decreasing feed to reflector separation. The reason for this gain decrease is that, although the reflector is intercepting more of the energy radiated by the feed, it does not all contribute in phase at a distant point, and so the gain decreases.

In practice, rectangular reflectors are more common than elliptical. A rectangular reflector with sides equal in length to the major and minor axes of the ellipse will, in fact, normally give a slight gain increase. In the far field region, the gain will be proportional to the area of the reflector. To use Figure 15.109 with a rectangular reflector, R2 may be replaced by A / π, where A is the projected area of the reflector. The antenna pattern depends in a complicated way on the system parameters (spacing and size of the elements), but Table 15.30 gives an approximation of what to expect. R is the radius of the projected circular area of the elliptical reflector (equal to the minor axis radius), and b is the length of the side of the projected square area of the rectangular reflector (equal to the length of the short side of the rectangle).
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For those wishing a rigorous mathematical analysis of this type of antenna system, several references are given in the References and Bibliography at the end of this chapter.

Mechanical Considerations

There are some problems with the physical construction of a periscope antenna system. Since the antenna gain of a microwave system is high and, hence, its beamwidth narrow, the reflector must be accurately aligned. If the reflector does not produce a beam that is horizontal, the useful gain of the system will be reduced. From the geometry of the system, an angular misalignment of the reflector of X degrees in the vertical plane will result in an angular misalignment of 2X degrees in the vertical alignment of the antenna system pattern. Thus, for a dish pointing straight up (the usual case), the reflector must be at an angle of 45° to the vertical and should not fluctuate from factors such as wind loading. A mechanism for small adjustments in the tilt angle is useful for alignment and for variations in propagation as described above.

The system in Figure 15.108 shows a rotating mast or tower, which is fine if you have one. The entire periscope system may also be mounted on the side of a tower, which works well except for some loss going through the tower in one direction. The polarization also varies with direction, so polarization compensation may be required (though this seems less important for rain scatter contacts).

The reflector itself should be flat to better than 1/10 λ for the frequency in use. It may be made of mesh, provided that the holes in the mesh are also less than 1/10 λ in diameter. A second problem is getting the support mast to rotate about a truly vertical axis. If the mast is not vertical, the resulting beam will swing up and down from the horizontal as the system is rotated, and the effective gain at the horizon will fluctuate. Despite these problems, amateurs have used periscope antennas successfully on the bands through 78 GHz. A recent test (see “Microwavelengths” in July 2022 QST) verified that a periscope system has gain commensurate with reflector size. Periscope antennas were used in commercial service for point-to-point transmission but recent regulations on sidelobe limits discourage their use.

Circular polarization is not often used for terrestrial operation, but if it is used with a periscope system there is an important point to remember. The circularity sense changes when the signal is reflected. Thus, for right hand circularity with a periscope antenna system, the feed arrangement on the ground should produce left hand circularity. It should also be mentioned that it is possible (though more difficult for amateurs) to construct a periscope antenna system using a parabolically curved reflector. The antenna system can then be regarded as an offset fed parabola. More gain is available from such a system at the added complexity of constructing a parabolically curved reflector, accurate to 1/10 λ.

15.8.8 Omnidirectional Microwave Antennas

Omnidirectional antennas are ideal for microwave beacons and handy for test antennas. If you are lucky enough to have enough local microwave stations, then an omni might be good for a mobile or station antenna or even for a microwave repeater.

A real omnidirectional antenna would radiate in all directions in a sphere, but hams use the term loosely for an antenna that radiates in all azimuth directions — there is little point in radiating into the sky. Coincidentally, it is easier to make this sort of antenna than a true omnidirectional one.

A complication for microwaves is that horizontal polarization is normally used on the air. The vertical whips used by VHF mobiles have 360-degree azimuth coverage by their nature but with vertical polarization. To achieve the same coverage with horizontal polarization takes a bit more work.

Waveguide Slot Antenna

One type of antenna that can radiate horizontal polarization with a broad azimuth pattern is a slot antenna. A slot in an infinite metal plane is the dual of a dipole — a vertical slot has a radiation pattern identical to a horizontal dipole of the same size in free space. Infinite planes are as hard to find as free space, but we can make a working antenna with slots in a metal sheet. (Theory and design information on waveguide slot antennas is available in chapters 8 and 9 of Jasik and chapter 13 of Kraus — see References and Bibliography.)

A waveguide slot antenna, pictured in Figure 15.111, has an array of λ/2 slots cut in the broad wall of a waveguide which acts as the transmission line feeding them. A vertical slot behaves like a horizontal dipole. Thus, the slots act like a vertical array of dipoles and the array provides more gain.
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If the slots are spaced an electrical half-wavelength apart along the transmission line, their impedances all appear in parallel. The impedance of a slot is controlled by the distance each slot is displaced from the center line of the waveguide. If we add identical slots on the other face of the waveguide, the result is a broad radiation pattern in both directions, a cloverleaf pattern with a few dB variation, resulting in an approximately omnidirectional antenna with horizontal polarization and gain. To make the radiation pattern more uniform, some implementations have added metal wings to the narrow sides of the waveguide.

The electrical wavelength in a waveguide is longer than a wavelength in free space, so the slot spacing must be more than one-half wavelength in free space, complicating the calculations. Choosing the right combination of slot length, spacing, and displacement results in a well-matched antenna with an omnidirectional radiation pattern; a spreadsheet at w1ghz.org/software/slotantenna.xls calculates these dimensions. (The author acknowledges the help of Dan Welch, W6DFW in validating the calculations by making some very accurate slot antennas on a CNC machine to fine-tune the dimensions.) Figure 15.107 is a 10 GHz version made by Dan — the tuning screws aren’t needed when the dimensions are right.

For those who do not have access to a manual or CNC milling machine, microwave slot antennas can also be made by hand. Donn Baker, WA2VOI, makes slot antennas for 10 GHz by scribing the slot pattern on the waveguide, drilling a row of holes, and filing out to the scribe lines. Hams have made these antennas for microwave bands from 1296 MHz to 24 GHz — Rene Barbeau, VE2UG, made the 1296 MHz waveguide slot antenna shown in Figure 15.112. He used ordinary rectangular aluminum tubing with dimensions not too different than commercial waveguide dimensions and made the slots with drills and files.

[image: ]

Alford Slot Antenna

The Alford Slot is frequently confused with the waveguide slot antenna but is a much different antenna. It is a single long slot cut lengthwise in a round tube. It is based on a 1947 paper, “Long Slot Antennas,” by Andrew Alford (available from w1ghz.org/antbook/Long_Slot_Antennas_Alford.pdf). Rob Swinbank, MØDTS, made the 2.4 GHz version shown in Figure 15.113.
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A long slot has more gain than a simple λ/2 antenna. The electrical wavelength in the slot, like the waveguide, is longer than a wavelength in free space, so that currents in the long slot do not have the phase reversals that create many lobes in a long dipole. The slot wavelength is controlled mainly by the inner diameter of the tube. Alford suggests a slot 2 λ long in a tube with an inner diameter of 0.14 λ. This is approximately 32 mm at 1296 MHz, about the size of a mast, so a thin-wall mast could also be a sturdy antenna.

The slot is fed in the center by a balanced transmission line connected to the sides of the slot, with the transmission line travelling inside the tube along the wall opposite the slot. According to Alford, a typical impedance is 250 Ω. A half-wave balun of semi-rigid coax could make a reasonable match to 50 Ω coax.

Like the waveguide slot antenna, wings may be added along the slot to make the radiation pattern more uniform. These also affect the slot impedance, so they can also improve matching. Both types of slot antenna may be stacked for higher gain.

Discone Antenna

All the omnidirectional antennas discussed so far are fairly narrowband, so a separate antenna is needed for each band. If vertical polarization is acceptable, the discone antenna is extremely broadband with up to a 10:1 frequency range. Figure 15.114 shows one made by Don Twombly, W1FKF, for frequencies above 3 GHz. The antenna is made up of a disc, connected at the center to the center conductor of the coax feed line and a cone, connected to the end of the coax outer conductor and surrounding it. The cone length is λ/4 at the lowest frequency and the disc diameter is 0.7 times the cone length; the cone angle is roughly 30 degrees but not critical. Building one on semi-rigid coax, as Don did, makes a good support for a small microwave version.
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Chapter 16

VHF and UHF Mobile and Rover Antennas

Mobile antennas used by amateurs on the VHF and UHF bands usually support one of two applications; FM repeaters for local communication and weak-signal “roving” for competitions and activation of rare locations. The first half of the chapter, updated previously by Alan Applegate, KØBG, presents popular types of mobile antennas for VHF and UHF and discusses issues regarding mounting style and installation technique. The second half discusses the antennas and antenna systems used by rovers, including installation. This material is based on contributions from several experienced rover station builders who are identified in the text.

16.1 Antennas For VHF-UHF FM

16.1.1 Antennas For Handheld Transceivers

For frequencies above 30 MHz, most mobile installations permit the use of a full-size antenna but for handheld radios smaller, loaded antennas are used. Antennas designed for use with VHF/UHF handheld FM transceivers can also be considered mobile antennas, even flexible “rubber duck” antennas consisting of a spiral winding of flexible wire in a flexible enclosure.

Pictured in Figure 16.1 is a telescoping full-size quarter-wave antenna for 2 meters and beside it a flexible antenna for the same band. The flexible antenna is a helically wound radiator made of stiff copper wire enclosed in a protective covering. The inductance of the helical windings provides electrical loading for the antenna. This avoids the problems of a lengthier, cumbersome antenna attached to a handheld radio while sacrificing some efficiency and bandwidth compared to the full-size antenna. The compact flexible antenna withstands the normal rigors of portable use much better than would a full-size antenna. For these antennas, survivability over long use outweighs electrical efficiency.
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The use of a full-size antenna will greatly improve the performance of handheld transceivers. By using a coaxial adapter, the transceiver can be connected directly to the feed line of mobile antennas such as those described in the following sections. This allows much more effective use of a handheld transceiver in a vehicle. A mobile antenna can also be installed on top of a metal appliance at home for improved operation. For example, a mag (magnet) mount antenna on top of a refrigerator or file cabinet is a popular way of improving local coverage of a handheld radio.

SMA connectors have become quite popular on handheld radios, particularly the “reverse SMA.” (See the section “Other RF Connectors” in the Transmission Lines chapter.) Adapters from SMA to larger connector families such as UHF can put a lot of stress on the smaller SMA. This can damage the SMA connector’s attachments to the transceiver’s internal circuit board. To avoid this stress, use a flexible cable with an SMA connector on one end and the desired RF connector on the other.

16.1.2 Mobile Whips

At VHF and UHF, mobile antennas are often full-size whips (meaning 1⁄4- to 5⁄8-wavelength long) and simple collinear arrays that provide extra gain on the higher frequency bands. There is always great debate about the best antenna for urban and suburban FM use. Which antenna to select depends on many factors — mounting style, mechanical characteristics, local terrain — and can’t be based solely on advertised gain. Mobile antennas come in 1⁄4-, 1⁄2-, 5⁄8-λ, and even in collinear styles where several elements are stacked atop one another.

It has been established that in general, 1⁄4-λ vertical antennas for mobile repeater work are not as effective as 5⁄8-λ verticals. With a 5⁄8-λ antenna, more of the transmitted signal is directed at a low vertical angle, toward the horizon, offering a gain of about 1 dB over the 1⁄4-λ vertical. However, in areas where the repeater is located nearby on a very high hill or a mountain top, the 1⁄4-λ antenna will usually offer more reliable performance because it radiates more power at higher vertical angles.

Dan Richardson, K6MHE, has done extensive work on mobile VHF antennas, including modeling the various types, and how mounting location affects their radiation patterns. Figure 16.2 shows representative azimuth patterns for roof mounted antennas. (The complete article is posted on his website k6mhe.com/files/mobile_vhf_ant.pdf.) The radiation patterns of antennas mounted on a trunk lid would be different from those depicted in the chart. Where — and how — the antenna is mounted would determine the actual pattern. Radiation pattern distortion aside, proper trunk lid mounting is a good alternative to roof mounting, especially when garage door clearance is an issue.
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As can be seen from the patterns, there really isn’t much difference between the radiation patterns of a 1⁄4-, 1⁄2-, or 5⁄8-λ antenna. In fact, the vehicle in question and the antenna’s mounting location affect the pattern more than the style! Since most mobile VHF and UHF operation is via FM repeaters, where the difference in height between the mobile and the repeater can be a major consideration, a 1⁄4-λ antenna with more radiation at higher vertical angles can be a better choice.

Single-band whips are inexpensive and give excellent performance with proper mounting. If more gain and multiband use is required, the dual-band collinear that operates on both 2 meters and 70 cm is very popular. The Larsen NMO2/70BK shown in Figure 16.3 is a typical example. Electrically it is a center-loaded 1⁄2-λ on 2 meters with gain identical to a 1⁄4-λ ground-plane. On 70 cm it is a 2-element collinear with a few dB gain over a 1⁄4-λ ground-plane. Other models are available which operate on three and even four bands. Antennas covering three or four bands are heavier and require sturdier mounting.
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Antenna Types for SSB and CW on VHF/UHF
Operating SSB and CW on 6 and 2 meters and 70 cm offers some exciting prospects for all license classes. While communications on the VHF bands are often considered line-of-site, propagation beyond line-of-site is common as discussed in the Propagation of Radio Waves chapter. This is especially true when using a “weak signal” mode such as SSB or CW, but there’s a catch.
FM communications utilize vertically polarized antennas. Vertical polarization can be used for SSB but depending on the propagation path, signal strength from a vertically-polarized mobile antenna can have up to a 20 dB disadvantage compared to a horizontally-polarized antenna.
Fortunately, horizontally-polarized antennas are of manageable size on the VHF bands, although they are not as simple to construct as vertically polarized whips. Dipoles and small beams present too much wind resistance to withstand the normal mobile environment. The usual solution is a loop antenna.
Figure 16.A shows an M2 Antenna Systems (m2inc.com) horizontally polarized 6 meter loop called a halo (for circular versions) or squalo (if square as shown). Equivalent antennas for 2 meters and 70 cm are common. Although this particular design is square, they’re still called loops and have a roughly omnidirectional pattern. The “Big Wheel” design is another option. Projects for both types of antennas are provided later in this chapter.
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Modern mobile SSB/CW transceivers usually output 100 W PEP on 6 meters and at least 50 W PEP on 2 meters and 70 cm. Under good band conditions, using horizontally-polarized antennas, beyond line-of-sight distances can exceed 200 miles even without any skywave or tropospheric scatter present!


Six Meter Mobile Whips

Antennas for 6 meter FM operation are larger versions of those for 2 meters and often use the same mounts. However, their ground plane requirements are more significant because of the longer wavelength. If radials are used, they should be approximately λ/4 in length — about 53 inches. If used on a vehicle, center the antenna on the largest metal surface available, such as the roof or middle of the trunk. As a bonus, a 2 meter 5⁄8-λ whip antenna will also perform well as a λ/4 whip on 6 meters.

1/4-Wavelength Whips for VHF and UHF

The 1⁄4-wavelength vertical whip is simple to make and can be made for nearly any type of mount. The preferred stainless-steel wire or rod is available from two-way radio shops and CB antenna dealers. Cut the whip to length using a grinding wheel or score it with a file and break it — use eye protection! Any type of wire can be used in a pinch. Coat hangers, copper wire from home wiring cable, galvanized fence wire — all have been successfully used to replace broken or missing whips. Being able to repair or substitute for a broken antenna is a skill any amateur can learn for flexibility and resiliency during emergency situations.

Table 16.1 shows the approximate lengths for λ/4 whips in the VHF and UHF amateur bands based on a 3⁄32-inch diameter whip. Thinner whips will be slightly longer and thicker whips slightly shorter. Be sure to include the antenna base in the total length of the antenna. If the base holds the whip with a set screw, cut the whip approximately 5% long and adjust for best SWR before making a final trim to length.
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To Drill Or Not To Drill?
The decision to drill holes in sheet metal to mount antennas can be hotly debated. While no-hole mounts can be used satisfactorily, it is best to look at both sides of the issue.
One common reason given not to drill is if the vehicle in question is leased, but that doesn’t preclude a drilled hole. If it did, there wouldn’t be any leased commercial vehicles. What lease agreements specify is body damage such as from an accident or mistreatment. Properly installed NMO mounts, for example, are often acceptable.
Drilled holes and waterproof mounts also minimize common-mode current on the coaxial feed line that could interfere with or receive RFI from on-board computers and electrical devices. Aside from the hole itself, a permanent mount also minimizes damage to the finish.


16.2 Mounts for Whip Antennas

VHF and UHF antennas are much smaller and lighter than HF antennas, making mounting quite a bit easier. Some permanent mounts require drilling holes in the vehicle, while others use a hood or trunk lid seam so screw holes don’t show. Still others clamp around the outside of a trunk or door edge. For temporary installations, magnetic base mounts are available. For best performance, VHF and UHF antennas should be permanently affixed to the vehicle.

The roof of a vehicle is an inviting place to mount a VHF or UHF antenna as this maximizes performance, but a few precautions need to be followed. First, it is not uncommon for side air bags to be mounted within the headliner area with control wiring running through the roof support pillars. Further, the roof is supported by cross bracing to meet rollover standards. These braces must be avoided. A repair manual for the vehicle in question is a good resource in avoiding installation problems and finding the manufacturer’s preferred routes for coaxial and control cables.

The type of mount is also a concern when roof mounting, as the mount must be securely waterproof. If you’re unsure about drilling holes in your vehicle (see the sidebar “To Drill Or Not to Drill?”), use the services of a local two-way radio service or vehicle entertainment system installation company.

The center of the trunk lid is a second-best location but care must be taken to assure the antenna doesn’t interfere with the opening of the trunk. With the trunk fully open, place the antenna at the desired mounting location to check clearance. Don’t forget to include the height of the mount itself and account for vibration of the antenna and trunk lid. Whatever mount is used, care must be taken to assure clearance of the coax cable and control leads if present.

If the antenna’s overall length is too great, overhead clearance becomes a problem. While lightly touching the garage door or carport top may be acceptable, if the antenna is long enough to drag the inner surface of the door or roof, you run the chance of catching the antenna between garage door panels or getting it stuck in a rafter. This will damage the antenna and often the vehicle. In these cases, you’re much better off with a shorter 1⁄4-l antenna.

NMO — New Motorola Mount

The recommended antenna mount for VHF and UHF antennas is the NMO (from “New Motorola”) as it is waterproof even when the antenna is removed. A permanent NMO mount (see Figure 16.4) usually requires a 3⁄4-inch hole. Antennas with an NMO base have an integral O-ring or washer to seal the internal surfaces against water.
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SO-239 Mount

Some VHF antennas mounts have a modified SO-239 chassis coax connector with the mating PL-259 forming the base of the antenna. The standard connector type allows you to connect a coaxial cable to the antenna mount, if desired. Most SO-239 mounts are not waterproof, especially when the antenna is removed, and shouldn’t be used for through-hole body mounting and should be capped when not in use.

Stud Mount

While popular at HF, the stud mount is less common at VHF and UHF. Larsen and other manufacturers offer mounts with a male 5⁄16-24 stud. Detachable whips are then available for all VHF and UHF bands.

Angle Brackets

Angle brackets are generally attached by three or more sheet metal screws. Properly secured, they work well for lightweight antennas but routing coax through weather seals can be troublesome.

Angle brackets come in about a dozen different styles. The one shown in Figure 16.5 is pre-drilled for an NMO mount. The brackets are often well-suited for installation along the hood and trunk seams.
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Modern vehicles have very little clearance between the body structure and the various doors and hatches. Be sure to check clearance before you actually attach the bracket. Some vehicles may require specially bent or extended brackets as well.

Clip or Lip Mounts

There are a variety of mounts designed to clamp on the edge or “lip” of a trunk, hood, or hatch. Set screws are used to secure the mount to the lip and provide the requisite grounding of the mount. The set screws both secure the mount and make a connection to the sheet metal through the body paint. Figure 16.6A shows a typical “hatchback” style adjustable mount with an NMO base and Figure 16.6B is a close-up showing the set screws holding the mount to the vehicle body.
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All modern vehicles are dipped in a zinc compound before final assembly and painting. When exposed to air, zinc rapidly oxidizes but in this case the oxidation is a good thing! When a piece of road debris nicks the paint down to the zinc layer, it quickly oxidizes, and protects the base metal underneath. Do not remove this zinc coating to bare metal! This removes the protective coating, allowing the underlying steel to rust and creates an intermittent connection.

The coax must often make sharp bends around the lip of the trunk or hood. Because clearance is minimal many lip mounts come preassembled with about 10 feet of miniature, low-loss coax with a connector. While feed line loss isn't much of a concern for HF mobile antennas, it can be significant at UHF where loss is much higher. Low-loss cable such as RG-400 can be used, if necessary.

All lip mounts bring the coax cable into the trunk or passenger cabin through the weather seal, potentially allowing water to enter. Running the cable under the seal as in Figure 16.6 is often an option. Take care to dress the cables and seals to direct water toward a drain hole or other exit.

Glass Mounts

“Through-glass” or “on-glass” mounts such as the Larsen KG2/70CXPL use adhesive to hold the base of the antenna and cable fitting to opposite sides of a window, relying on metal foil surfaces to create a capacitor and pass VHF/UHF signals. The mount must be clear of window heating strips and cannot be used on tinted (passivated) glass that contains colloidal-sized metallic particles to provide protection from harmful UVA and UVB rays. Antenna performance is somewhat of a compromise because of the lack of a ground-plane but allows a permanent mount without holes, clamps, or magnets.

The outside surface of the coaxial feed line also becomes part of an on-glass antenna because there is no ground-plane, creating a path for common mode current. This allows the coax to both radiate and pick up noise in the vehicle interior.

Luggage Rack Mounts

The biggest issue with using luggage racks as an antenna mount is excessive ground loss. Most luggage racks consist of plastics, composites, and insulated metal beams electrically isolated from the vehicle’s metal body. As such, they rarely provide a good ground-plane for the antenna and routing the feed line through door or window weather seals can create leaks. Like on-glass antenna mounts, luggage rack mounting is a compromise for when a permanent mount is not possible

Magnet Mounts

Mag (magnet) mounts are very popular for VHF and UHF operation. They rely on capacitance to make their electrical connection to the vehicle ground plane, so common-mode current on the feed line shield can become a problem. Nevertheless, mag mounts do deliver acceptable performance at VHF and UHF.

Mag mounts are available with the antenna and feed line attached as in Figure 16.7 or as the mount by itself. There are mag mounts for any of the popular antenna bases — NMO, stud mount, and SO-239. A spare dual-band mag mount, a set of VHF and UHF whips, and several coax connector adapters are a valuable addition to your emergency response capabilities.
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Be wary of the fine grit that can work its way under the magnet and scratch the paint. If you do use a mag mount for long periods of time, remove it and clean the magnet surface occasionally. For temporary installations, a plastic sandwich bag around the magnet protects the finish against grit while still maintaining a solid attachment.

Specialty Brackets and Adapters

Because there are so many variations in vehicles there are many different types of brackets for mounting antennas. One of the most common is the three-way mirror mount in Figure 16.8 that is sold by many companies. This particular version is drilled to pass the shoulder insulator of the SO-239 to 3⁄8-24 threaded stud-mount adapter shown in the foreground. You can find a wide variety of brackets at hamfest flea markets, from vendors of antenna accessories, online from manufacturers and distributors, and at truck stops and CB shops.
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The performance of the antenna depends on the size of what the bracket is attached to. Most mirror mounts are just barely big enough to act as a counterpoise at UHF but if they are securely mounted to a metal vehicle body, performance will be acceptable. The radiation pattern of the antenna will rarely be omnidirectional due to the off-center antenna placement.

Adapters are also available that convert mounts such as the NMO to other types of bases and connectors, such as the various stud mounts and SO-239 connector. This allows your antenna mount to accommodate other types of antennas but generally increases the length of the antenna by an inch or so, lowering the antenna’s resonant frequency. A few mount adapters should be included in your mobile equipment kit.

16.3 Project: Bicycle Mobile Antennas For VHF And UHF

Operating while mobile from a bicycle is increasingly popular for recreation or during commuting to work. (The Bicycle Mobile Hams of America website, bmha-hams.org, has a lot of information about operating from your bike.) Being able to radiate an effective signal is straightforward but requires a slightly different approach to conventional mobile operation. For starters, most bicycles and accessories are not made of steel, so mag-mount antennas cannot be used. The frame of the bicycle is mostly oriented vertically so the conventional horizontal ground plane is not available. And of course, personal safety is of paramount importance on a bicycle. This project and the articles included in this book’s online material provide some examples of effective antennas and mounting techniques you can use on your bike.

Unlike the conventional l/4 ground-plane, the vertical dipole or J-pole do not use the bicycle frame as part of the antenna. While simple to construct, the main challenge is to support the antennas on the bicycle without adding a lot of weight. A common accessory provides the solution — a bicycle safety flag. Safety flags lift a high-visibility pennant on a slim fiberglass tube that mounts to the bike using a pressed-steel axle mount. Lightweight antennas can be attached to the fiberglass tube and a feed line run along the frame to the transceiver.

The J-pole shown here is a flexible “roll-up” design by Edison Fong, WB6IQN, originally published in March 2007 QST as the DBJ-2. Figure 16.9 shows the initial 2 meter antenna design. RG-174A coax can be used as in the original design which was optimized for weight. Less lossy RG-58 or RG-8X coax would be a better choice if more weight is not a problem. The antenna in Figure 16.10 works on both 2 meters and 70 cm. Both antennas are discussed in detail, including more construction and tuning details, in the article provided with this book’s online material.

[image: ]

[image: ]

An alternate antenna shown in Figure 16.11 is a vertical dipole based on the design by Charles Lofgren, W6JJZ, “The Bike ’n Hike Special” described in QST ’s “Hints and Kinks” column. The antenna consists of a 39-inch radiating l/2 whip of #14 or #16 AWG wire and an RG-58 coaxial tuning stub attached to the feed line 1⁄4 l below the radiating whip. The shorted stub adds some inductive reactance at a low impedance point in the feed line to raise the impedance to 50 W. From that point, any length of 50 W feed line to the transceiver can be used. (See the section “Matching Stubs” in the Transmission Line System Techniques chapter for information about how the shorted stub tunes the antenna system.)
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The length of the stub depends on the velocity factor (VF) of the coaxial cable being used. Solid polyethylene dielectric coax has a VF of 0.66 (66%), while foam dielectric cable is typically 0.80 (80%). Check the velocity factor of your cable using an antenna analyzer or consult the table of coax characteristics in the chapter on Transmission Lines.

The stub should be 1.6 inches long for VF 66% cable and 2.0 inches long for VF 80% cable. Begin with the stub about 3⁄8 inch too long so that it can be trimmed to length after installation. Note that the length of the stub includes the short piece of center conductor that connects to the main feed line center conductor. Approximately 1⁄4 inch is enough center conductor and braid to attach the stub to the main feed line. Leave approximately 1⁄2 inch of dielectric and a small bit of center conductor exposed on the other end to adjust the stub length.

To attach the stub to the coax feed line, remove about 1 inch of jacket from the main feed line. Using sharp wire cutters, cut through the braid without damaging the dielectric and push it toward the jacket. Use a sharp knife to expose a short section of the center conductor. Solder the stub’s center conductor to the main feed line center conductor and insulate it with liquid electrical tape or heat-resistant glue. Slide the main feed line’s braid back toward the stub attachment point. Solder the braid of the main feed line and stub. Weatherproof the stub attachment point with more liquid electrical tape and a wrap of good-quality electrical tape.

At the other end of the stub, twist the braid and center conductor of the stub together but don’t solder them. Mount the antenna in the clear (at least several feet above the ground and away from any metallic objects). Use an SWR meter or antenna analyzer to adjust the length of the stub to give minimum SWR at the desired frequency. Since the stub is intentionally too long, adjustment consists of untwisting the braid and center conductor, removing a small amount of dielectric, twisting the braid and center conductor together again, and re-measuring. When the stub is at the desired length, solder the braid and center conductor together and seal the stub with heat shrink or tape.

Secure the completed antenna to the safety flag’s fiberglass tube with heat shrink tubing or wraps of tape as shown in Figure 16.12. If the assembly needs additional support, a length of wooden dowel can be taped to the fiberglass for additional rigidity. If the assembly vibrates or rubs against the frame or a rack, a length of plastic hose can be used to protect the antenna.
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16.4 Project: Big Wheel for Two Meters

The following section is an overview of the construction project, “A New Spin on the Big Wheel” by L. B. Cebik, W4RNL, and Bob Cerreto, WA1FXT, in the March 2008 issue of QST. The complete article detailing the design’s history, evolution, and critical elements is included with this book’s online material with all construction details and drawings.

Most attempts to develop a horizontally polarized omnidirectional (HPOD) 2 meter antenna have sought to minimize the antenna’s size. Shapes such as circles (halos), squares and rectangles usually result in the need for either hypercritical dimensions or difficult matching conditions — or both. By turning to more conventional full size structures using three dipoles, we can reduce the number of critical parameters and ease the process of replicating the antennas in a home workshop. In fact, we shall describe two versions of the same basic antenna. One is a triangle of three dipoles that folds into a flat package, suitable for easy transport to a hilltop. The other is a circle of three dipoles suitable for mobile operation that requires somewhat less space but needs greater precision in construction. Both antennas share a common feed system and display broadband characteristics that ease the builder’s task.

The Three Dipole Design

The center and right outlines in Figure 16.13 show the basic triangular and circular forms that emerged from the original design at left. Note that the current magnitude curves place the feed points of the dipoles at high current, relatively low impedance positions.

[image: ]

Both forms are very broadband in virtually every operating parameter once the builder gets the dimensions correct. The triangle, with a wider separation between the dipole end tips, is less critical with respect to dimensions, but requires more space. The circular version, with tighter coupling between dipole tips, requires more careful construction, but results in a more compact structure. In fact, for the same performance, the circular three-dipole antenna is smaller than the original big wheel.

The far-field performance of the three-dipole HPODs and the big wheel are virtually identical. Therefore, the data in Figure 16.14 applies equally to all three designs. At a height of 20 feet above average ground, the three elements in all of the designs provide an average gain in the lowest lobe of about 7.2 dBi. The azimuth pattern is as close to circular as is possible with fewer than four elements. The gain variation for the worst case was less than 0.3 dB.
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The modeled SWR curve applies to both of the three-dipole models. Because the dipoles of the final designs present feed point impedance close to 50 W, we may use standard coaxial cable of virtually any length to reach the hub without changing the impedance significantly. Matched to a 50-W main feed point at the hub junction, the SWR curve is very flat and in the model shown in the graph, the SWR is acceptable (well under 2:1) for at least 8 MHz in the 2 meter range. Moreover, the circularity of the pattern and the gain are virtually constant across the entire 2 meter band. Even though the antenna is likely to see service only in the first MHz of the band, the broadband characteristics ease the difficulty of successfully building a version at home.

To obtain a 50-W main feed point impedance, the three-dipole arrays use a somewhat nonstandard arrangement at the hub. Both of our three-dipole designs use a series connection of the lines with the source. The resulting hub impedance is close to 150 W, and any stray reactances become very small portions of the impedance magnitude. Therefore, a simple λ/4 matching section can handle the impedance transformation to the 50-W region.

The Three-Dipole Triangle

Each dipole is broadside to a direction 120° from the adjacent dipoles. The goal is to find dimensions that will achieve this goal plus provide a workable feed point impe-dance at each dipole. The prototype constructed to test the basic model of this arrangement used 1⁄2-inch diameter aluminum tubing as a light but sturdy material. Each dipole used a 2-inch length of 0.375-inch diameter fiberglass rod as a center insulator. The dipole halves are held in place with #6 stainless steel sheet metal screws. The gap should be as small as is feasible, 1⁄8 to 1⁄4 inch. These same screws fasten the ends of the coax cable to the element with a stainless steel washer to prevent electrolysis between the aluminum element and the copper wires. For ease of disassembly in portable operation, the prototype used lugs under the screws.

Table 16.2 lists some dimensions for both 0.5- and 0.375-inch aluminum tubing, perhaps the two most likely materials for this project. For the triangle, 146 MHz was used as the design frequency because the performance and the SWR do not significantly change across the band. This center-design frequency also provided a good view of the antenna’s broadband properties. However, the table also lists dimensions that are usable if the builder wishes to place the performance center of the antenna at 144.5 MHz. The prototype used the half-inch-diameter material and the 146 MHz dimensions for that material.
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Note the length of the dipole. It is about 3.3 inches shorter than an independent dipole composed of the same material. The resonant impedance (50 W) is lower than the usual value for a standard dipole of about 70 W. The three dipoles in the triangle do interact by virtue of both the proximity of their feed points and the closeness of their tips. The dimensions of the triangle are therefore quite critical to successful operation of the array as designed. However, in the triangular form, they are not finicky, and cutting errors of 1⁄8 to 1⁄4 inch will not materially affect performance.

In fact, the relatively relaxed conditions for the triangle prompted the particular design that emerged. The prototype may be useful for field or hilltop service, since the support structure and the elements and their cable come apart and store in a flat package for transport. Figure 16.15 provides a few of the support structure details and Figure 16.16 shows the antenna disassembled for transport.
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For a permanent installation or for mobile use, you may prefer a circle of three dipoles as shown in Figure 16.17. The circle has no loose dipole ends and is more compact than the triangle. Indeed, it is aesthetically more pleasing. However, such pleasure comes at a cost. The construction and adjustment of the elements are somewhat more critical, although completely manageable.

[image: ]

16.5 Project: Halo For Six Meters

The following section is based on the construction project “Omnidirectional 6-Meter Loop” from the book Magic Band Antennas for Ham Radio by Bruce Walker, N3JO (see References and Bibliography). The full article is included in this book’s online material as are two other articles, “A 6 Meter Halo” by Paul Danzer, N1II and “6-Meter Halo Antenna for DXing” by Jerry Clement, VE6AB. One of these versions will be a good addition to your mobile station, depending on your resources. VE6AB’s halo is shown mounted on a mobile mast in Figure 16.18.
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You may also enjoy reading two additional construction articles also included in the online material; “Six Meters from your Easy Chair,” by Dick Stroud, W9SR in the January 2002 issue of QST and one of the original halo articles, “A Two-Band Halo for V.H.F. Mobile,” by Ed Tilton, W1HDQ, in the September 1958 issue of QST.

The halo (or “squalo” if the loop is square rather than round — see Figure 16.19) satisfies several key elements for an inexpensive 6 meter antenna: omnidirectional, horizontal polarization, no exotic components or materials, easy to adjust. With care, the construction should be robust enough for mobile use. Use an anti-oxidation compound such as Noalox or Penetrox for all unsoldered metal-to-metal connections to avoid corrosion.
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The halo is basically a half-wave dipole bent into a circle and fed with a gamma match. Figure 16.20 shows the basic design and typical dimensions for the Omnidirectional 6 Meter Loop by Bruce Walker, N3JO. Figure 16.21 shows the dimensions of the plate holding the ends of the main antenna together, the feed point connector, and the mast mounting holes. The resonant frequency is quite sensitive to tip-to-tip spacing at the ends of the dipole but should initially be in the range of 50 to 52 MHz without requiring critical measurements or assembly. Feed point impedance is adjusted using the gamma match.
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Similar to the gamma match design in the VHF, UHF, and Microwave Antennas chapter, the assembly shown in Figure 16.22 is made from a 14-inch piece of the 3⁄8-inch tubing used for the main antenna. The gamma match tube should be curved to follow the main halo ring. Spacing between the main antenna and the gamma match tube is 11⁄2 inch. The gamma match is adjusted by moving the strap back and forth. This should be done with the antenna well off the ground and away from any other conductive surfaces.
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16.6 Rover Antenna Systems

Roving is a big part of VHF+ contesting and getting more popular all the time. The basic idea is to activate grid squares that are the contest multipliers. Rover stations can either operate in nearly continuous motion or can drive to and operate from a few advantageous locations. Rover antennas are of the same type used at fixed stations but mounted on masts or racks attached to or carried by vehicles.

Because the stations move, often operating at highway speeds, roving places extra requirements on antennas and mounting hardware. A top-tier rover station may also have antennas for as many bands as a fixed station. This creates many challenges for station design and building.

This section discusses some of those challenges and how different rover stations approach the problem. Thanks to contributors Andrea Slack, K2EZ; Wyatt Dirks, ACØRA; Steve Kostro, N2CEI; Rich Rosen, K1DS; Jim Duffey, KK6MC; Darryl Holman, WW7D; Ron Ochu, KOØZ; Pete Kobak, KØBAK; and Jon Kirkland, KM4FMU who shared some of their tips. You can also get a lot of good ideas from looking at the ARRL Soapbox web pages for after-contest reports. (arrl.org/soapbox) Two articles on roving are included in the online material, as well.

Before discussing technical details, the choice of operating style should drive the choice of antennas and their mounting, rotation, cabling, etc. A mismatch between expectations and equipment will result in on-air frustration, rework, and wasted time and money. Before committing to a significant antenna system, it is important to consider how it is to be used. This is also true for fixed stations but roving places a premium on all aspects of the antenna system. Knowing what questions to ask is the most important part of any type of station design!

Beginners are encouraged to start with modest antennas to get a feel for a particular operating style. There are lots of VHF+ contest opportunities so a few “practice runs”, even with simple vertical antennas, can pay big benefits. See the sidebar “Resources for Rovers” to find sources of good information, including a video about how to get started.

Safety In Motion

Operating while in motion can present significant safety hazards, both to other drivers and the rover operator. First, the antenna system, including cables, must be secure at the expected driving speeds. A “shakedown” drive with another driver following closely and to the side to look for vibration or loose hardware may spot trouble before it happens.

Many states restrict operating “two-way radio equipment” while in motion. They may require hands-free operation or place other constraints on what you can do while driving. Not many public safety officers will recognize amateur radio equipment as different from a mobile phone, so be sure you drive carefully and in compliance with any local laws. Carrying a printed copy of regulations with you can be helpful. One solution to the operate-while-driving problem is to have two people in the vehicle with one driving and one operating.

16.6.1 Rover Antenna Selection

As you can see in Table 16.3, there are two primary antenna designs on the VHF/UHF “low bands” of 6 meters through 70 cm: omnidirectional antennas and Yagis. The Moxon rectangle is also popular on 6 meters. For these bands, the antennas are large enough to be limited by vehicle size laws. On higher frequency bands, straight-element and loop-element Yagis dominate. Beginning at 5.6 GHz, dishes become practical for a mobile station.

[image: ]

Antenna stacking distances for a rover station can be smaller than normally accepted practice. The degradation in pattern is worth the tradeoff of a manageable antenna package. However, adjacent antennas on 3rd harmonics should be avoided. Place 6-meter antennas at the top for the best elevation pattern, which can be very important for taking advantage of Es propagation.

Six Meters

Ideally, a 6-meter antenna should be at least one wavelength (about 20 feet) above the ground. If the band is open, height is less critical. Three-element Yagis are popular but may have to be stowed when the vehicle is moving due to mechanical concerns or size limits. For 2-element Yagis, the Moxon rectangle is becoming popular, particularly the SM-50 “stressed Moxon” design in Figure 16.23 manufactured by PAR Electronics which is only 84 × 31 inches (see parelectronics.com/stress-moxon.php).
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6-Meter Hex Beam by WW7D
A 6-meter antenna that takes well to the open road is the 2-element hex beam. With no free element ends to oscillate in the wind, similar to a stressed Moxon, there is less mechanical vibration. The overall footprint is smaller than a Yagi, as well. Darryl Holman, WW7D, provides construction details of his 6-meter hex beam in the article “A 6m Hex Beam for the Rover” that is included in the online material. The article also includes several good photos of his vehicle-mounted antenna mast.


6-meter beams designed before WSJT-X modes became important may not have good performance at the FT8 and FT4 frequencies around 50.313 MHz. Most Yagis have a low-pass response and gain can drop quickly with frequency, so an antenna with good gain at 50.125 MHz can be mediocre on 50.313 MHz. Consider retuning the antenna somewhat higher in the band or use a design with wider bandwidth.

Resources for Roving
While this book has a lot of good information about antenna systems for rovers, there is a lot to learn. The best resource for learning about effective roving is other rovers, and the best place to find other rovers is a contest club. There are many contest clubs such as the Society of Midwest Contesters (w9smc.com), and some specialize in VHF+ contesting, such as the Packrats (packratvhf.com) in Pennsylvania and New Jersey and the Pacific Northwest VHF Society (pnwvhfs.org). You can join most clubs even if you don’t live in their neighborhood and many post their newsletters and other articles online. You will be sure to find useful information about roving and rover stations there. You can find contest clubs by using the ARRL’s Find-A-Club service (arrl.org/find-a-club) and entering “contest” in the search window.
VHF roving beginners might enjoy a video by Scott Farrell, KE4WMF, entitled, “VHF Contest Rover – A Beginner’s Journey,” showing his VHF contest rover setup. The 27-minute video is indexed, which makes it easy to move to a part you’re interested in. The rover is also featured on Page18 of October 2022 QST.


Halos, including stacks of multiple halos, are popular on 6 meters, as well. A number of stations use one or two halos in motion, then switch to higher-gain beams when at a stationary operating location.

2 Meters through 70 cm

For contacts within populated areas, 2 meters can be the most popular band. For all three of these bands, a modest-size horizontally polarized beam with a fairly wide pattern is best. This allows a rover to make contacts quickly across a wide area. If the route will not be in a populated area, a longer beam works better although its beamwidth is smaller. Halos and Big Wheels for local/regional coverage and a longer-boom Yagi is a good combination.

902-1296-2304-3400 MHz

Loop Yagis are the usual antennas used by rovers on these bands. The antennas should be mounted with the loops facing downward to limit damage when passing under tree limbs. It’s easy to straighten out damaged loops by removing them from the boom and using a rolling pin to roll them back into shape. Repair one loop at a time to maintain their proper order on the boom. Versions with 6-foot booms are usually adequate, especially if the rover is in an advantageous location. “Loopers” can be mounted on a single cross boom or in an H-frame array. The long boom models may need additional stabilization to keep them aligned with the other antennas and each other.

5-10-24 GHz

Small dishes are best on these bands, although some rovers have used horns over shorter distances. A 2-foot diameter dish with a dual feed for 5 and 10 GHz is popular. Dual-feed designs by W1GHZ are available for 10 GHz and 24 GHz. These bands usually require transverters which should be mounted in a waterproof box behind the dish to minimize feed line losses. The rover should be able to carefully aim the dish in both azimuth and elevation because the beamwidth of these dishes can be as little as 2–3 degrees. Offset-feed dishes are less sensitive to elevation (see the section on Rotating Rover Antennas).

FM Antennas
Making FM QSOs is an important part of rover strategy in areas with a lot of amateurs. Consider including vertically polarized antennas in your rover antenna system. If you are close to an urban or suburban area, whips will do fine. (Remember that a 5⁄8-wave 2-meter whip will work on 6 meters, too.) Farther out, a small beam oriented for vertical polarization is more productive. Another option is to tilt a beam approximately 45 degrees from horizontal, giving up some horizontally polarized gain to gain the stronger vertically polarized signal and use the same antenna on SSB and FM..


Digital Roving and Antennas
Much of the activity on 6 meters and 2 meters in VHF+ contests has moved to the WSJT-X digital modes like FT8, FT4, and Q65. While this sounds complicated, simple digital roving doesn’t require high-power transmissions or high-gain antennas. Adding an onboard computer and digital interface may be as effective as increasing antenna size and power output. Because of the reduced need for high-gain antennas on 6 and 2 meters, available space might be better used for antennas for more bands or more antenna gain for higher bands where WSJT-X modes are less popular or impractical due to frequency drift.


Log Periodics

A log periodic is an easy way for a rover to get on 5 or 6 bands. There can be a big mechanical advantage in simplifying to a single rotatable antenna. Although they sacrifice gain for frequency coverage, a “log” can be very practical, especially if it’s more important to activate many bands than it is to work a few more-distant grids. A six-band log periodic (50-1300 MHz, for example) plus a 5-band transverter gets the station on six bands. Receive-only logs can often be used at 100 W or less, as well. Log periodics are available from Tennadyne, Create, and other manufacturers. A project to convert a TV log periodic to amateur bands is included in the Frequency-Independent Antennas chapter.

16.6.2 Omnidirectional Rover Antennas

The lack of directionality of halos and Big Wheels is sometimes an advantage and sometimes a disadvantage. It is an advantage when moving because there is no aiming required. Omnidirectional patterns also make it easier to find stations on the band. This is important in populated areas when operators are moving to different frequencies and the rover must find them quickly.

A disadvantage (along with lower signal strength in the main lobe) is that in lower-activity areas it is common to stay on or near the calling frequency and rely on antenna directivity to provide isolation from other stations. A rover operating with omnidirectional antennas in those areas is at a disadvantage because multiple stations would be received at the same time while they could use the beams to reduce interference.

Stacking halos or Big Wheels with λ/2 separation increases gain by 3 dB from narrowing the vertical beamwidth. While the required height is not very practical on 6 meters, on 2 meters through 70 cm and higher bands a stack can be used even in motion. In practice the narrower vertical beamwidth aims the peak radiation closer to the horizon so the perceived improvement is a bit higher. Two 6 meter halos can be stacked on an extendable mast, so that when the mast is collapsed, both halos are close together and function like a single halo. A stationary operating location, the mast can be extended to yield the extra gain.

Finally, halos and Big Wheels are simple, easy to tune antennas and, if well-built, robust. Should damage occur, they can often be bent back into shape. When every on-the-road or at-the-site minute counts, survivability and simplicity of tuning are key attributes.

Halos on Third Harmonics

Some 2 meter halos will also operate on 70 cm, the third harmonic, with gain broadside to the plane of the halo. (This is straight up if the halo is horizontal.) Oriented vertically with the feed point at the bottom, this type of halo has a bidirectional pattern broadside to the antenna at low angles and nulls in the plane of the halo. Beamwidth is around 120 degrees. Mounting two halos separately on a single mast at right-angles to each other creates a switchable forward-rearward or side-to-side pattern. This is a handy compromise between omnidirectional and small beam antennas. Not all halos will operate with acceptable SWR on the 3rd harmonic and some experimenting is required.

16.6.3 Rover Feed Lines

Keep coax runs short to minimize weight and loss. Use good low-loss, flexible coax, recognizing that the lower loss of short runs gives you more choices from available cable.

We often forget that minimizing common-mode current can be even more important in roving than in fixed stations. After all, the antennas are only a few feet from electronics in most rover stations. Use ferrite core chokes to block the unwanted current (see the Transmission Line Systems Techniques chapter).

Rover stations take more mechanical abuse in vibration, wind loading, and being assembled and disassembled multiple times — sometimes during the same contest! Make it part of your standard routine to test all cables each time before hitting the road as center pins can wander and cables can break. In the winter, keep coax in the vehicle until you install it. Cold coax is stiff!

Getting your feed lines into the car needn’t require any holes. KK6MC uses a “pool noodle” slit down one side on a window and around the vehicle frame (see Figure 16.24). Run the cables inside and raise the window until the foam compresses around them. See the Receiving Antennas chapter section on mobile direction-finding for additional ideas.
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Each make and model of vehicle has different ways to get cables in and out of the passenger and cargo areas. By reading contest results and the after-contest reports on 3830scores.com you may find a rover station using a similar vehicle — ask the operator how they solved the problem. Vehicle service bulletins for installing radio equipment will show how the manufacturer planned for antennas on the vehicle, although probably not to the degree of a rover station! (See the chapter on Mobile and Marine HF Antennas, as well.)

16.6.4 Rover Antenna Supports

For the best performance, get your antennas at least λ/2 above the ground or top of the car. That’s 10 feet for a 6 meter antenna, so a ground-mounted mast should be at least 16 feet high. On 2 meters, 40 inches is sufficient and it gets easier as the frequency increases.

There are many ways to get your antennas in the air. The easiest is a telescoping mast like a painter’s pole or fiberglass mast with locking-sections. A drive-on base can be simple — a piece of lumber with a pipe flange having a short, threaded pipe stub attached. The mount in Figure 16.25 used by Jim Wilson, K5ND, is all-wood design. Roll a tire onto the mount, add the mast, secure it to the vehicle’s body or roof rack, and up go the antennas. If you have a trailer hitch, U-bolts can clamp a telescoping mast or painter’s pole to a hitch-mount bike rack as in Figure 16.26.
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Trailer-hitch mounted masts as in Figure 16.27 are practical and sturdy. Tripods mounted in the bed of a pickup truck can support large arrays (Figure 16.28) as can custom racks that mount on vehicle roof racks (Figure 16.29). The exact design will depend on your vehicle and whether you want to operate in motion or “shoot and scoot” style, stopping at a series of operating sites. If the mast will be exposed while driving, a “bend-over” capability on the mount is a good idea to avoid mast damage if there is a collision with something overhead.
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Many rovers have found that a simple system of raising the antennas once an operation spot has been reached is the most efficient. Some rovers have been fortunate enough to acquire vans or trucks with powered telescoping masts. Others have used manual telescoping masts, military surplus mechanical crank elevated masts, or cantilevered masts that can be laid down for travel and raised when on site. Additional roof racks or custom frames are usually required for large masts and antenna arrays. Having all the antennas attached to the mast and the coaxial cables connected makes for a quick set-up on site. The easier and quicker it is to set up and tear down, the more effective on-site time will be.

Driving with beams mounted on a mast may not be practical, particularly long Yagis. The antennas could easily be damaged (or cause damage) at highway speeds. Installing and removing beams at each stop is time-consuming so being able to quick-disconnect the antenna and mast is very helpful. Figure 16.30 shows the Quick Disconnect Antenna Mount from Down East Microwave (downeastmicrowave.com/product-p/qdam.htm) that consists of two parts: one plate that stays attached to the mast and the other to the antenna boom. The boom plate is placed against the mast plate and rotated to lock into place, held with a removable pin. Since the antennas are typically lightweight, heavy-duty bolts and nuts aren’t needed. Similar homebrew solutions are easily imagined.
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For microwave rovers, dish antennas and the associated receive electronics, are usually connected together in a single package. This requires a sturdy tripod to support the weight and hold the antenna steady, particularly in windy locations. Figure 16.31 shows several examples of heavy-duty tripods used for microwave stations. Tripods are also useful for smaller arrays as shown by K1DS’s stack of WA5VJB “Cheap Yagis” on 222 MHz, 432 MHz, and 902 MHz in Figure 16.32. Speaker mounts for portable PA systems can also hold a substantial load in place on an extendable mast.
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Rotating Rover Antennas

Using a regular fixed-station antenna rotator requires the use of an inverter to supply the 120 V ac from a vehicle’s dc power system. Inverters are not expensive but if you prefer all-dc operation, the Yaesu G-800SA rotator operates from 13.8 V dc. To speed up rotation, some operators use a 12 V to 24 V converter to power the rotator, with much faster rotation as a result. RF noise from inverters and converters can be a problem so test them on-the-air before operating.

Turning the antenna by hand, known as an “Armstrong rotator”, is an option as well, but it is hard for a single operator to peak up a weak signal when trying to rotate an antenna. Some operators use the vehicle itself as the rotator, driving slowly in a circle with the antennas fixed on their mounts. Another option is to have large, high-gain antennas for use with the vehicle stopped and a low-gain set for use while in motion.

To aim the antennas, use a good-quality compass and many GPS apps, including in vehicles, will provide a fairly accurate direction. A grid square target bearing can be provided by apps such as HamGPS or Easy QTH Locator.

For the demanding aiming requirements of a high-gain microwave dish, use an engineering compass with its magnifying optic and crosshair for high resolution (see Figure 16.33). This is very important when trying to aim a dish with a beamwidth of 3 degrees!
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Find an object on the horizon as a landmark to aim at coinciding with the predicted beam heading. Once the signal is detected by slowly panning the dish a few degrees left and right, adjust the elevation. For the most part, elevation, once set, stays the same except for rain-scatter contacts. An offset dish’s pattern is not as sensitive to elevation as a center-fed dish.

Antenna Height and Width Limits

Know the laws for vehicle size and clearance where you will be traveling. Federal law restricts commercial vehicle width to 2.6 meters (102.4 inches) on the interstate highway system and most states have similar rules. Exceptions to this limit are made for required safety equipment, such as mirrors, but this does not include amateur radio equipment.

Heading or Bearing?
Heading is the direction the vehicle or antenna is pointing. Bearing is the direction to the station being contacted. Directions start at 0 degrees for North and increases clockwise through East (90 degrees), South (180 degrees), and West (270 degrees).


There are a few different maximum heights that tractor-trailers may have, but the most common limit is 13 feet 6 inches. There are no federal height restrictions, which are set by the states. Open road height limits range from 4.11 meters (13 feet, 6 inches) to 4.27 meters (14 feet). Apps are available that will tell you about low clearances along a specific route — see freeappsforme.com/apps-for-low-clearance.

Antennas are not as rigid as truck bodies, and many places don’t actively trim smaller branches because the trucks simply push them aside without damage. Roving with antennas at the maximum height limit is likely to result in antenna damage. Heights under 12 feet are more reasonable.

Yagis should be limited to boom lengths of approximately 6 feet. Mounting points for such an antenna must be in the center of the boom instead of at a wind or weight balance point. Remember to account for turning radius which can be quite a bit longer than boom length for lower-frequency antennas. Fixed-mounted Yagis, or those rotated only when stopped, can be much longer.

16.6.5 Miscellaneous Rover Notes

For what it is worth, I have 4 to 5 mpg worth of antenna. I used to get 19 to 20 mpg highway but now get 15 mpg on the highway. — K2EZ

I prefer wood booms to aluminum booms. Wood doesn’t fatigue like metal does and this can become important when driving at highway speeds, where the antennas may be oscillating for hours in the air stream. I also drive down many Forest Service roads with low-hanging foliage, so the antennas do get rather beat up. The wooden antennas booms don’t bend, but occasionally break. Wood booms are much easier to replace than metal booms. — WW7D

Use quality hardware, preferably with only one or two wrench sizes required, and good lock washers. Make a checklist to test all connections at each stop. Carry spare hardware. Use colored vinyl tape to mark antennas, feed lines, and radio antenna connections to avoid confusion. — KK6MC

On-the-road repairs can be made a lot easier if element lengths are written on the boom so that they can be replaced if broken. This is particularly important with wooden booms and the “Cheap Yagi” designs in Table 16.3. Element spacings written on the boom help if the boom is broken. Also, quick and dirty repairs can be made with duct tape or Gorilla Tape™ to reattach elements. — KK6MC

Remember that the rover is usually the little station being sought by the bigger fixed stations, so having an adequate signal is usually OK and that bigger antennas can be unwieldy and less productive. — K1DS
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Chapter 17

Antennas for Space Communications

When we consider amateur space communications, we usually think about two basic modes: satellite and Earth-Moon-Earth (EME — also referred to as moonbounce). Both modes communicate using one of the Earth’s satellites — our natural satellite (the Moon) or one of a variety of man-made satellites. The distances involved and the motion of the targets place special requirements on antennas for both types of communications as discussed in this chapter. (Antennas for meteor scatter modes are covered in the VHF, UHF, and Microwave Antenna Systems chapter.)

Because of technological advances, particularly regarding new digital modes that allow communications with extremely weak signals, the traditional distinction between antenna systems for satellite communications and for EME communications has become blurred. Thus, this chapter has been rearranged by antenna type and then specific requirements for each type of operation are discussed.

Material in this chapter, originally by KD1K, K2DH, and K1JT, has been updated by Doug Grant, K1DG (EME sections); Sean Kutzko, KX9X (Portable Satellite Antennas); and reviewed by Patrick Stoddard, WD9EWK. Wherever possible, designs referenced or illustrated in the text are also listed in the Bibliography. For additional information on constructing antennas, feeds, and equipment techniques for use at microwave frequencies, see the AMSAT website (amsat.org) and the ARRL and RSGB books listed in the References and Bibliography. These resources provide a wealth of information for the experimenter.

17.1 Space Communication Antenna Systems

There are two main differences between the Moon and man-made satellites in orbits closer to the Earth. The first is one of distance. The Moon is about 250,000 miles from Earth, while man-made satellites in highly elliptical orbits can be as far as 52,000 miles away. This 5:1 difference in distance makes a huge difference in the signals that arrive at the satellite, since transmission loss varies as the square of the distance. In other words, the signal arriving at the Moon is 20 dB weaker than that arriving at a geosynchronous satellite 25,000 miles high, due to distance alone.

The second difference between the Moon and a man-made satellite is that the Moon is a passive reflector — and not a very good one at that, since it has a craggy and rather irregular surface, at least when compared to a flat mirror-like surface that would make an ideal reflector. Signals scattered by the Moon’s irregular surface are thus weaker than those for better reflecting surfaces. By comparison, a man-made satellite is an active system, where the satellite receives the signal coming from Earth, amplifies it and then retransmits the signal (usually at a different frequency) using a high-gain antenna. Think of a satellite as an ideal reflector, with gain.

The net result of these differences between a man-made satellite and the Earth’s natural satellite is that moonbounce (EME) operation challenges the station builder considerably more than satellite operation, particularly in the area of antennas. Successful EME requires higher transmitting power and receiver sensitivity, along with sophisticated computer software for digital modes or an excellent operator capable of pulling weak analog signals out of the noise.

There are areas of commonality between satellite and EME antenna requirements, of course. Both require consideration of the effects of polarization and elevation angle, along with the azimuth directions of transmitted and received signals. High-performance Yagi arrays or helical antenna systems designed for satellite operation will likely suffice to make EME contacts using digital modes such as those of the WSJT software suite (sourceforge.net/projects/wsjt). Dish antennas, such as those converted from commercial C-band (4 to 8 GHz range) TVRO (television, receive only) service will certainly suffice for both types of communication.

This chapter will first explore antennas suitable for satellite operations and then describe the antennas needed for EME work.

17.1.1 Antenna Systems For Satellites

Amateur satellites provide links from 2 meters and up and these provide opportunities to use antennas of many types — from the very simple to the pretty complex. Antenna design and construction requirements for use with amateur satellites vary from low-gain antennas for low-Earth-orbit (LEO) satellites to higher-gain antennas for the high-altitude elliptical-orbit satellites (HEO) and geosynchronous satellites such as QO-100. The AMSAT website (amsat.org) is a good general resource for antenna and transceiver design, operating information and satellite parameters. See the AMSAT website’s Station and Operating Hints page for antenna designs for satellite operations and other useful accessories and station components.

Receiving NOAA Satellite Signals
US National Oceanographic and Atmospheric Administration (NOAA) polar orbiting weather satellites (POES) transmit data for production of gray-scale images of the ground below them. Data is transmitted at 137 MHz frequency used by the NOAA satellites and can be received twice a day. There are many free programs available to decode the data and produce images. The article “Double-Cross — A NOAA Satellite Downlink Antenna” included with the online material describes a fixed antenna shown in the photo designed for the 137 MHz frequency and can receive signals from any other satellite in that band. The SatNOGS system described in this chapter’s section on Antenna Position Control can also be used to receive weather satellite data automatically.


Contacts can be made via FM LEO satellites with a basic dual-band VHF/UHF FM transceiver. Some amateurs manage to work the FM birds with hand-held radios and a multielement directional antenna such as the popular Arrow Antenna shown in Figure 17.1A. Of course, this means they must aim their antennas at the satellites, even as they cross overhead. It is best to hold the antenna and manually aim it instead of using a tripod. This allows you to rotate the antenna to compensate for polarization shift in the ionosphere and from satellite tumbling. This reduces fading and improves contact quality and speed. A diplexer, shown in Figure 17.1B allows a single radio to use different antennas on each band, such as on 2 meters and 70 cm.
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Omnidirectional fixed antennas that do not track a satellite are a home station option for starting out of if using rotators is not possible or practical. The M2 Antenna Systems EB-144 and EB-432 Eggbeater antennas shown in Figure 17.2 are a commercial option. The turnstile-over-reflector antenna has been around for a long time, as shown in Figure 17.3. L.B. Cebik, W4RNL, described a fixed satellite antenna system that uses crossed-Moxon antennas to produce a circularly polarized, hemispherical pattern. This system is described in the article “A Simple Fixed Antenna for VHF/UHF Satellite Work” included with the online material and is shown in Figure 17.4.
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For even better performance, at the modest cost of a single, simple TV antenna rotator, check out the fixed-elevation Texas Potato Masher antenna by Gerald Brown, K5OE, shown in Figure 17.5. This antenna provides a dual-band solution for medium-gain directional antennas for LEO satellites. This is a considerable improvement over omnidirectional antennas and does not require an elevation rotator for good performance. If an az-el rotator is available (see the Antenna Position Control section) reflecting screens can be added to the Moxon-pair antennas of W4RNL for even better performance.
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A step up from a rotatable fixed-elevation antenna is a pair of short Yagi antennas similar to the handheld Arrow in Figure 17.1, or an Elk Antennas 2-meter/70-centimeter log periodic (Figure 17.6). A 3-element Yagi on 2 meters and a 4 – 7 element Yagi on 70 cm will work quite well with a broad enough pattern that elevation control is not required. A fixed elevation of 15 degrees will work reasonably well. Inexpensive Yagi designs by WA5VJB for satellite operation are online at wa5vjb.com.
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There was still one early LEO satellite operating on the 10 meter band as of early 2023. The 1974 AO-7 spontaneously recovered from a battery failure and can be used whenever its solar panels are illuminated. Its 10-meter downlink covers 29.3 to 29.5 MHz. Low-gain antennas for 10 meters, such as dipoles, are used to receive the signal from this satellite.

High Earth Orbit (HEO) satellites such as the Phase 3 platforms launched in the 1980s are no longer operational. AMSAT’s GOLF (Greater Orbit, Larger Footprint: amsat.org/greater-orbit-larger-footprint-an-introduction-to-the-amsat-golf-program) program will place satellites into 500 to 600 km orbits that require somewhat higher gain antennas and transmit/receive ability. (Launches of the GOLF satellites have been delayed as of early 2023 but new launch dates are being scheduled.) For these satellites, a set of higher-gain Yagi antennas will be required for VHF and UHF links (See the Yagi Arrays section of this chapter.) Satellites also use S-band (2.4 GHz) and X-band (10 GHz) frequencies (see Table 17.1), such as the QO-100, the Es’hail-2/P4-A geosynchronous platform serving most of ITU Region 1. (See amsat-dl.org/en/p4-a-wb-transponder-bandplan-and-operating-guidelines.) Similar platforms are under development, such as the “five-and-dime” architectures using C-band (5 GHz) and X-band. The GOLF series of satellites referenced in the previous paragraph may include some microwave capabilities, as well. Advantages of microwave systems include:
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•Good performance with physically small downlink antennas.

•Availability of good quality receive converters and transmitting modules.

•Availability of preamps at reasonable prices.

Preamplifiers and Feed Lines

Preamplifiers are available from Advanced Receiver Research, High Sierra Microwave, SSB Electronic, and other vendors. The WA5VJB preamp design “cookbook” (wa5vjb.com/references/preamp-Cookbook.pdf) has a number of tips and circuits for building your own preamp. An inexpensive broadband preamp suitable for receiving telemetry by WA8SME is described in the article “Inexpensive Broadband Preamp for Satellite Work” included in the online material.

Preamps will need to be mounted at the antennas and their manufacturers will have the appropriate mounting hardware and enclosures available. Preamps are generally not needed for hand-held antennas since the feed line length is very short.

When installing a fixed station satellite antenna, pay attention to feed line quality and loss. LMR-240 is a good choice for satellite antennas, especially on 70 cm. For long feed lines, consider using hardline between the station and the antenna support with a flexible line making the connection to rotating antennas.

17.1.2 Antenna Systems for Earth-Moon-Earth (EME)

The antenna is arguably the most important element in determining an EME station’s capability. It is not accidental that the baseline station requirements outlined in Table 17.2 use Yagi arrays on the VHF bands and parabolic dishes at 1296 MHz and above. One of these two antenna types is almost always the best choice for EME.
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The gains of some nominal antennas of each type are illustrated graphically in Figure 17.7, which helps to show why Yagis are nearly always the best choice for EME on the VHF bands. They are light, easy to build and have relatively low wind resistance. Stacks of four Yagis are small enough that they can be mounted on towers for sky coverage free of nearby obstructions. Larger arrays of 8, 16 or even more Yagis are possible, although the complexity and losses in phasing lines and power dividers then become important considerations, especially at higher frequencies. Long Yagis are narrowband antennas, usable on just a single band.
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We usually think of the linear polarization of a transmitted signal as being “horizontal” or “vertical.” Of course, on the spherical Earth these concepts have meaning only locally. As seen from the Moon, widely separated horizontal antennas may have very different orientations (see Figure 17.8). Therefore, in the absence of Faraday rotation an EME signal transmitted with horizontal polarization by station A will have its linear polarization misaligned at stations B and C by angles known as the spatial polarization offset. (Faraday rotation is a rotation of the polarization of radio waves when the waves travel through the ionosphere, in the presence of the Earth’s magnetic field.) In Figure 17.8 the signal from A arrives with vertical polarization at B and at 45° to the horizon at C. Suppose C is trying to work A and qs = 45° is the spatial polarization offset from A to C. The return signal from C to A will be offset in the opposite direction, that is, by an amount −qs = –45°. The Faraday rotation angle θF, on the other hand, has the same sign for transmission in both directions. Thus, the net polarization shift from A to C is θF + qs, while that from C to A is θF – qs. If θF is close to any of the values ±45°, ±135°, ±225°, …, then one of the net polarization shifts is nearly 90° while the other is close to 0°. The result for stations with fixed linear polarization will be apparent one-way propagation: for example, A can copy C, but C cannot copy A.
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Obviously no two-way contact can be made under these conditions, so the operators must wait for more favorable circumstances or else implement some form of polarization control or polarization diversity. One cost-effective solution is to mount two full sets of Yagi elements at right angles on the same boom. Arrays of such cross-polarized or “Xpol” Yagis make especially attractive EME antennas on the VHF and lower UHF bands because they offer a flexible solution to the linear polarization misalignment problem.

At 1296 MHz and above, gains of 30 dBi and more can be achieved with parabolic dishes of modest size. As a result, these antennas are almost always the best choice on these bands. Their structure does not depend on any radio frequency resonances, so in many ways dishes are less critical to build than Yagis. Element lengths in high-gain Yagis must be accurate to better than 0.005 λ, while the reflecting surface of a dish need be accurate only to about 0.1 λ.

A parabolic antenna has a single feed point, so there are no losses in phasing lines or power splitters. You can use a dish on several bands by swapping feeds, and with suitable feed designs you can produce either linear or circular polarization, including dual polarizations. A very attractive and convenient option is to transmit in one sense of circular polarization and receive in the opposite sense. Transmitting in right-hand circular and receiving in left-hand circular has become the standard for EME at 1296 and 2304 MHz and will probably become the standard on higher bands as well.

More information about circular polarization is presented later in this chapter.

As made clear in Figure 17.7, the 432 MHz band lies in a transition region where both Yagis and parabolic dishes have attractive features. Either four long Yagis or a 6-meter (approximately 20 foot) dish can produce enough gain (about 25 dBi) to let you work many other EME stations on this band. Many linear-polarization systems are already in use — for good reason, since most amateur use of this band is for terrestrial communication — so converting everyone to circular polarization is impractical.

Therefore, schemes have been devised to physically rotate dish feeds and even whole Yagi arrays to cope with the resulting polarization alignment problems. Another scheme is to use a dual-polarization dish feed or dual-polarization Yagis, as described above and increasingly used on 144 MHz.

One of the biggest amateur EME stations in the world is HB9Q. This station includes excellent antennas for all VHF, UHF, and microwave EME bands. The 144/432MHz antenna shown in Figure 17.9A is of particular interest. It is a parabolic dish approximately 15 meters (50 feet) in diameter. Besides its impressive size, the feed system is innovative.
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Instead of a dipole feed, the dish is illuminated by cross-polarized Yagis on both bands as shown in Figure 17.9B; two pairs of 4-element Yagis for 144 (one pair is vertically polarized, one pair is horizontally polarized) and a single 7-element cross-polarized Yagi for 432. The antennas are configured for circular polarization on transmit and used together for adaptive polarization on receive.

As mentioned earlier, another option for dealing with changing polarization is to physically rotate an entire linear-polarized array. This approach has been used by NC1I for his 432 MHz system as shown in Figure 17.10A. The array consists of (48) 15-element K1FO rear-mount Yagis for a total of 720-elements arranged in 12 bays of 4 Yagis each. Each Yagi’s driven element is fed with 200-Ω open-wire line made of #8 wire and homebrew Teflon insulators. Connecting 4 of these in parallel gives a 50-Ω impedance for each bay of 4 Yagis. The twelve bays are connected to a pair of 6-way power dividers, which are then connected to a single 2-way divider.
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The entire array can be rotated between horizontal and vertical polarization. The polarization rotator mechanism consists of a prop-pitch motor and heavy duty mast mounted in a 12” × 12” × 20” rectangular steel tube with a pair of heavy-duty 3.5” bearings. Elevation control is achieved by use of a heavy-duty 36” linear actuator and azimuth rotation is done by a large prop-pitch rotator. The system is balanced by several large counterweights (see Figure 17.10B).
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Most amateurs believe that EME antenna systems are gargantuan monsters and certainly many “big-gun” EME stations have extraordinary antenna systems. However, excellent results are possible with modest antennas and stations. For example, EME rover KA6U has traveled the country activating many rare states and grid squares on EME using a station optimized for rapid deployment. Deployable in less than an hour, his EME antenna system, shown in Figure 17.11 consists of:
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144 MHz: 2 × 10-element H/V Yagis

222 MHz: 2 × 16-element Yagis

432 MHz: 4 × 25-element Yagis

1296 MHz: 2.4M folding dish

Antenna Pattern

A clean pattern with good suppression of side and rear lobes is important for all EME antennas — especially at 432 MHz and above, where excessive noise pickup through sidelobes can significantly increase the system noise temperature, Ts. For Yagi arrays you should use modern, computer optimized designs that maximize G/Ts, the ratio of forward gain to system noise temperature. Be sure to pay attention to maintaining a clean pattern when stacking multiple antennas. First sidelobes within 10-15° of the main beam may not be a major problem, because their solid angle is small and they will look mostly at cold sky when EME conditions are favorable. Side and rear lobes farther from the main beam should be suppressed as much as possible, however. Remember that even close-in sidelobes will degrade your receiving performance at low elevations.

For parabolic dishes, G/Ts is optimized by using a feed with somewhat larger taper in illumination at the edge of the dish than would yield the highest forward gain. Best forward gain is generally obtained with edge taper around −10 dB, while best G/Ts occurs around −15 dB. Edge taper of −12 dB is usually a good compromise. Some good reproducible designs for dish feeds are described or referenced later in this chapter.

17.1.3 Portable Satellite Antenna Systems

Portable satellite operating is becoming increasingly popular in support of programs such as VHF/UHF Century Club (VUCC). Operating from a infrequently-activated or even rare grid square can attract a lot of attention and some operators are even making “grid-peditions” to activate several such squares in one trip. Operating from the field places a premium on effective, robust equipment that can be transported to the field and deployed quickly.

Resources for Portable Operating

As this material was prepared in early 2023, there were approximately 15 active linear satellites and 7 active FM satellites, with more being scheduled for launch. AMSAT announcements (amsat.org) and the website’s table of active satellites will keep you up to date on what satellites are available and their current status, frequencies, modes, and operational notes. Be aware that satellite modes can be changed by their control stations and power status can vary seasonally as sunlight to solar panels changes.

Sean Kutzko, KX9X, produced a series of videos aimed at satellite beginners for DX Engineering. You can find them on the DX Engineering YouTube channel at youtube.com/@DXEngineering. The Mercer County ARC (MCARC) also hosts an extended program by KX9X on satellite operating that includes portable operating.

Frequencies

Most amateur radio satellites operate on a combination of 2 meters and 70 centimeters. There are a handful of satellites that use 10 or 15 meters. The AMSAT website maintains pages for uplink and downlink frequencies of currently active satellites; search for “AMSAT linear summary” and “AMSAT FM Summary.”

Paul Overn, KEØPBR, has created the GridMaster Satellite Cheat Sheet on his satellite blog at ke0pbr.wordpress.com, which shows the relationship between the uplink and downlink frequencies as a pass progresses, another key element of success in the field.

Operating Requirements

Antenna needs vary between portable and home operating. Home stations will benefit from larger antennas and a rotator that can be interfaced with satellite tracking software, such as SatPC32 or MacDoppler. Portable operations, such as grid expeditions, can certainly use these tools if the operator is willing to construct such a station for portable use. Several satellite tracking apps exist for both Android and Apple IOS platforms to facilitate the proper tracking of satellites with handheld antennas.

Smaller, hand-held beam antennas offer good performance in a small package, balancing weight and size against signal strength. Regardless of approach, all satellite antennas should have as clear a view of the horizon as possible. Trees can function as attenuators, especially on 70 centimeters. Buildings that get in the way of the direct signal path between operator and satellite should be avoided. The ideal satellite operating site is on a hill with an unobstructed 360-degree view of the horizon. If that can’t be obtained, a site with a clear view of the horizon is preferable over a high-elevation site with an obstructed view. If you’re in an urban area, think outside the box: rooftops, public scenic views, or the tops of parking garages have proven to be excellent operating sites for many satellite operators. Careful analysis of a satellite’s trajectory over your horizon may turn up a location with a clear view of the sky in that particular direction. If you live in an antenna-restricted neighborhood, operating portable with a handheld Yagi or log periodic will almost always be preferable to operating from home with a compromise antenna.

Because of the close proximity of transmit and receive radios and antennas, diplexers or low pass/high pass filters should be employed to avoid desensitization of the receive radio during transmit. Isolating the receiver from the transmit signal will resolve most desensitization issues.

Common Antenna Types

Mobile Whips

Mobile whips are the ultimate compromise antenna for satellite use. While some skilled satellite operators have used them with modest success, they will simply not perform well even under ideal circumstances and should be avoided by beginning or intermediate satellite operators.

Omnidirectional

Several omnidirectional antennas are shown in Figures 17.2 through 17.5 and discussed later in this chapter. Eggbeaters are generally two vertical loops 90 degrees out of phase. The turnstile is a crossed pair of dipoles at right angles fed 90 degrees out of phase. A quadrifilar helix (QFH) is another omnidirectional satellite favorite, although somewhat large on 2 meters for portable operating. These antennas are designed to illuminate most of the visible hemisphere overhead. They are often used with a ground plane beneath them acting as a reflector to reinforce overhead radiation.

While omnidirectional antennas are a compromise antenna for satellite use, they do have their place: they offer an acceptable satellite solution without needing a rotator, and will perform reasonably well for most passes if mounted above local obstacles. Keep in mind, however, that if you have the ability to put up directional antennas with gain, they will provide better performance.

Beams

As with all other VHF/UHF weak-signal pursuits, directional antennas are the gold standard for satellite operating to maximize signal strength. Portable operators should consider hand-held, dual-band directional Yagis or log periodics as their main antenna. These have multiple elements for 2 meters and 70 centimeters on a common boom and offer as much as 8 dBd gain with a 20–30 dB front-to-back ratio. Most are lightweight (under 2 pounds) and have booms less than 40 inches long.

The two most common commercially-available handheld Yagis for satellite work are the Arrow dual-band beam antenna (see Figure 17.1) and the Elk 2M/440L5 log periodic (Figure 17.6). Both are quite effective for satellite operating. To build antennas yourself, design and construction plans from Kent Brittain, WA5VJB, offer several inexpensive satellite Yagi designs; see the VHF, UHF, and Microwave Antennas chapter or search online for “WA5VJB Cheap Yagis.” Three to five elements on 2 meters and five to seven elements on 70 centimeters provide sufficient gain without tightening the pattern excessively.

A phenomenon called polarization fading, which produces deep fading, occurs when the operator’s receive antenna elements are no longer aligned with the tumbling satellite’s transmit antenna. If linearly polarized VHF/UHF Yagis are used, a deep fade will occur during every satellite pass until the satellite’s antenna returns to the same alignment as the operator’s antenna. Circularly polarized Yagis help minimize fading by responding to all polarizations of the signal.

Unlike EME or event terrestrial weak-signal communications, you can have “too much antenna” on the satellites. A high-gain antenna is more difficult to keep aimed at the satellite. 5 watts of transmit power is more than enough to be heard through nearly every satellite, as well. Care should be taken to keep effective radiated power (ERP) low, so as not to overload a satellite’s transponder. Overly strong signals will reduce the capabilities of the satellite’s receiver, making it difficult for other users to get in and hear themselves on the downlink. This is especially noticeable on the AO-7 linear satellite, which has been in orbit since 1974 and is quite fragile.

A lightweight camera tripod is sufficient to support and stabilize a beam antenna. Even a monopod can help support a small beam. Tripod mounts generally don’t allow easy rotation of the antenna and will restrict your ability to rotate the beam along its axis to adjust for polarization fading during tracking. (A special cradle could be used that allows the boom to be rotated.) The most flexible choice is to hold beam antennas in your hand; this permits the operator to quickly adjust for polarization fading and keep the satellite’s receive signal as strong as possible during a pass.

High-gain antennas

Dishes and horns offer great gain and directivity on the microwave bands; however, their use in the amateur satellite world is somewhat limited. Only the QO-100 satellite which covers most of Europe, Africa, and the Middle East is active on microwave frequencies as of early 2023.

System Components

Feed Line and Connectors

Choosing a feed line involves three tradeoffs: weight, loss, and flexibility. Use the highest quality feed line possible and to avoid loss, use the minimum length needed. Feed line losses on 2 meters and 70 centimeters can be significant with long feed lines. While home stations often use 0.4-inch thick LMR-400; for portable or rover operation using a hand-held directional antenna, LMR-240 Superflex provides a good balance between the tradeoffs and will be effective in lengths under 10 feet. Avoid RG-8, RG-58, and RG-59 cables for satellite use because their losses on 70 centimeters, even a short length, will reduce your satellite station’s capabilities.

BNCs are often found on portable/handheld antenna systems, while PL-259 and N connectors will be utilized on larger/home station antennas. BNCs have the advantage of quick connect/disconnect and low loss at UHF.

Diplexers

A diplexer (often incorrectly called a duplexer) acts as a filter, isolating your transmitted signal from the front end of your receiver. This becomes important in a full-duplex operating mode, where you need to receive your own transmitted signal in real time. A a satellite station’s receiver is usually close to the transmitter (often in the same radio) and antennas tend to be on the same boom, mast or tower, as well. This proximity of transmit and receive antennas, coupled with the proximity of the receiver to the transmitter, can cause a phenomenon known as desensitization, or desense. Diplexers reduce this phenomenon quite effectively and help make full-duplex operation possible by isolating the 2 meter band from the 70 centimeter band. The diplexer is generally mounted on a dual-band antenna at the end of the main feed line. Both the MFJ 916 and the Comet CF4160 (see Figure 17.1) are reasonably priced. Both come in several models with different types of antenna connectors; be sure to order the correct model number for your application.

MiniCircuits.com also offers low-pass and high-pass receive-only filters that are extremely compact with BNC male and female connectors; they can be added to a feed line very simply with minimal increase in weight. BLP-200+ is a low pass filter for your 2 meter feedline and it is very effective but can only handle 0.5 W. Be sure the filter is adequately rated before installing it in a transmit feed line.

At communication sites where high-power transmitters are in operation, you may need a band-pass or notch filter to prevent receiver overload. Again, make sure the filter is adequately rated.

Preamplifiers

A good low-noise amplifier (LNA) preamp can make a world of difference for satellite operation, especially for weak 70 cm downlink signals. Typical used in weak-signal VHF/UHF operating, a preamp will work best mounted at the antenna to minimize signal loss on a long coax run. Be sure your preamp is waterproof and has RF sensing that will turn the preamp off when RF is detected. Many portable operators do not bother with preamps to handheld antennas, as they typically use short runs (less than 5 feet) of high-quality low-loss feedline, such as LMR-240 Superflex.

17.2 Circularly Polarized Antennas

Linearly polarized antennas are horizontal or vertical in terms of the antenna’s position relative to the surface of the Earth, a reference that loses its meaning in space. (See the Antenna Fundamentals chapter for a discussion on polarization.) If spacecraft antennas used linear polarization, ground stations would not be able to maintain polarization alignment with the spacecraft because of its changing orientation. Thus, the ideal antenna for random satellite signal polarization is one with circular polarization or CP.

Circular polarization is simply linear polarization with a direction that continually rotates as it travels through space as in Figure 17.12. The direction of polarization can be imagined as the second hand of a watch that is moving forward with the wave such that the second hand makes one complete revolution per wavelength traveled. The second hand represents the instantaneous polarization of the signal.
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Polarization Sense

Polarization sense is a critical factor, especially in EME and satellite work. The IEEE standard uses the term “clockwise circular polarization” for a receding wave (one traveling away from the observer). Amateur technology follows the IEEE standard, calling clockwise polarization for a receding wave as right-hand circular polarization or RHCP. This means that the second hand of the watch traveling with the receding wave is revolving clockwise. A wave for which polarization rotates in the opposition direction is left-hand circular polarization or LHCP.

When making satellite contacts using a circularly polarized antenna, it is often convenient to have the capability of switching polarization sense. This is because the sense of the received signal from some of the LEO satellites reverses when the satellite passes its nearest point to you. If the received signal has right-hand circular polarization as the satellite approaches, it may have left-hand circular polarization as the satellite recedes. A sense reversal occurs in EME communications as well, because of the phase reversal of the signal as it is reflected from the lunar surface. A signal transmitted with RHCP will be returned to the Earth with LHCP. Similarly, the polarization is reversed as it is reflected from a dish antenna so that to transmit an RHCP signal, the feed antenna for the dish needs to be LHCP.

17.2.1 Crossed Linear Elements

Dipoles radiate linearly polarized signals and the polarization direction depends on the orientation of the antenna. If two dipoles are arranged as horizontal and vertical dipoles, and the two outputs are combined with the correct phase difference (90°), a circularly polarized wave results. Because the electric fields are identical in magnitude, the power from the transmitter will be divided equally between the two fields. Another way of looking at this is to consider the power as being divided between the two antennas — hence the gain of each is decreased by 3 dB when taken alone in the plane of its orientation.

A 90° phase shift must exist between the two antennas and the simplest way to obtain this shift is to use two feed lines to a coplanar pair of crossed-Yagi antennas in which the elements lie approximately in the same plane, as shown in Figure 17.13A. One feed line section is 1/4 λ longer than the other. These separate feed lines are then connected in parallel with a common transmission line to the transmitter or receiver. An example is shown in Figure 17.14. Assuming negligible coupling between the crossed antennas, the impedance presented to the common transmission line by the parallel combination is one half that of either section alone. (This is not true when there is mutual coupling between the antennas, as in phased arrays.)
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This creates some difficulties for the antenna builder. With this phasing-line method, any mismatch at one antenna will be magnified by the extra 1/4 λ of transmission line. This upsets the current balance between the two antennas, resulting in a loss of polarization circularity. Another factor to consider is the attenuation of the cables used in the harness, along with the connectors. Good low-loss coaxial line should be used with Type N or BNC connectors. A practical construction method for implementing a RHCP/LHCP coplanar switched system is shown in Figure 17.15.
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Another method to obtain circular polarization is to use equal-length feed lines and place one antenna 1/4 λ ahead of the other. This offset pair of Yagi-crossed antennas is shown in Figure 17.13B. The advantage of equal-length feed lines is that identical load impedances will be presented to the common feeder, as shown in Figure 17.16, which shows a fixed circularity-sense feed. To obtain a switchable-sense feed with the offset Yagi pair, you can use a configuration as in Figure 17.17, although you must compensate for the extra phase shift added by the relay and connectors.
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Figure 17.13C diagrams a popular method of mounting two separate off-the-shelf Yagis at right angles to each other. The two Yagis may be physically offset by 1/4 λ and fed in parallel, as shown in Figure 17.10C, or they may be mounted with no offset and fed 90° out of phase. Neither of these arrangements on two separate booms produces true circular polarization. Instead, elliptical polarization results from such a system, an example of which is shown in Figure 17.18.

[image: ]

17.2.2 The Eggbeater Antenna

The eggbeater antenna shown in Figure 17.2 is a popular design named after the old-fashioned kitchen utensil it resembles. The antenna is composed of two full-wave loops of rigid wire or metal tubing. Each of the two loops has an impedance of 100 Ω, and when coupled in parallel they offer an ideal 50-Ω impedance for coaxial feed lines. The loops are fed 90° out of phase with each other and this creates a circularly polarized pattern.

An eggbeater may also use one or more parasitic reflector elements beneath the loops to focus more of the radiation pattern upward. This effect makes it a “gain” antenna, but that gain is at the expense of low-elevation reception. Toward the horizon an eggbeater is actually horizontally polarized. As the pattern rises in elevation, it becomes more and more right-hand circularly polarized. Experience has shown that eggbeaters seem to perform best when reflector elements are installed just below the loops.

Eggbeaters can be built relatively easily, but commercial models such as the one shown in Figure 17.2 are available. The spherical shape of the eggbeater creates a fairly compact antenna when space is an issue, which is another reason why it is an attractive design. (See the online material.)

17.2.3 The Turnstile Antenna

The basic turnstile antenna in Figure 17.3 consists of two horizontal half-wave dipoles mounted at right angles to each other (arranged like the letter “X”) in the same horizontal plane with a reflector screen beneath. When these two antennas are excited with equal currents 90° out of phase, their typical figure-eight patterns merge to produce a nearly circular pattern. (See the online material.)

To get the radiation pattern in the upward direction for space communications, the turnstile antenna needs a reflector underneath. For a broad pattern it is best to maintain a distance of 3/8 λ at the operating frequency between the reflector and the turnstile. Homemade turnstile reflectors often use metal window-screen material that you can pick up at many hardware stores. (Make sure it is a metal, not plastic, screen material.)

Like their cousins the eggbeaters, turnstiles are relatively easy to build. In fact, building one may be your only choice since turnstiles are rarely available off the shelf.

17.2.4 The Lindenblad Antenna

The Lindenblad antenna shown in Figure 17.19A is constructed from linear elements, is circularly polarized, and has an omnidirectional radiation pattern. With most of its gain at low elevation angles as shown in Figure 17.19B, it is ideal for accessing Low-Earth-Orbit (LEO) satellites. Because it is omnidirectional, it does not need to be pointed at a satellite, eliminating the need for an azimuth/elevation (az/el) rotator system. This makes the Lindenblad especially useful for portable or temporary satellite operations. It is also a good general purpose antenna for a home station because its circular polarization is compatible with the linearly polarized antennas used for FM/repeater and SSB/CW operation. Two complete construction articles for Lindenblad antennas are included with the online material. An improved version of the AA2TX design, “The Two Meter EZ Lindenblad Revisited,” by KJ9P and AA9LC is included in the online material and is listed in the References and Bibliography for Planer and Zehr.
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17.2.5 The Quadrifilar Helix (Qfh)

Designed for spacecraft use in the early days of space exploration, the quadrifilar helix (QFH) antenna (also called the quadrifilar helicoidal antenna) has not gained much popularity on the ham bands. Yet, as a general-purpose base-station antenna, such as the 2 meter version in Figure 17.20, it’s hard to beat. The pattern is almost omnidirectional in both planes, like the mythical isotropic radiator, receiving nearly to the horizon. No matter what direction signals come from, or whether the polarization is vertical or horizontal, the QFH receives them. It’s good for overhead satellites, such as the International Space Station, for horizontally polarized 2-meter SSB simplex stations on the horizon, and also for vertically polarized mobile and repeater stations. It isn’t a gain antenna — no true omni can be. The primary benefit of a QFH is the coverage afforded by its pattern.
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The QFH is often used by hams for receiving weather satellite pictures from the 137 MHz NOAA automatic picture transmitting (APT) satellites in low polar orbit. Its omnidirectional and circular polarization characteristics accommodate the constantly changing direction and polarization of the APT satellite signals. Several have been built for this service. Three of these weather birds still fly by every day — NOAA 15, 17, 18 and 19.

The QFH can be envisioned as follows: Take two vertical full wavelength rectangular loops with open feed points at the top. Now place them on the same vertical axis, but with one loop rotated 90° horizontally so that they are in quadrature. Also, you need to make one loop slightly larger than the other. This creates a phase shift at the feed point to compensate for the physical rotation of the loops. Next, twist both loops horizontally a quarter turn into helices. Finally connect the feed points in parallel to create a quadrifilar helix antenna.

The curious eggbeater-like configuration of the QFH has useful characteristics — an almost perfectly spherical radiation pattern as well as circular polarization throughout the pattern. This version is right-handed. For left, twist the loops in the opposite direction. For the general purpose 2 meter base station antenna, the twist direction does not matter. And yes, there is a small loss working linear polarized signals (vertical or horizontal) with a circularly polarized antenna, but it is quite acceptable. Commercial broadcast antennas often use this very technique to accommodate both mobile (vertical) as well as home antennas (horizontal).

After experimenting ham style with square loops and tall versus thin rectangular ones, and the small size difference between the two loops as well as the amount of twist, it has been concluded that the QFH is a dimensionally tolerant design. The performance changed little with all these variations.

The antenna shown in Figure 17.18 is described in the complete construction article by John Portune, W6NBC, included with the online material along with another QFH construction article by Eugene Ruperto, W3KH.

17.2.6 Helical Antennas

The axial-mode helical antenna was introduced by Dr John Kraus, W8JK, in the 1940s. Figures 17.21 and 17.22 show examples of S-band (2400 MHz), V-band (145 MHz), and U-band (435 MHz) helical antennas, all constructed by KD1K for satellite service. (See the VHF, UHF, and Microwave Antennas chapter for design and construction information on the helix antenna.)
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This antenna has two characteristics that make it especially interesting and useful in many applications. First, the helix is circularly polarized with a fixed polarization sense determined by its configuration. The polarization rotates about the axis of the antenna.

The second interesting property of the helical antenna is its predictable pattern, gain and impedance characteristics over a wide frequency range. This is one of the few antennas with both broad bandwidth and high gain. The benefit of this property is that, when used for narrowband applications, the helical antenna is very forgiving of mechanical inaccuracies.

Figure 17.23 shows the modeled gain of 5-, 10-, and 15-turn helix antennas with varying circumferences in terms of wavelength. (See the Bibliography entry for Cebik.) The ground plane is a wire grid, 1.2 λ on a side and 1 λ above average ground. The wire used for the helix is 2 mm in diameter.
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The peak gain of the helices is about 11.7, 13.0, and 14.2 dBi for the 5, 10 and 15-turn antennas, respectively. Note that the gain increases almost linearly with the increase in the number of turns. This is an important fact to keep in mind when comparing axial-mode helices with alternatives to them as circularly (or nearly circularly) polarized antennas.

An axial-mode helical antenna rarely yields perfect circular polarization. Instead, it yields elliptical polarization, with a major and a minor axis and a tilt angle. The antennas approach perfect circularity most closely along the axis of the helix. The modeled antennas here improve their circularity with increased length. More pertinent to amateur use is the fact that an axial-mode helix does not produce a perfect single-lobe pattern. Figure 17.24 shows the total field patterns of the 5, 10 and 15 turn helices over an elevated ground screen. In each case, we can see a considerable collection of side lobes. Each model uses the circumference that produces the best gain, but that circumference does not yield the lowest level of side lobes. Reducing the circumference produces lower gain (from 1 to 2 dB, depending upon the length of the helix), but results in a cleaner pattern. Circumferences below about 0.85 λ rarely have any sidelobes at all through the 15-turn design shown here.
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As well, there are remnants of opposite direction polarization within the total field of the axial-mode helix. Figure 17.25 shows the dominant right-hand polarized component of a 15-turn helix over a ground-screen elevated above average ground. The left-hand component is down by 25 dB, with some of the lower lobes being composed mainly of left-hand components. All of these facets of axial-mode helix performance have a bearing on the sensitivity of such antennas to off-axis signals, whether at high or low angles relative to the axis that marks the centerline of the helix. How much side lobe and oppositely polarized lobe suppression is enough, of course, you must determine based on your application and your local circumstances. Given the low signal levels associated with space communication, reducing off-axis noise is an important consideration in selecting and designing antennas.
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Portable Helix for 435 MHz

Helical antennas for 435 MHz are excellent uplinks for U-band satellite communications. The true circular polarization afforded by the helix minimizes signal spin fading that is so common in these applications. The antenna shown in Figure 17.26 fills the need for an effective portable uplink antenna for OSCAR operation. Speedy assembly and disassembly and light weight are among the benefits of this array. This antenna was originally designed by WØCY.
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Although the helix is about the most tolerant of any antenna in terms of dimensions, the dimensions given here should be followed as closely as possible. Most of the materials specified are available in any well supplied do-it-yourself hardware or building supply store.

The portable helix consists of eight turns of 1⁄4-inch soft-copper tubing spaced around a 1-inch fiberglass tube or maple dowel rod 4 feet, 7 inches long. Surplus solid aluminum shield hardline can be used instead of the copper tubing if necessary. The turns of the helix are supported by 5-inch lengths of 1⁄4-inch maple dowel mounted through the 1-inch rod in the center of the antenna. For further details, a complete parts list, and construction information see the online material.

Helix Array for L Band (23 cm)

A four-element array of 27-turn helixes is described in the presentation “L Band Helix Antenna Array” by Clare Fowler, VE3NPC, provided with the online material. While originally designed for use with HEO satellites, the array is also suitable for EME operation, particularly using digital modes. Each antenna has a calculated gain of 19 dBi and the array has an estimated actual gain of 23 dB.

17.3 Yagi Arrays

The Yagis in this section are typical of the high-performance designs used for terrestrial communications. For satellite or EME operation, they are often combined into arrays of 2, 4, 8 or even more antennas with both azimuth and elevation position control. Designs of such Yagis can be found in the VHF and UHF Antenna Systems chapter or commercial models are available.

17.3.1 Arrays For Satellites

It is not necessary to use a high-gain Yagi array to access an LEO satellite except possibly when it is very near the horizon. Reliable operation via future HEO satellites, however, will require more gain and Yagi arrays are very popular from VHF through 1.2 and 2.4 GHz.

Figure 17.27 shows the satellite antennas at KD1K. The Yagi antennas are used for the U- and L-band uplinks and the V-band downlink, while the S-band dish antenna is for downlink. These satellite antennas are tower mounted at 63 feet (19 meters) to avoid pointing into the many nearby trees and suffering from the resulting “green attenuation.” Of course, satellite antennas do not always need to be mounted high on a tower if dense foliage is not a problem. If satellite antennas are mounted lower, feed line length and losses can be reduced.
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Another benefit, however, to tower mounting of satellite antennas is that they can be used for terrestrial ham communications and contests. The fact that the antennas are set up for circular polarization (CP) does not really degrade these other operating activities.

Experience has clearly shown the advantages of using RHCP antennas for both the uplink and downlink communications. The antennas shown in Figure 17.27 are a single-boom RHCP Yagi antenna for U band, a pair of closely spaced Yagi antennas phased for RHCP for L band (see Figure 17.18), and a helix-fed offset dish antenna for S band described below. The antenna gain requirements for U band can easily be met with the gain of a 30-element crossed Yagi. Antennas of this size have boom lengths of 4 to 4.5 wavelengths.

It is possible to build suitable Yagis for these bands from material that appears elsewhere in this book, but the dimensional tolerances may be challenging for most amateurs’ workshops. Most satellite operators choose instead to purchase antennas from commercial suppliers. M2 Antenna Systems (m2inc.com) for example, offers a broad line of high-performance CP Yagis for these bands.

U-band uplink requirements have clearly demonstrated the need for gain of 16 to 17 dBic RHCP, with an RF power of less than 50 W PEP at the antenna (≈ 2500 W PEP EIRP with a RHCP antenna) depending upon the squint angle. The squint angle is the angle at which the main axis of the satellite is pointed away from your antenna on the ground. If the squint angle is less than half of the half-power beamwidth, the ground station will be within the spacecraft antenna’s nominal beamwidth. dBic means the gain of a circularly polarized antenna with respect to that of an isotropic antenna with the same polarization characteristic.

A gain of 16 to 17 (dB isotropic-circular) RHCP can be obtained from a 30-element crossed Yagi — good news, considering that the satellite may be over 60,000 km (37,000 miles) from your station. Success on U-band uplinks is easier than those for L band at squint angles wider than 20°. At squint angles less than 10°, U-band uplink operation can even be done with 1-5 W power outputs to a RHCP antenna (≈ 200 W PEP EIRP with RHCP). These lower levels mean that smaller antennas can be used. In practice, these uplinks will produce downlink signals that are 10 to 15 dB above the noise floor, or S7 signals over an S3 noise floor. The beacon will give a downlink S9 signal for these same conditions.

Experience with L-band uplinks has demonstrated that 40 W PEP delivered to an antenna with a gain of ≈ 19 dBic (3000 W PEP EIRP with RHCP) is needed for operations at the highest altitudes and with squint angles ≈ 15°. The compact L-band antenna arrangement with two 22-element antennas in a RHCP array shown in Figure 17.18 is an example of such an antenna system.

Using an L-band uplink for HEO operations instead of the U-band uplink will allow the use of Yagi antennas that are more manageable since their size for a given gain is only one third of those for U-band. With L band there is a narrower difference between using a dish antenna and a Yagi, since a 21- to 22-dBic dish antenna would be only about 1.2 meters (4 feet) in diameter. However, some of us may not have such “real estate” available on our towers and may seek the lower wind-loading solution offered by Yagis. Long-boom rod-element Yagi, or loop-Yagi antennas are commercially offered by M2 Antenna Systems (m2inc.com) and Directive Systems (directivesystems.com) although this band is about the highest for practical Yagis. The example shown in Figure 17.18 is a pair of rod-element Yagi antennas from M2 in a CP arrangement with a gain of 18 to 19 dBic.

Other amateurs have successful HEO experience with different arrangements. Figure 17.28 shows a 4 × 23 element linear array for a 1270 MHz, a 1.2 meter solid dish for 2400 MHz, a 15 turn helical antenna for 435 MHz, and a 60 cm dish for 10,451 MHz This arrangement clearly shows the advantage and accessibility of having a roof-mounted antenna.
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17.3.2 Arrays For EME

Several types of antennas for 2 meters and 70 cm are popular among EME enthusiasts. Perhaps the most popular antenna for 144-MHz operation is an array of either 4 or 8 long-boom (14 to 15 dBi gain) Yagis. The 4-Yagi array provides approximately 20 dB gain, and an 8-Yagi array gives an approximate 3 dB increase over the 4-antenna array. Figure 17.29 shows the computed response at a 30° tilt above the horizon for a stack of four 14-element 2-meter Yagis, each with a boom length of 3.1 λ (22 feet). At 432 MHz, EME enthusiasts often use 8 or 16 long-boom Yagis in an array as seen in Figure 17.8 previously. However, recent advances in Yagi design as described in the VHF and UHF Antenna Systems chapter make smaller arrays of high-performance antennas a satisfactory alternative.
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Arrays of stacked Yagis are sensitive to conductors in the same plane as the antenna elements. For example, stacking a pair of horizontally-polarized Yagis can be one over the other or side-by-side. In the case of vertical stacking (which yields a narrow vertical pattern) as shown in Figure 17.30A, the mast can be metal and will have minimal impact on the stack performance. However, if the antennas are stacked horizontally (to create a narrower horizontal pattern) as shown in Figure 17.30B, a conductive crossboom will seriously degrade the array performance since the crossboom is in the same plane as the elements. A non-conductive crossboom strong enough to support the weight of the Yagis and the bending moment is acceptable but may be costly. One solution is to use a conductive metal crossboom and hang the antennas below the boom on short non-conductive masts, at least a half-wavelength long at the frequency of interest, as shown in Figure 17.30C.
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If the Yagis are mounted vertically, obviously the situation changes. Vertical stacking on a conductive metal mast will degrade performance, while mounting at the ends of a horizontal crossboom will work fine.

An array of four horizontally-polarized Yagis in an “H-frame” configuration as shown in Figure 17.31 can use metal construction for the crossboom and vertical risers since the crossboom is generally far enough away from the antenna elements as to minimize interaction and the vertical masts have no effect. The second crossboom shown as a dashed line may be needed as a strengthening element to prevent the lower crossboom from sagging.
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There are several choices for mounting cross-polarized Yagis in an H-frame configuration as shown in Figure 17.32. If the antennas are mounted with the elements in the vertical and horizontal directions (“+” configuration) the parts of the vertical masts closest to the antennas should be non-conductive. The remainder of the H-frame can be metal. If the Yagis are mounted with the elements tilted 45 degrees from horizontal/vertical (“X” configuration), the H-frame can be all-metal. The feed lines should be routed either off the back of each antenna and/or dressed away from the plane of the antenna elements at a 45-degree angle to minimize interaction – remember, the feed lines are made of conductive material!
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The main disadvantage of Yagi arrays is that the polarization plane of the individual Yagis cannot be conveniently changed. One way around this is to use cross-polarized Yagis and a relay switching system to select the desired polarization, as described in the previous section. This represents a considerable increase in system complexity to select the desired polarization. Some amateurs have gone so far as to build complicated mechanical systems to allow constant polarization adjustment of all the Yagis in a large array.

Polarization shift of EME signals at 144 MHz is fairly rapid, and the added complexity of a relay-controlled cross-polarized antenna system or a mechanical polarization adjustment scheme is probably not worth the effort. At 432 MHz, however, where the polarization shifts at a much slower rate, an adjustable polarization system does offer a definite advantage over a fixed one. An example of a 70 cm Yagi array with switchable-polarization is shown in Figure 17.33 and described in the article “EME with Adaptive Polarization at 432 MHz” by Joe Taylor, K1JT, and Justin Johnson, GØKSC (available with the online material).
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Figure 17.34A shows another option for switching antenna polarization. This arrangement maintains both polarizations for receiving but connects the two antennas together through λ/4 sections of 75-Ω coax when transmitting to create circular polarization to overcome fading due to Faraday rotation. The λ/4 sections transform the antenna impedances to 100 Ω, and when connected in parallel, back to 50 Ω. This arrangement assumes that the H and V antennas have a λ/4 delay either in the feed lines or in the mechanical construction of the array. The box shown in Figure 17.34B, built by DK5YA, uses relays with high enough isolation to eliminate the need for switching the LNA inputs to resistors as is sometimes done.
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An extreme example of a stacked Yagi array for EME work was built by DL7APV. It consists of 128 11-element Yagis for 432 MHz, stacked 8 high and 16 wide. Each Yagi driven element is a folded dipole fed with home-brew 200-Ω open wire line. Pairs of Yagis are connected in parallel for a 100-Ω impedance, then stepped up to 400 Ω with a 3λ/4 section of 200-Ω line. Each pair is connected in parallel with another pair of Yagis to yield an array of 4 Yagis with a 200-Ω impedance. This process repeats again and again, and the final step down to the 50-Ω coaxial feed line is accomplished with a 4:1 balun. The construction of the array, including the mount and positioning system, took 10 years.

The array delivers over 33 dB of gain with a horizontal –3 dB beamwidth of 1.8 degrees and vertical beamwidth of 3.8 degrees. This performance allows stations as small as 50 W and a dipole antenna to contact DL7APV on 70-centimeter EME using digital modes.

17.4 Parabolic Reflector (Dish) Antennas

Very few antennas evoke as much interest among UHF amateurs as the parabolic dish, and for good reason. First, the parabola and its cousins — Cassegrain, hog horn and Gregorian — are probably the ultimate in high-gain antennas. One of the highest-gain antennas in the world (148 dB) is a parabola. This is the 200-inch Mt. Palomar telescope. (The very short wavelength of light rays causes such a high gain to be realizable.)

Second, the efficiency of the parabola does not change as size increases. With Yagis and collinear arrays, the losses in the phasing harness increase as the array size increases. The corresponding component of the parabola is lossless air between the feed horn and the reflecting surface. If there are a few surface errors, the efficiency of the system stays constant regardless of antenna size. (See the VHF, UHF, and Microwave Antennas chapter for design and construction information on dish antennas.)

The major problems associated with parabolic dish antennas are mechanical ones. For example, a dish of about 16 feet in diameter is the minimum size required for successful analog EME operation on 432 MHz. With wind and ice loading, structures of this size place a real strain on the mounting and positioning system. Extremely rugged mounts are required for large dish antennas, especially when used in windy locations. Figure 17.35 shows the impressive 7-meter diameter dish built by David Wardley, ZL1BJQ. A smaller dish used for 1296 MHz operation is shown in Figure 17.36.
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For portable use, such as for DXpeditions and rare grids, Al Katz, K2UYH, designed the lightweight offset dish shown in Figure 17.37 for use on 1296 MHz. Its maximum dimension is 7.5 feet, and it breaks down into easily transported components. An article by K2UYH describing the design and construction of the dish is available in the online material
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Several aspects of parabolic dish antennas make the extra mechanical problems worth the trouble, however. For example, the dish antenna is inherently broadband, and may be used on several different amateur bands by simply changing the feed. An antenna that is suitable for 432 MHz work will most likely be usable on several of the higher amateur bands too. Increased gain is available as the frequency of operation is increased.

Another advantage of a dish is the flexibility of the feed system. The polarization of the feed, and therefore the polarization of the antenna, can be changed with little difficulty. It is a relatively easy matter to devise a system to rotate the feed remotely from the station to change polarization. Because polarization changes can account for as much as 30 dB of signal attenuation, the rotatable feed can make the difference between consistent communications and no communications at all.

17.4.1 Shf Eme Challenges For Dishes

The challenges met when successfully building a station for EME at 900 MHz to 5.7 GHz only become more significant on the SHF bands at 10 GHz and above. Absolute attention to detail is the primary requirement, and this extends to every aspect of the EME antenna system. The dish surface is probably the most difficult problem to solve. As was discussed earlier, shape and accuracy of the reflector contribute directly to the overall gain of the antenna.

But where slight errors in construction can be tolerated at the lower frequencies, the same cannot be said at millimeter wavelengths. Those who have attempted EME on 10 and 24 GHz have discovered that the weight of the dish reflector itself will distort its shape enough to lower the gain to the point where echoes are degraded. Stiffening structures at the back of such dishes are often found necessary.

Pointing accuracy is also paramount. A 16-foot dish at 10 GHz has a beamwidth about equal to the diameter of the Moon — 0.5 degrees. This means that the echo degradation due to the Moon’s movement away from where the dish is pointed is almost immediate, and auto-tracking systems become more of a necessity than a luxury. At these frequencies, most amateurs actually peak their antennas on moon noise — the black-body radiation from the Moon that becomes the dominant source of noise in space.

At these frequencies, the elevation of the Moon above the horizon also plays a role in the ability to communicate since tropospheric absorption due to water vapor is greatest at low elevation angles (the signal must pass through a greater portion of the troposphere than when the Moon is highly elevated). It is beyond the abilities of most amateurs to construct their own dishes for these frequencies, so surplus dishes for Ku-band (12 GHz) satellite TV (typically 3 meters in diameter) are usually employed, as are high-performance dishes designed for millimeter-wave radar and point-to-point communications at 23 and 38 GHz.

17.4.2 Dish Antennas For Satellites

Dish antennas are not required for satellite operation except in the case of HEO or geosynchronous satellites operating with microwave up or down-links. At lower frequencies, Yagi arrays are the more practical choice.

A 1.2-meter L-band dish antenna and 40 W of RF power (6100 W PEP EIRP with RHCP) can also provide a superb uplink for squint angles even up to 25 degrees. A dish antenna can have a practical gain of about 21 to 22 dBic. These uplinks will provide the user a downlink that is 10 to 18 dB above the transponder noise floor. In more practical terms, these are S7 to 8 signals over an S3 transponder noise floor, making for very comfortable “armchair” copy.

KD1K shows in Figure 17.38 what can be done with a 1.2 meter dish antenna kit for HEO operations. Figure 17.39 shows a WØLMD 8-foot TVRO dish with patch feed, az/el mount, a U-band Yagi, and an L-band helical antenna.
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Other hams have also taken advantage of surplus dishes. Figure 17.40 shows modified MMDS dishes, by K5GNA, and Figure 17.41, by K5OE, both using helix feeds.
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A spun-aluminum dish antenna works well for HEO satellites. The G3RUH-ON6UG 60 cm unit with its S-band patch feed is shown in Figure 17.42. With a gain of 21 dBi it provides a 2.5 dB sun noise signal.
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Parabolic dish antennas are usually considered as suitable only for fixed locations. The lightweight dish and circular polarity feed shown in Figure 17.43 was designed and built by W2HRO and Sub-Lunar.com. (See also the portable dish for 1296 MHz by K2UYH in Figure 17.37.) The dish uses flexible fiberglass ribs and a conductive fabric reflector. This dish is available in 6-foot (1.8 meter) and 8-foot (2.4 meter) versions, weighs less than 12 pounds, and folds up into a small 8 × 8 × 52 inch (approximately 20 cm × 20 cm × 132 cm) package. It is suitable for EME work on the 1296 MHz and the feed can be configured for RCHP transmit and LHCP receive.
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First Amateur Geosynchronous Satellite – QO-100
(This sidebar contains material from a May 2000 QEX article about QO-100 by Bill Dzruilla, NZ5N. The article explains and illustrates numerous other details of the complete system used to operate through QO-100. While the footprint of this satellite does not include North America, other geosynchronous satellites are being considered. Using them will require similar equipment. An additional article by GØMJW, PA3FYM, and MØEYT describes a dual-band dish feed. Both are included in the online material. – Ed.)
Qatar OSCAR 100, also called Es’hail-2, or just QO-100 for short, is the first ham satellite in geostationary orbit. The footprint includes all of Europe, Africa, and the Middle East and extends as far as Brazil, China, and Antarctica, but unfortunately does not include any part of the USA. QO-100 provides service to a third of the globe using a small, inexpensive station and antenna. QO-100 has both a narrow band transponder for SSB, CW, and digital modes and a wide band transponder for DATV.
The narrow band uplink is on 2.4 GHz and the downlink is from 10.4895 to 10.4900 GHz. All that is needed for those within the footprint to make SSB, CW, and digital QSOs via this transponder is 1) a 25 to 80 cm TV satellite dish with a low-noise block downconverter (LNB), and 2) to receive, a USB-dongle software defined receiver (SDR) plugged into a laptop or tablet, and 3) to transmit, a 2.4 GHz upconverter that provides 1 to 5 W output at the antenna.
Satellite dish antennas designed to receive TV broadcast channels in the 10 to 12 GHz band will receive QO-100. Since the satellite is in geostationary orbit, a rotator is not needed, as the dish stays pointed at the same spot at all times. We can also use the same TV LNB (Low Noise Block downconverter) that is mounted at the focal point of the dish. See Figure 17.A for a photograph of the dish, LNB, and homemade patch feed antenna.
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For greater stability, the LNB’s stock local oscillator can be replaced with a temperature compensated crystal oscillator (TCXO) or an oven controlled crystal oscillator (OCXO), but this may not be really necessary, since the SDR software can provide adequate frequency drift correction. The LNB typically has a local oscillator frequency of 9.75 GHz. Thus, to receive the QO-100 lower beacon at 10.4895 GHz, we need to connect the LNB to a receiver that is tuned to 739.5 MHz.
A dual-band satellite like QO-100 presents special challenges to the single-dish station. A traditional double feed would be bulky and reduce gain due to its size, blocking some of the signals. Mike Willis GØMJW, Remco den Besten, PA3FYM, and Paul Marsh, MØEYT, responded by designing a dual-band antenna feed that combines a patch antenna on 2.4 GHz and a waveguide feed on 10 GHz. Their article, “Simple dual band dish feed for Es’hail-2 / QO-100,” is included in the online material for this book.


17.5 Antenna Position Control

EME and satellite antennas have high gain and narrow main beams that must be properly aimed in two coordinates. Although polar mounts (one axis parallel to the Earth’s axis) have sometimes been used, by far the most popular mounting scheme today is the elevation-over-azimuth or az/el mount. Readily available computer software can provide azimuth and elevation coordinates for the Moon, and a small computer can also control antenna positioning motors to automate the whole pointing system.

For mechanical reasons it is desirable to place the antenna’s center of gravity close to the intersection of the vertical (azimuth) and horizontal (elevation) axes. On the other hand, the mounting structure must not interfere with critical active regions of the antenna. Stacked Yagis are generally mounted so that metallic supporting members are perpendicular to the radiating elements or located at midpoints where the effective apertures of separate Yagis meet. Feed lines and conducting support members must not lie in the active planes containing Yagi elements, unless they run wholly along the boom. For dual-polarization Yagis, feed lines should be routed toward the rear of each Yagi and any mid-boom support members must be nonconducting. For space communications there is nothing magical about using horizontal and vertical for the two orthogonal polarizations, and there are some advantages to mounting cross-Yagis with elements in the “X” rather than “+” orientation.

Parabolic dishes are usually mounted from behind, with counterweights extending rearward to relieve torque imbalance on the elevation axis. Jack-screw actuators designed for positioning TVRO dishes can be readily adapted for elevation control. Standard heavy-duty antenna rotators can be used for azimuth positioning of dishes up to about 3 meters in size. Larger dishes may require heavier, one-of-a-kind designs for pointing control.

17.5.1 Position Controllers

Operators through the years have employed many methods for the control of their antenna positions, ranging from true Armstrong manual positioning, to manual operation of the powered antenna azimuth and elevation rotators, to fully automated computer control of the rotators. While computer control of the rotators is not essential, operation is greatly eased with their use. (See also the section on Rotators in the chapter Building Antenna Systems and Towers.)

A standalone controller translates computer antenna-position information into controller commands with an understanding of antenna-position limits. Yaesu (yaesu.com) produces the GS-232 computer control interface that can be used for tracking with their G-5500 az/el rotator system. The ARS-USB controller in Figure 17.44 by EA4TX (ea4tx.com/en/tienda/antenna-rotator-system/ars) emulates a GS-232 control interface for use with az/el rotators compatible with the Yaesu protocols. A number of individual amateurs are using inexpensive microcontrollers to perform az/el position control and an online search for “satellite azimuth elevation control” will result in several useful links.
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Other options include the SPX-01 controller from the RF Ham Store (rfhamdesign.com/products/spx-antenna-rotators/spx-01-az--el/index.php) which includes both the rotators and aiming controller in both a low- and high-resolution version. Also see the section on the SatNOGS system later in this chapter.

Azimuth position control and readout for satellite and EME antennas is no different than what is needed for terrestrial operation. Feedback from the rotator to the controller/readout is usually provided by either a potentiometer or a magnet-operated reed switch inside the rotator. A newer option is the use of a magnetic azimuth sensor, such as the RGMS Magnetic Azimuth Sensor from 4O3A unit from 4O3A Signature. (4o3a.com/azimuth-magnetic-sensor) This device can be used with a variety of controller/readout options including the company’s Rotator Genius product and provides a direct readout of azimuth with no calibration required.

17.5.2 Elevation Control

Satellite antennas need to have elevation control to point up to the sky. This is the “el” part of az/el control of satellite antennas. Generally, elevation booms for CP satellite antennas need to be nonconducting so that the boom does not affect the radiation pattern of the antenna. One possibility that provides extra mounting strength is to make the center section a piece of heavy pipe (for greater strength) with fiberglass extensions for the antennas. For smaller installations, a continuous piece of fiberglass-epoxy boom can be placed directly through the elevation rotator.

Elevation boom motion needs to be powered and one solution by KD1K, shown in Figure 17.45, uses a surplus jackscrew drive mechanism. Note the method used to provide bearings for the elevation mechanism. The elevation axis is a piece of heavy-duty 1-1/2-inch pipe, (1-15/16-inch OD) and large 2-inch journal bearings are used for the motion. Jackscrew mechanisms usually operate on 24 V and usually include a magnet-reed-switch arrangement for position feedback.
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Another option for position feedback is an inclinometer. Various products intended for industrial applications are available and can be adapted to amateur antenna control by operators with some design skill. The Green Heron “GHE_Inclinometer” produces an analog voltage proportional to the elevation angle. This output is compatible with the Green Heron series of controllers and others. (greenheronengineering.com/product/model-ghe_inclinometer-inclinometer)

Robust commercial solutions for az/el rotators have given operators good service over the years. See Figure 17.46. Manufacturers such as Yaesu and M2 (m2inc.com) and AlfaSpid (alfaradio.ca) are among these suppliers.
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EME operators have begun using powerful and accurate dual axis slew drives (see Figure 17.47) to point their dishes and arrays. These slew drives are being manufactured in high volume for the solar power industry and prices have been declining. These slew drives move very slowly since they are designed to track the Sun and maximize efficiency of a solar panel, but 0.1 degree resolution pointing is achieved. These units can be easily controlled by devices such as the Green Heron RT-21.
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Don’t forget to provide a rotator loop of coax to allow your antenna to rotate properly in both planes and to allow water to drip off. Also, make sure you position the loop so that it doesn’t snag on anything as the antenna rotates throughout its range of motion.

17.5.3 Project: Wraps — A Portable Satellite Antenna Positioning System

This design was originally published as an article of the same name by Mark Spencer, WA8SME, in the January 2014 issue of QST. The full article is included with the online material and shows all construction details and references.

Design

WRAPS is a portable, battery operated satellite antenna rotator system using commercial, off-the-shelf (COTS) parts. It can be built using simple hand tools with a minimum of machine work. This rotator system should be an affordable alternative to the industry standard — the Yaesu G-5500 system — which is an excellent and proven rotator for base station operations. It is a limited-duty rotator intended for small handheld Arrow and Elk class satellite antennas, and can be used to receive Fox satellite signals.

The positioning system is powered by a 12 V battery such as a small sealed UPS battery. The cost of parts, including all the associated cabling and computer interfaces, is approximately one-quarter of that for the G-5500 system. This design includes a USB interface that works with SatPC32 and other satellite tracking software packages running the EASYCOM protocol. WRAPS is designed for lightweight antennas only, and is not intended to handle large antenna arrays. It is not weatherproof, nor designed for continuous unattended operation.

Figure 17.48 shows a block diagram of the WRAPS circuitry. The heart of the WRAPS circuit is a PIC microcontroller that:
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•Receives positioning commands from the satellite tracking program which runs on the personal computer (PC)

•Translates those commands into rotator positions (analog to digital converter values).

•Reads the current rotator positions and determines if a position change is required, and if so, in which direction.

•Commands the motors (“MOT” in the figure) to turn in the proper direction.

•Monitors the motors as they move.

•Stops the motors when they reach the commanded position.

•Waits for the next position update.

The motors are controlled through the individual H-bridge circuits using a pulse width modulation (PWM) produced by the PIC microcontroller to set the motor speed.

WRAPS makes use of precision parts manufactured for the robotics community. Figure 17.49 illustrates the elevation (el) part of the rotator. The el rotator uses a geared 0.5 rpm dc motor that provides excellent torque at an affordable price. Construction is similar to an “erector set” project. There are a couple of cutouts required in the aluminum channel chassis of the el rotator. These cuts are easy to make with a hand hacksaw, and the rough edges can be cleaned up with a metal file. Eleven holes must be drilled in the rotator chassis box along with some hacksaw, drill, and tap work on two metal brackets made from home improvement store aluminum stock supplies. Finally, a few PVC pipe fitting parts require some drilling. The az rotator is a 1 rpm motor mounted inside the rotator body enclosure along with the associated position potentiometer as seen in Figure 17.50.
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The azimuth and elevation rotator positions are determined by the wiper positions of wire-wound potentiometers that are connected to the motors by a pair of 36:50 ratio gears. Make the brackets for accurately mounting the potentiometers from circuit board material.

The microcontroller program is written in the C programming language. Position switches allow you to manually position the rotator motors. A calibration (CAL) button switch allows adjustments in the firmware if the system gets out of calibration. The rotator is set to 0 degrees az and 0 degrees el, press the CAL button, and that location is stored in the PIC microcontroller program. Then, set the rotator to 359 degrees az and 90 degrees el, press the CAL button to store the other stop position in the PIC program.

17.5.4 Satnogs

SatNOGS stands for Satellite Network Of Ground Stations (satnogs.org and wiki.satnogs.org) and is a project associated with the Libre Space Foundation (libre.space). SatNOGS stations are used to build an open-source global network of automated satellite ground stations to automate the process of collecting satellite telemetry data. All the information you need to build a SatNOGS system is available on the project website, including an online community of users for support and assistance with building and operating the station.

As part of the project, an azimuth-elevation position control system (i.e. – an az-el rotator) was developed that could be made of 3D-printed parts. (3D-printing design files are available on the SatNOGS website.) The control hardware is sufficiently strong to manage a circularly-polarized Yagi or helix antennas on the uplink and downlink band. The control software also supports commercial az-el rotators, such as the Yaesu G-5500.

The SatNOGS antenna system of Corey Shields, KB9JHU is shown in Figure 17.51A. Figure 17.51A shows the az-el rotator mounted on a small tripod designed for TV antennas. The antenna booms and element-to-boom clamps are also 3D-printed. Figure 17.51B shows the inside of the az-el rotator with the 3D-printed gears and other mechanical parts, along with the microprocessor controllers for the motors. A complete set of instructions for assembling the rotator showing all of the parts is available at satnogs.dozuki.com/Guide/SatNOGS+Rotator+v3+Mechanical+Assembly/7?lang=en.
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The SatNOGS ground station was primarily designed for receive-only telemetry collection but the system can also be used for two-way communication. If the satellite orbital elements are available, the SatNOGS system will automatically track the satellite while you operate. Building and maintaining a telemetry collection system would be an excellent club project, particularly at the secondary or university level.
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Chapter 18

VHF, UHF, and Microwave Antenna Systems

As for HF antenna systems, there are many items at VHF, UHF, and microwave frequencies that affect how the overall antenna system works. Techniques and devices or design elements that apply to operating at VHF and above are dealt with in greater detail here.

It is recommended that you begin by reading the System Design Basics section of the HF Antenna System Design chapter since many of the issues discussed there apply equally at higher frequencies. Contest clubs, particularly VHF+ contest clubs, are another source of excellent information on antenna system design. You can find these clubs by using the ARRL’s Find-A-Club service at arrl.org/find-a-club.

The material has been collected from various ARRL publications, including other chapters of this book’s earlier editions. The QST column “Microwavelengths,” by Paul Wade, W1GHZ (w1ghz.org), is another source, covering many important microwave topics. Justin Johnson, GØKSC, updated the material on stacked antenna systems along with David Olean, K1WHS. Frank Donovan, W3LPL, contributed material on 6-meter beams.

18.1 Transmission Lines and Devices

Transmission line principles are covered in detail in the Transmission Lines chapter. As at HF, RF is carried principally via coaxial cables at VHF/UHF although parallel-wire transmission lines (window line or twin-lead) are used on the VHF and low UHF bands. Microstrip and other PC board transmission lines are increasingly common at UHF and above. At 10 GHz and higher frequencies, waveguide becomes feasible for amateur use. At VHF and higher frequencies, the primary consideration for transmission lines is loss, which increases dramatically with frequency.

While not in widespread use at VHF/UHF today, properly built parallel-wire line can operate with very low loss in VHF and UHF installations. A total line loss under 2 dB per 100 feet at 432 MHz can easily be obtained. A line made of #12 AWG wire, spaced 3⁄4 inch or more with Teflon spreaders and run essentially straight from antenna to station, can be better than anything but the most expensive coax. Such line can be home-made or purchased at a fraction of the cost of coaxial cables, with comparable loss characteristics. Careful attention must be paid to efficient impedance matching if the benefits of this system are to be realized. A similar system for 144 MHz can easily provide a line loss under 1 dB. (See the article “Feeding Open-Wire Line at VHF and UHF” in the online material.

Small coax such as RG-58 or RG-59 should never be used in VHF operation if the length of the run is more than a few feet. Lines of 1⁄2-inch diameter (RG-213 or RG-11) work fairly well at 50 MHz, and are acceptable for 144-MHz runs of 50 feet or less. These lines are somewhat better if they employ foam instead of solid dielectric material but still very lossy. Updated designs for low-loss flexible coax, such as Belden 9913 and the LMR-series and various equivalents, are better choices for longer run. Although designed for use in receive-only cable and satellite TV systems, RG-6 in its various shielding configurations is also useable at VHF and above but only at low power (100 W and lower) because of the lightweight conductors and use of F connectors.

Aluminum-jacket hardline coaxial cables with large inner conductors and foam insulation (dielectric) are well worth their cost. Another form of hardline known by its trade name of Heliax has a corrugated outer jacket. Some types of Heliax use foam dielectric, while others are air-insulated with the center conductor supported by a helical plastic strip.

Hardline can sometimes be obtained for free from local cable TV operators as “end runs” — pieces at the end of a roll. A common CATV cable is 1⁄2-inch OD 75-Ω hardline. Matched-line loss for this cable is about 1.0 dB/100 feet at 146 MHz and 2.0 dB/100 feet at 432 MHz. Also available from CATV companies is the 3⁄4-inch 75-Ω hardline, sometimes with a black self-healing hard plastic covering. This line has 0.8 dB of loss per 100 feet at 146 MHz, and 1.6 dB loss per 100 feet at 432 MHz. There will be small additional losses for either line if 75-to-50-Ω transformers are used at each end. The Transmission Line System Techniques chapter describes synchronous transmission line transformers for converting between 50- and 75-Ω lines on a single band. Hardline must not be bent too sharply, because it will kink.

Commercial connectors for hardline are more expensive than for flexible cable but provide reliable connections with full waterproofing. They are often available at very reasonable prices via online sites including adapters to UHF and other connector types. Enterprising amateurs have homebrewed low-cost connectors. If they are properly waterproofed, connectors and hardline can last almost indefinitely. See the Transmission Lines chapter for details on hardline connectors.

Beware of any “bargains” in coax for VHF or UHF use. Feed line loss can be compensated to some extent by increasing transmitter power, but once lost, a weak signal can never be recovered in the receiver.

Effects of weather on transmission lines should not be ignored. Well-constructed open-wire line works optimally in nearly any weather, and it stands up well. The best grades of coax are completely impervious to weather — they can be run underground, fastened to metal towers without insulation and bent into any convenient position with no adverse effects on performance.

18.1.1 PC Transmission Lines

PC board material can be used to create a transmission line. There are several variations in which the PC trace forms one of the conductors and ground plane layers form the other. These are summarized in Figure 18.1, where εr is the dielectric constant of the PC board material. (FR4 fire retardant glass-epoxy is the most common material at and above VHF.)
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Microstrip (Figure 18.1A) is the most common of the PC transmission lines, consisting of an isolated trace above a ground plane.

Stripline (Figure 18.1B) is also common in multilayer boards with the PC trace embedded in the PC board material and centered between two ground plane layers.

Offset stripline (not shown) is a variation of stripline in which the PC trace is not centered between the ground plane layers.

Coplanar waveguide (Figure 18.1C) is feasible at microwave frequencies.

In microstrip and stripline the RF energy is mostly (but not completely) confined to the region between the large surface of the PC trace and the ground plane. Current is spread across the surface of the PC trace at a depth determined by the skin effect. (See the ARRL Handbook for more information on skin effect.)

In contrast, the RF energy in coplanar waveguide is contained between the edges of the PC trace and the edges of the adjacent ground plane. The middle surfaces of the PC trace carry little, if any, current. This increases resistive losses because the current is concentrated in a smaller region but the waves travel mostly in air and so have lower losses. This becomes an important tradeoff at microwave frequencies.

Since most designs work with 50-Ω impedances, combinations of common copper foil thicknesses, trace widths, and board layer thicknesses have been calculated to produce 50 Ω. Several are shown in Table 18.1. For the interested reader, see Wadell’s book that is listed in the Reference section of this chapter. The free program AppCAD (hp.woodshot.com) can handle many PC transmission line design calculations, along with S parameters and balun calculations.
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With high-volume commercial and consumer electronics operating at microwave frequencies, connectors for PC transmission lines have become widely available. See the Transmission Line chapter’s table of connector styles for possible candidates. These small connectors cannot handle a lot of power but are adequate for receiving and low-power transmitting applications. Adaptors and adaptor cables are available to convert these connectors to the more common SMA, UHF, BNC, N, and other styles used by amateurs.

18.1.2 Microwave Switches and Relays

Unless a transmitter’s power is very low, we must protect the receiver from the transmitter. If we can keep the leakage power reaching the receiver front end to a maximum of perhaps 1 mW (0 dBm), it should be safe as long as the receiver amplifier is not powered. Otherwise, the preamplifier could be damaged or could amplify the leakage enough to damage the next stage or mixer.

One way to protect the receiver front end from the transmitted signal is to use separate antennas, far enough apart to attenuate the transmit signal. This could also enable full-duplex operation if so desired, perhaps for a data or repeater link. We must also take care that the antennas are never pointed directly at each other — a precaution we must also take when multiple operators converge on a portable location, or when we operate on multiple bands with separate antennas for different bands.

For higher-performance stations, an RF switch is needed. At HF and VHF, ordinary relays are often adequate for modest powers levels, but they are unsatisfactory for microwaves. Coaxial relays for microwave operation are designed to have low VSWR and good isolation, often shorting out the unconnected terminal to improve isolation. As frequency increases, isolation usually decreases and VSWR gets worse, so each relay has a maximum useful frequency.

Good microwave switches and relays are expensive, but common as surplus items. Figure 18.2 shows a good selection of surplus coaxial relays; generally, the larger ones are suitable for higher power levels while the smaller ones often work up to 10 GHz. A few coaxial relays will work up to 24 GHz.
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An unused relay is preferred, since some used ones are less reliable — one contact may not make a consistent low-resistance connection. If a relay is used or specifications cannot be located, some testing with a power meter will show whether it makes reliable contact and has adequate isolation.

Many surplus relays operate with a coil voltage in the 24 to 28 V range. If only 12 V is applied to the coil, some will exhibit an audible “click” but only operate partway, not completing the switching operation to make contact. Higher voltage is needed to operate reliably. Circuits and kits are available to enable relay operation from a 12 V battery for portable operation. An alternative is to rewind the relay coil to operate from 12 V directly. (The article “Rewinding Relays for 12 V Operation” is available in the online material.)

For a 1 W transmitter (+30 dBm), at least 30 dB of isolation is needed to keep the leakage under 0 dBm; for 10 W (+40 dBm), 40 dB isolation is required. At 10 GHz, few stations run much higher power and small SMA relays can’t handle much higher power. The alternative is a waveguide switch.

Waveguide Switches

Waveguide switches contain curved sections of waveguide that are moved to connect different ports; most are symmetrical with four ports — the fourth terminates the disconnected transmitter or receiver. Isolation is usually very good, but not perfect, especially at high powers. Waveguide switches like those in Figure 18.3 are used at 10 GHz and higher bands. The largest one is for WR-187, covering 3.95 to 5.85 GHz with cutoff at 3.16 GHz, so it might work at 3456 as well as 5760 MHz. These lower frequency switches are large, heavy and probably unnecessary except at very high power levels.
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A caution about power handling: The coaxial relays have delicate gold contacts, which are easily damaged by “hot-switching” — switching while RF power is present. Even 1 W can quickly damage the small relays. Waveguide switches can also be damaged by hot-switching. Use a sequencer to make sure that the relay or switch operates and the preamp power is off before transmit power output is enabled.

Transfer Switches

The transfer switch in Figures 18.4 and 18.5 allow you to connect a load a termination to both transmitter and receiver so that neither is left open or shorted, except during the instant of switching. The action can be visualized by thinking of the switch as a bridge rectifier. Actuation of the blade pairs forms conducting paths in similar manner to the conduction states of a bridge during alternate half-cycles of ac. Figure 18.4 shows the Dow-Key 412-series as an example of this switch.
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The isolation in a transfer switch is, by necessity, 6 dB less than in the corresponding 402-series switch (both types of switches are common as surplus and used equipment), since there are two leakage paths rather than one. But you would have to use solid-shield cable for the leak to be noticeable. Figure 18.5 shows some typical applications of a transfer switch. Transfer switches are also useful for inserting phasing line delay cables in a system as a means of controlling the pattern of multiple-Yagi systems. Such techniques are useable on 50 MHz and even higher frequencies for added versatility to eliminate ground noise problems and raise the elevation pattern for close-in forward scatter work or pattern steering for horizon EME work.

18.1.3 Circulators and Isolators

The RF switch protects the receiver, but what protects the transmitter? Microwave power amplifier devices are less forgiving than the tubes in an HF amplifier, and more expensive. High VSWR is the usual culprit for failures. There might be a problem with the feed line, or forgetting to connect the antenna at a portable setup.

One solution is a microwave device called a circulator, which can prevent reflected power from getting back to the transmitter. A typical circulator, like the round one on the left in Figure 18.6, has three ports and a circular arrow on the side; power only flows in the direction of the arrow. Power from the transmitter goes in to Port “T” and comes out Port “A,” going to the antenna. Reflected power comes back into Port “A” and comes out Port “R.” If Port “R” is terminated in a 50 Ω load, then all the reflected power is absorbed and none flows back to Port “T,” so the transmitter is always happy. More commonly, the ports are numbered 1, 2, 3, with power flowing in that order. An isolator is a circulator with an integral load on the third port, so only two connectors are available, input (1) and output (2).
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A circulator contains disks of a special ferrite material with strong magnets on each side, so that the ferrite is in a strong magnetic field. Figure 18.6 shows an open unit on the right; a stripline transmission line between the disks connects the three ports. According to Pozar (see the References and Bibliography), the ferrite disks form a resonant cavity. The magnetic field creates two resonant modes, which add at the adjacent port in one direction and cancel in the other direction. Also described are waveguide isolators, which operate somewhat differently.

Although a circulator is resonant, most are fairly broadband, with usable performance over a frequency range of an octave or more. Some isolators and circulators are shown in Figure 18.7; smaller ones are for higher frequencies, as one would expect if they are resonant devices. Typical performance would be greater than 20 dB of isolation with less than 1 dB of insertion loss and VSWR less than 1.3 over the operating range. Some amateurs have experimented with additional small magnets to adjust performance; the operating frequency range does not change, but isolation and loss can be optimized for an amateur band within the operating range. Since they are magnetic devices, they should be kept away from other magnets and from iron or steel — use brass or stainless screws for mounting.
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The power-handling capability of an isolator is usually limited by the size of the internal load, while a circulator may have a larger external load. If the isolator is protecting an amplifier, a temperature sensor attached to the load could be used to warn of excessive reflected power and shut down the transmitter before anything is damaged.

Isolators and circulators have other important uses. Since they provide a good termination not only at the operating frequency but also at low frequencies where amplifying devices may have excessive potential gain, they help to maintain stability if placed between stages, or ahead of potentially unstable preamps. Circulators may also be used to separate signals going in different directions, for instance, using a common mixer for both transmit and receive.

These devices can also be fairly expensive, but are common as surplus. Units with unknown specifications can be very cheap — comparing sizes with known units can help to guess the frequency range. Many surplus assemblies contain isolators that can be salvaged — good isolators have been found in otherwise useless and unwanted microwave assemblies.

18.1.4 Power Dividers

Power dividers are used on the VHF bands in place of coaxial synchronous transmission line transformers whenever high performance and low loss are required. (See the Transmission Line Systems Techniques chapter.)

The advantage of using power dividers becomes evident on the higher VHF and UHF bands since all of the impedance transformation is done within the power divider and not along the entire length of a coaxial matching transformer. The high VSWR within a coaxial feed line matching section will result in increased loss.

A power divider performs the transformation over a single quarter wavelength in a low-loss, air dielectric structure. The rest of the system thus remains matched at 50 Ω and losses remain low. This technique lowers system losses when compared to coaxial cable matching systems and provides a wider bandwidth compared to multiple quarter wavelengths of conventional coaxial cable techniques. The power dividers shown here use the same principles in a more compact package that is suitable to VHF and microwave use alike.

Power dividers are most often used in place of coaxial synchronous transmission line transformers on the 432 MHz and higher frequency bands. (See the Transmission Line System Techniques chapter.) The power dividers shown here use the same principles but in a compact package more suitable to UHF and microwave use.

PROJECT: Coaxial Power Dividers

These dividers are built from 1-inch OD square tubing.Type-N receptacles fit on the outside perfectly. Brass or aluminum are good for the sleeve, but copper should be used for the center conductor. Silver coating the center conductor isn’t necessary, perhaps saving 0.1 dB on 23 cm. Plastic plugs can be used for the open ends of the divider, but a ventilation hole should be provided to keep water from condensation from accumulating.

The characteristic impedance of a coaxial line with square outer conductor is
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where

D = inner width of the outer sleeve

d = the OD of the inner conductor

Assuming D is 7⁄8 inch, a 35.4-Ω section transforming 50 Ω to 25 Ω would have a ½-inch-OD inner conductor.

For higher transformation ratios (4, 6 and 8-way dividers), λ/2 T sections should be used because of the greater bandwidth (and because one cannot put six connectors around a four-side coaxial line). The six-way transformer uses a 40.8-Ω line to match three 50-Ω ports in parallel to 100 Ω on either side of the center connector. If D is again 7⁄8 inch, the center conductor for the six-way unit is 7⁄16-inch OD.

For other configurations, see Figure 18.8. The length of the inner conductor must be exactly λ/4 or λ/2 end-to-end; the same goes for the center-to-center spacing of the connectors. Make the sleeve long enough to receive the end plugs. It should be noted that if wideband performance is not a must, dividers can be used in the third-harmonic mode. A 70-cm T divider, suspended in the radiator plane of four or six 23-cm Yagis will make an excellent feed with very short coaxial lines.
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Designs for 144, 220, and 903 MHz are available at home.teleport.com/~oldaker/power_dividers.htm. A 50 Ω quarter-wave, four-port power splitter design is also available on the web page. A coaxial power splitter design for 50 MHz is shown in Figure 18.9. A complete depiction of how to build it is given by G3WOS at gare.co.uk/6m_antenna.
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Wilkinson Dividers

Three forms of the Wilkinson combiner/divider are shown in Figure 18.10. These circuits work as dividers or combiners. The combiner form (signal flow left to right) is shown here. The circuits in Figure 18.10A and B include a transformer as part of the network. This has the advantage that, so long as there is a good, low-SWR match on the output port, there is excellent isolation between the two input ports. The insertion loss is nominally 3 dB.
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The traditional Wilkinson combiner has a 2:1 ratio of input to output impedance. The variation in Figure 18.10B uses a transformer with a turns ratio (2:1 impedance ratio) to obtain 50 W on all ports.

The transmission line version in Figure 18.10C replaces the transformer with a pair of λ/4 transmission line transformers to divide the input signal between the pair of output ports. All three ports must have the same impedance, Z0. A resistor between the output ports with a value of 2Z0 reduces loss and increases isolation. The λ/4 sections must have a characteristic impedance of
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Since most amateur equipment and loads have an input of 50 Ω, using RG-59 or RG-11 with an impedance of 75 Ω will result in acceptable performance. If isolation between the output ports is not required and a 35-Ω transmission line can be constructed, the divider in Figure 18.10D can be used. Two sections of 75 Ω RG-11 or hardline can be used if a slight mismatch is acceptable.

18.2 Impedance Matching and Baluns

Impedance matching is covered in detail in the Transmission Line System Techniques chapter. While advances in modeling have resulted in more designs featuring 50-Ω feed point impedances for direct connection of coaxial feed lines, impedance matching is still an important technique in antenna system design. The various technical aspects of impedance matching are similar at HF and above 50 MHz but the electrical size of the various components can be a primary factor in the choice of methods. Only the matching devices used in practical construction examples later in this chapter are discussed in detail here. This should not rule out consideration of other methods, however.

Impedance matching at the antenna takes on more importance at VHF and UHF because of feed line loss. At HF, the moderate additional feed line loss caused by an impedance mismatch at the antenna can be tolerated and the impedance matched to 50 Ω at the transmitter with an antenna tuner. At VHF and above, with feed line loss much higher, even moderate SWR can result in unacceptable additional losses. Thus, impedance matching is usually done at the antenna so that the minimum matched-line loss is obtained. For that reason, antenna tuners are not usually employed on the bands above 50 MHz.

18.2.1 Universal Stub

As its name universal stub implies, the double-adjustment stub of Figure 18.11A is useful for many matching purposes. The stub length is varied to resonate the system and the transmission line attachment point is varied until the transmission line and stub impedances are equal. In practice this involves moving both the sliding short and the point of line connection for zero reflected power, as indicated on an SWR bridge connected in the line.
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The universal stub allows for tuning out any small reactance present in the driven part of the system. It permits matching the antenna to the line without knowledge of the actual impedances involved. The position of the short yielding the best match gives some indication of the amount of reactance present. With little or no reactive component to be tuned out, the stub must be approximately λ/2 from the load toward the short.

The stub should be made of stiff bare wire or rod, spaced no more than 1⁄20 λ apart. Preferably it should be mounted rigidly, on insulators. Once the position of the short is determined, the center of the short can be grounded, if desired, and the portion of the stub no longer needed can be removed.

It is not necessary that the stub be connected directly to the driven element. It can be made part of a parallel-wire line as a device to match coaxial cable to the line. The stub can be connected to the lower end of a delta match or placed at the feed point of a phased array. Examples of these uses are given later.

18.2.2 Delta Match

Probably the most basic impedance matching device is the delta match, fanned ends of a parallel-wire line tapped onto a λ/2 antenna at the point of the best impedance match. This is shown in Figure 18.11B. Both the side length and the points of connection either side of the center of the element must be adjusted for minimum reflected power on the line, but as with the universal stub, you needn’t know the impedances. The delta match makes no provision for tuning out reactance, so the universal stub is often used as a termination for it.

At one time, the delta match was thought to be inferior for VHF applications because of its tendency to radiate if improperly adjusted. The delta has come back into favor now that accurate methods are available for measuring the effects of matching. It is very handy for phasing multiple-bay arrays with open-wire lines, and its dimensions in this use are not particularly critical. It should be checked out carefully in applications like that of Figure 18.11C, where no tuning device is used.

18.2.3 Gamma and T Matches

An application of the same principle allowing direct connection of coax is the gamma match, Figure 18.11D. Because center of a λ/2 dipole is at an RF voltage neutral point, the outer conductor of the coax is connected to the element at this point. This may also be the junction with a metallic or wooden boom. The inner conductor, carrying the RF current, is tapped out on the element at the matching point. Inductance of the arm is tuned out by means of C1, resulting in electrical balance. Both the point of contact with the element and the setting of the capacitor are adjusted for zero reflected power, with a bridge connected in the coaxial line.

The capacitance can be varied until the required value is found, and the variable capacitor replaced with a fixed unit of that value. C1 can be mounted in a waterproof box. The maximum required value should be about 100 pF for 50 MHz and 35 to 50 pF for 144 MHz.

The capacitor and arm can be combined in one coaxial assembly, with the arm connected to the driven element by means of a sliding clamp and the inner end of the arm sliding inside a sleeve connected to the center conductor of the coax. An assembly of this type can be constructed from concentric pieces of tubing, insulated by a plastic or heat-shrink sleeve. RF voltage across the capacitor is low when the match is adjusted properly, so with a good dielectric, insulation presents no great problem. The initial adjustment should be made with low power. A clean, permanent high-conductivity bond between arm and element is important, since the RF current is high at this point.

Because it is inherently somewhat unbalanced, the gamma match can sometimes introduce pattern distortion particularly on long-boom highly directive Yagi arrays. This effect is more noticeable on higher frequencies and can be minimized by reducing the size of the gamma match hardware as much as possible. At 50 MHz, pattern distortion is typically negligible, whereas a 70 cm Yagi will show significant pattern distortion.

The T Match, essentially two back-to-back gamma matches, one driving each side of the driven element, create a balanced feed system and has become popular for this reason. A coaxial balun (see the following section on baluns) is used to convert the 200 Ω balanced T-match to the unbalanced 50 Ω coaxial feed line. The K1FO Yagi designs (included in the online material) all utilize T match feed systems as examples of practical applications.

18.2.4 Folded Dipole

As described in the Dipoles and Monopoles chapter, if a single conductor of uniform size is folded to make a λ/2 dipole as shown in Figure 18.11E, the impedance is stepped up four times. Such a folded dipole can be fed directly with 300-Ω line with no appreciable mismatch. If a 4:1 balun is used, the antenna can be fed with 75-Ω coaxial cable. Higher step-up impedance transformation can be obtained if the unbroken portion is made larger in cross-section than the fed portion, as shown in Figure 18.11F.

18.2.5 Beta or Hairpin Match

The feed point resistance of most multielement Yagi  arrays is less than 50 Ω. If the driven element is split and fed at the center, it may be shortened from its resonant length to add capacitive reactance at the feed point. Then, shunting the feed point with a wire loop resembling a hairpin causes a step-up of the feed point resistance. The beta or hairpin match is described in the VHF, UHF, and Microwave Antennas.

18.2.6 Baluns at and Above VHF

Baluns, circuits, and transmission line structures that transfer power while isolating balanced and unbalanced systems are discussed in the Transmission Line Baluns and Matching Devices section of the Transmission Line System Techniques chapter. Because of the high importance of pattern control to minimize unwanted noise pickup on the feed line, chokes and choke baluns are used to decouple the outer surface of the feed line. At VHF, both coaxial and ferrite baluns and chokes are used. Coiled-coax chokes are effective at 50 and 144 MHz. At UHF and higher frequencies, coaxial sleeve-type baluns are preferred.

Ferrite bead choke or current baluns become less attractive at VHF and higher frequencies due to the properties of the ferrite material. However, bead-type choke baluns using type #43 and #61 material can be effective at 50 MHz and even 144 MHz.

Examples of 1:1 coaxial choke baluns with no impedance transformation are shown in Figure 18.12. The coaxial sleeve balun, open at the top and connected to the outer conductor of the line at the lower end (A) is the preferred type. At B, a conductor of approximately the same size as the line is used with the outer conductor to form a λ/4 stub. Another piece of coax, using only the outer conductor, will serve this purpose. This is known as a Pawsey stub or Pawsey balun and is widely used at UHF and higher frequencies. At microwave frequencies, sleeve and Pawsey baluns can be implemented on printed-circuit boards.
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An example of a balun made from coaxial cable is shown in Figure 18.13. This type of balun gives an impedance step-up of 4:1 (typically 50 to 200 Ω or 75 to 300 Ω). The looped portion must be an electrical λ/2 so this is a single-band device. Since the physical length depends on the velocity factor of the line, it is important to check the line’s electrical length using an analyzer (see the Antenna and Transmission Line Measurement chapter).
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18.3 6-Meter Yagi Height Selection

In a 2022 Dayton Hamvention Antenna Forum presentation discussing high-performance 6-meter Yagis, Frank Donovan, W3LPL, stresses the need to consider the expected types of propagation and local terrain when deciding on the height at which to install the antennas. The adage of “higher is better” does not always apply and can actually hurt station performance if the resulting elevation pattern misses angles at which the desired signals are likely to be received. (See the Radio Wave Propagation chapter for more information.) The presentation, “Selecting, Constructing, Operating and Maintaining High Performance 6 Meter Yagis” is available as a PDF at pvrc.org (an online search for the title will return the location of both the video and slides).

Single-hop sporadic E (Es) is by far the most common Es propagation mode. Distances covered are typically about 1,400 to 2,000 km (800 to 1,200 miles) and occasionally 800 to 2,400 km (500 to 1,500 miles). Double-hop Es propagation in which the signal makes two successive reflections from Es clouds typically covers 2,800 to 4,000 km (1,600 to 2,400 miles) and occasionally as little as 2,000 km (1,200 miles). Finally, above-the-MUF partial reflections called “chordal hops” directly between Es clouds before returning to the ground cover from 2000 km (1,200 miles) to 10,000+ km (6,000+ miles). Table 18.2 from data provided by K9LA summarizes these types of Es propagation.
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The preferred type of 6-meter beams for these modes of propagation are a 3- to 6- (or more) element horizontal Yagis. Figures 18.14A – D show elevation patterns for 5-element 6-meter Yagis at heights from 25 through 100 feet. Each has advantages and disadvantages:
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25 feet: A few dB poorer than 50 feet at lower angles but better at higher angles, more degraded by housing within 1000 feet, adequate height if higher is not possible

50 feet: An excellent height for almost all Es, subject to degradation by dense housing within 1000 feet

70 feet: 1 to 2 dB better for Es than at 50 feet, minor degradation by dense housing within 1000 feet, degraded by a deep null at 6 to 10 degrees

100 feet: too high for most Es propagation, unwanted deep null at 4 to 7 degrees, first lobe is very low-angle which is good for multi- and chordal-hop Es below 5 degrees

A height of 40 to 50 feet (2 to 21⁄2 l) is a good choice for consistent performance. Higher antennas at 70 feet or more are appropriate for the instances of extremely low angle “DX” propagation. This height will be more useful as true F2 propagation occurs at the peak of a solar cycle. Heights below 70 feet are also subject to increasing degradation of the elevation pattern by small buildings and dense forest within 1,000 feet. (See the discussion of Fresnel Zones in the HF Antenna Design chapter.)

It is important to remember that angle of arrival is determined primarily by the “last” reflection for multi-hop propagation and may vary above or below the ranges shown here. Different locations, proximity of water or mountains, and local terrain will all affect what is “best.” In addition, other modes such as TEP, hybrid Es-TEP, aurora, and tropo will have their own characteristics. Be prepared to experiment to see what works best. If practical, a pair of beams — one low and one high — with patterns that complement each other would make a good system. The antennas would not have to be stacked in the usual sense, just independently selectable for the best signal at the time.

Meteor scatter or MS is another popular 6-meter mode which occurs in the E region at similar heights to Es. It displays propagation at angles like those encountered in regular Es. Because of the short-term nature of MS, a narrow azimuth pattern may not be desirable because off-axis meteors may be missed. See the sidebar “Meteor Scatter: How Much Antenna is Too Much” in the VHF, UHF, and Microwave Antennas chapter.

18.4 Stacking Yagis

Where suitable provision can be made for supporting them, two Yagis mounted one above the other and fed in phase can provide better performance than one long Yagi with the same theoretical or measured gain and their wider azimuth (Az) coverage can provide excellent results. The pair occupies a much smaller turning space for the same gain, and their wider elevation (El) coverage can provide excellent results.

The additional gain produced by the stack results from compression of the elevation plane lobes. Very high-angle and down-facing lobes (that could otherwise pick up unwanted man-made noise) are reduced or removed which can be an advantage where noise sources below the antennas are present. Another advantage is the retention and sometimes slight extension of a single antenna’s Az beamwidth. Achieving up to 3 dB extra gain over the same or slightly wider beamwidth is why many serious DXers and contesters stack Yagis this way.

The wide Az coverage for a vertical stack often results in contacts that might be missed with a single narrow-beam long-boom Yagi pointed in a different direction. On long ionospheric paths, a stacked pair occasionally may show an apparent gain much greater than the measured 2 to 3 dB of stacking gain. Some of this apparent increase is due to reduced fading effects from multiple Yagis. (See also the extensive section on stacking Yagis in the HF Antenna System Design chapter.)

It should be reinforced that vertical stacking of horizontally polarized Yagis (H-plane stacking) does not narrow the Az beamwidth, only the El beamwidth. Horizontal stacking of the same antennas (E-plane stacking) narrows the Az beamwidth but not the El beamwidth. To narrow both beamwidths, stacking is required in both the E- and H-planes, usually implemented as a four-antenna “H-frame” array.

Optimum Stacking Distance

The fundamentals of Yagi stacking are laid out by Ian White, GM3SEK, in the VHF/UHF Long Yagi Workshop section of his website (ifwtech.co.uk/g3sek/index.htm). The goal is to separate the antennas just enough that their capture areas (or effective aperture) do not overlap. This allows each antenna to fully contribute to the overall performance without creating additional sidelobes. The capture area of the Yagi can be thought of as an ellipse centered on the elements of the antenna.

Assuming horizontally polarized Yagis, as stacking distance increases beyond optimum, the El pattern sidelobes will increase. This narrows the main lobe and more noise to be received from outside the main beam of the antenna. Stacking distances narrower than optimum (“under-stacking”) allow a tradeoff between less gain and smaller vertical sidelobes. The tradeoff of a small amount of gain in order to gain improvements in reduced noise may be worthwhile.

Optimum vertical spacing for Yagis with booms longer than 1 λ or more is about 1 λ (984/50.1 = 19.64 feet), but this may be too much for many builders of 50-MHz antennas to handle. Worthwhile results for 50-MHz stacks can be obtained with separation as small as 1⁄2 λ (10 feet), but 5⁄8 λ (12 feet) is markedly better. The difference between 12 and 20 feet, however, may not be worth the added structural problems involved in the wider spacing, at least at 50 MHz. The closer spacings give lower measured gain, but the antenna patterns are cleaner in both azimuth and elevation than with 1 λ spacing. Extra gain with wider spacings is usually the objective on 144 MHz and higher-frequency bands, where the structural problems are not as severe.

Yagis can also be stacked in the same plane (collinear elements) for sharper Az directivity. A spacing of 5/8 λ between the ends of the inner elements yields approximately the maximum gain within the main lobe of the array.

Modern, low noise Yagis exhibit different characteristics from more traditional designs. (The pattern of a low-noise Yagi minimizes minor lobes that would pick up local noise.) This can result in over-stacking at much smaller distances than would otherwise be expected. The result is a very clean main lobe with secondary lobes tight against the main lobe although less than 20 dB down. For this reason, while there are stacking formulas such as that developed by DL6WU below, it is good practice to model any proposed stack in software to ensure such lobes are not present.

DL6WU Stacking Formula

For antennas on the same band and assuming “long-boom” antennas, a formula developed by DL6WU gives excellent results that are close to optimum for traditional Yagi designs.

D = λ / (2 × sin (B/2))

where

D = the stacking distance

λ = the wavelength (D and λ will be in the same units)

B = the –3 dB beamwidth of the antenna.

For vertical stacking distance use the antenna’s El beamwidth and for horizontal stacking distance, use the Az beamwidth. (A calculator for the DL6WU formula is available online at dg7ybn.de/Stacking/6WU_online_calc.htm.)

The formula is approximate. For E-plane stacking (in the plane of the elements) the antennas should have a boom length greater than 0.7 λ and for H-plane stacking, a boom length greater than 2 λ. It is safest to restrict the formula’s use to Yagis of at least 2 λ boom length.

Feeding A Stack

If individual antennas of a stacked array are properly designed, they look like non-inductive resistors to the phasing system that connects them. The impedances involved can thus be treated the same as resistances in parallel.

The most popular method of feeding stacked Yagis is to use a power divider/splitter and 50 Ω coaxial lines of the same length. A power divider provides 50 Ω outputs (2, 3, 4, 6, 8, etc.) for one 50 Ω input. The advantage being that equal lengths of cable can be used to feed each antenna from the power divider. Thus, each cable is cut exactly to the required size which in turn reduces potential loss. This method of feeding is ideal when each Yagi has a direct 50 Ω feed point impedance. However, some older Yagi designs with folded dipoles and much higher impedances such as 300 Ω can be fed with parallel tuned feed lines.

Three sets of stacked dipoles are shown in Figure 18.15. Whether these are merely dipoles or the driven elements of Yagi arrays makes no difference for the purpose of these examples. Two 300 Ω antennas at A are 1 λ apart, resulting in a paralleled feed point impedance of 150 Ω at the center. (The actual impedance is slightly less than 150 Ω because of coupling between bays, but this can be neglected for illustrative purposes.) This value remains the same regardless of the impedance of the phasing line. Thus, any convenient line can be used for phasing, as long as the electrical length of each line is the same.

[image: ]

The velocity factor of the line must be taken into account as well. As with coax, this is subject to so much variation that it is important to make a resonance check on the actual line used. A 1⁄2 λ line is resonant both open and shorted, but the shorted condition (both ends) is usually the more convenient test condition. (See the Transmission Line System Techniques chapter for more about resonant sections of feed line and synchronous transformers or Q-sections.)

The impedance transforming property of a 1⁄4-λ line section can be used in combination matching and phasing lines, as shown in Figure 18.15B and C. At B, two bays spaced 1⁄2 λ apart are phased and matched by a 400-Ω line, acting as a double-Q section, so that a 300-Ω main transmission line is matched to two 300-Ω bays. The two halves of this phasing line could also be 3⁄4-λ or 5⁄4-λ long, if such lengths serve a useful mechanical purpose. (An example is the stacking of two Yagis where the desirable spacing is more than 1⁄2 λ.)

A double-Q section of coaxial line is illustrated in Figure 18.15C. This is useful for feeding stacked bays that were designed for 50-Ω feed. A spacing of 5⁄8 λ is useful for small Yagis, and this is the equivalent of a full electrical wavelength of solid-dielectric coax such as RG-11.

If one phasing line is electrically 1⁄4 λ and 3⁄4 λ on the other, the connection to one driven element should be reversed with respect to the other to keep the RF currents in the elements in phase — the gamma match is located on opposite sides of the driven elements in Figure 18.15C. If the number of 1⁄4 λ lengths is the same on either side of the feed point, the two connections should be in the same position, and not reversed. Practically speaking however, you can ensure proper phasing by using exactly equal lengths of line from the same roll of coax. This ensures that the velocity factor for each line is identical.

One marked advantage of coaxial phasing lines is that they can be wrapped around the vertical support, taped or grounded to it, or arranged in any way that is mechanically convenient. The spacing between bays can be set at the most desirable value, and the phasing lines placed anywhere necessary.

18.4.1 Stacking Yagis For Different Frequencies

In stacking horizontal Yagis one above the other on a single rotating support, certain considerations apply when the bays are for different bands. As a very general rule of thumb, the minimum desirable spacing is half the boom length of the higher frequency Yagi although computer modeling or manufacturer recommendations for equivalent antennas give better results.

For example, assume the stacked two-band array of Figure 18.16A is for 50 and 144 MHz. This vertical arrangement is commonly referred to as a “Christmas tree” because one of its shape. The 50 MHz Yagi has 5 elements on a 12-foot boom. It acts like a ground plane to the 8-element 144 MHz Yagi on a 12-foot boom directly above it.
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The exact Yagi designs for the examples used in this section are in this book’s online material. They may be evaluated as monoband Yagis using the YW (Yagi for Windows) program also supplied. In each case the bottom Yagi in the stack (at the top of the tower) is assumed to be 20 feet high.

Ideally, distances between antennas for 2 meters and 70 centimeters or 6 meters and 2 meters should be greater. In the two examples of Figure 18.16, the elements of the lower band antennas will conduct when the higher band is in use and this will distort pattern (best case) or create common-mode RF on the feed lines (worst case). Where 2-meter, 70-centimeter and 6-meter antennas are being stacked on the same mast, it is difficult to suggest a good combination and there is likely to be some trial and error for particular installation helped by careful modeling. One recommendation is to place 6 meters lowest, then 70 centimeters (which will not ‘see’ the 6-meter antenna in the same way as a 2-meter antenna), then separate 70 centimeters and 2 meters by the maximum distance possible with the 2-meter antenna on top to help minimize this issue.

The tables of antenna performance by VE7BQH (see the VHF, UHF, and Microwave Antennas chapter) also include recommend stacking distances. Comparable antennas can be used as approximations for a homebuilt or unlisted antenna. For antennas on different bands, separate the antennas by at least one-half the recommended stacking distance for the higher-frequency antenna.

SWR Change in a Multi-Frequency Stack

Modern computer modeling programs reveal that while the feed point SWR can indeed be affected from nearby lower-frequency antennas, by far the greatest degradation is in the forward gain and rearward pattern of the higher-frequency Yagi when the booms are closely spaced. In fact, the SWR curve is usually not affected enough to make it a good diagnostic indicator of interaction between the two Yagis.

Figure 18.17 shows an overlay of the SWR curves across the 2-meter band for four configurations: an 8-element 2-meter Yagi (802-12) by itself, and then over a 5-element 6-meter Yagi (506-12) with spacings between the booms of 1, 2, 4 and 6 feet. The SWR curves are similar — it would be difficult to see any difference between these configurations using typical amateur SWR indicators for anything but the very closest (1-foot) spacing. For example, the SWR curve for the 2-foot spacing case is virtually indistinguishable from that of the Yagi by itself, while the forward gain has dropped more than 0.6 dB because of interactions with the 6-meter Yagi below it.

[image: ]

In fact, SWR curves are usually not affected enough to make a good diagnostic indicator of interaction between Yagis. As a Yagi antenna is affected by other obstructions within its aperture, the first evidence of degradation is seen in the low-level lobe structure typically around 90 degrees off of the boresight heading. As the obstruction or interaction increases, then larger sidelobes are affected and you may start to see a slight drop off in forward gain, as more power gets concentrated in sidelobes. The typical SWR curves will not change to any great degree while this is going on.

VE7BQH Antenna Performance Tables
Similar to the Sherwood Engineering receiver performance tables (sherweng.com/table.html) that show dynamic range and other performance metrics for popular transceivers, Lionel Edwards, VE7BQH, has compiled the performance data of a large number of antennas for 50, 144, and 432 MHz. (a.k.a. – the VH List) The tables are maintained online at dxmaps.com/VE7BQH.html and are also available as downloadable spreadsheet files from bigskyspaces.com/w7gj/6mTable.htm.


Gain and Pattern Degradation Due to Stacking

Figure 18.18 shows four overlaid rectangular plots of the azimuth response from 0 to 180 degrees for the 8-element 2-meter Yagi described above, spaced 1, 2, 4, and 6 feet over a 5-element 6-meter beam. The rectangular presentation gives more detail than a polar plot. The most closely spaced configuration (with 1-foot spacing between the booms) shows the largest degradation in the forward gain, a drop of 1.7 dB. The worst-case front-to-rear ratio for the 6-foot spacing is 29.0 dB, while it is 36.4 dB for the 1-foot spacing — actually better than the F/R for the 8-element 2-meter Yagi by itself. Performance change due to the nearby presence of other Yagis can be enormously complicated (and sometimes unintuitive).
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What happens when a different kind of 6-meter Yagi is mounted below the 8-element 2-meter Yagi? Figure 18.19 compares the change in forward gain and the worst-case F/R performance as a function of spacing between the booms for two varieties of 6-meter Yagis: the 5-element design on a 12-foot boom (506-12) and a 7-element Yagi on a 22-foot boom (706-22). The spacing of “0 feet” represents the 8-element 2-meter Yagi when it is used alone, with no other antenna nearby. This sets the reference expectations for gain and F/R.
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The most severe degradation occurs for the 1-foot spacing, as you might imagine, for both the 12 and 22-foot boom lengths. Over the 5-element 6-meter Yagi, the 2-meter gain doesn’t recover to the reference level of the 8-element 2-meter beam by itself until the spacing is greater than 9 feet. However, the gain is within 0.25 dB of the reference level for spacings of 3 feet or more. Interestingly, the F/R is higher than that of the 2-meter antenna by itself for the 1, 2 and 5-foot spacings and for spacings greater than 11 feet. The 2-meter F/R in the presence of the 12-foot 5-element 6-meter Yagi remains above 20 dB for spacings beyond 1 feet.

Overall, the 2-meter beam performs reasonably well for spacings of 3 feet or more over the 5-element 6-meter Yagi. Put another way, the 2-meter beam’s performance is degraded only slightly for boom spacings greater than 3 feet. A spacing of 3 feet is less than the old rule of thumb that the minimum spacing between booms be greater than one-half the boom length of the higher-frequency Yagi, which in this case is 6 feet long.

For the 7-element 6-meter Yagi, the 2-meter gain recovers to the reference level for spacings beyond 7 feet, but the F/R is degraded below the reference level for all spacings shown in Figure 18.19. If we use a gain reduction criterion of less than 0.25 dB and a 20-dB F/R level as the minimum acceptable level, then the spacing must be 5 feet or more over the larger 6-meter Yagi. Again, this is less than the rule of thumb that the minimum spacing between booms be greater than one-half the boom length of the higher-frequency Yagi.

Now, let’s try a smaller setup of 2- and 6-meter Yagis stacked vertically in a Christmas-tree configuration to see if the rule of thumb for spacing the booms still holds. Figure 18.20 shows the performance curves versus boom spacing for a 5-element 2-meter Yagi (502-4) on a 4-foot boom stacked over a 3-element 6-meter Yagi on a 6-foot boom (306-6). Again, the 1-foot spacing produces a substantial gain reduction of about 1.3 dB compared to the reference gain when the 2-meter Yagi is used by itself. Beyond a boom spacing of 3 feet the 2-meter gain drops less than 0.25 dB from the reference level of the 2-meter Yagi by itself and the F/R remains above about 20 dB. In this example, the simple rule of thumb that the minimum spacing between booms be greater than half the boom length (half of 4 feet) of the higher-frequency Yagi does not hold up. However, the same minimum spacing of 3 feet we found for the larger 2-meter Yagi remains true. Three feet spacing is almost 0.5 λ between the booms at the higher frequency.
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Adding a 70-Centimeter Yagi to the Christmas Tree

Let’s get more ambitious and set up a larger VHF/UHF Christmas tree, with a 14-element 70-centimeter Yagi on a 9-foot boom (1470-9) at the top, mounted 5 feet over an 8-element 2-meter Yagi on a 12-foot boom (802-12). At the bottom of the stack (at the top of the tower) is either the 5-element 6-meter beam on a 12-foot boom (506-12), or a 7-element 6-meter beam on a 22-foot boom (706-22). See Figure 18.15C. As before, we will vary the spacing between the 70-centimeter Yagi and the 2-meter Yagi below it to assess the interactions that degrade the 70-centimeter performance.

Figure 18.21 compares the change in gain and F/R curves as a function of boom spacings between the 70-centimeter and 2-meter Yagis for the two different 6-meter Yagis (with a fixed distance of 5 feet between the 2-meter and 6-meter Yagis). In this example, the 70-centimeter Yagi was designed to be an intrinsic 50 Ω feed, where the F/R has been compromised to some extent. Still, the F/R is greater than 20 dB when the 70-centimeter Yagi is used by itself.
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For spacings greater than 4 feet between the 70-centimeter and 2-meter booms, the 70-centimeter gain is equal to or even slightly greater than that of the 70-centimeter antenna by itself. The increase of gain indicates that the elevation pattern of the 70-centimeter antenna is slightly compressed by the presence of the other Yagis below it. The F/R stays above at 19.5 dB for spacings greater than or equal to 4 feet. This falls just below our desired lower limit of 20 dB, but it is highly doubtful that anyone would notice this 0.5 dB drop in actual operation. A spacing of 4 feet between booms falls under the rule of thumb that the minimum spacing be at least half the boom length of the higher-frequency Yagi, which in this case is 9 feet.

What should be obvious in this discussion is that you should model the exact configuration you plan to build to avoid unnecessary performance degradation.

18.4.2 Stacking Same-Frequency Yagis

This subject has been examined in some detail in the HF Antenna System Design chapter. The same basic principles hold at VHF and UHF as they do on HF. That is, the gain increases gradually with increasing spacing between the booms, and then falls off gradually past a certain spacing distance.

At HF, it is important to avoid nulls in the antenna’s elevation response, covering all the angles needed for geographic areas of interest. At VHF/UHF, propagation is usually at low elevation angles for most propagation modes, and signals are often extremely weak. Thus, achieving maximum gain is a common design objective for a VHF/UHF stack.

However, if the antennas are installed in an environment with high noise levels, giving up some forward gain to reduce noise may also be effective. For example, it is possible for each 0.1 dB of gain reduction to result in 1.5 dB of noise reduction to the rear of the antenna. Thus, giving up 0.4 dB of gain could result in a full S-unit (4 × 1.5 = 6 dB) of noise reduction. This discriminates against interference and noise sources.

Six meter sporadic-E can sometimes occur at high elevation angles, especially if the Es cloud is overhead, or nearly overhead. Since sporadic-E is exactly that, sporadic, it’s not a good design practice to try to cover a wide range of elevation angles, as you must often do at HF to cover large geographic areas. On 6 meters, you can change to high-angle coverage when necessary. For example, you might switch to a separate Yagi mounted at a low height, or you might provide means to feed stacked antennas out-of-phase. Figure 18.22 shows an HFTA (HF Terrain Assessment) plot of two 5-element 6-meter Yagis, fed either in-phase or out-of-phase to cover a much wider range of elevation angles than the in-phase stack alone.
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Figure 18.23A shows the change in gain for four 2-meter stacked designs, as a function of the spacing in wavelengths between the booms. The 3-element Yagi is mounted on a 2-foot boom (occupying 0.28 λ of that boom). The 5-element Yagi is on a 4-foot boom (0.51 λ of the boom), while the 8-element Yagi is on a 12-foot boom (1.72 λ of boom). The biggest antenna in the group has 16 elements, on a 27-foot boom (4.0 λ of boom). This range of boom lengths pretty much covers the practical range of antennas used by hams.
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The stack of two 3-element Yagis peaks at 3.2 dB of additional gain over a single Yagi for 0.75 λ spacing between the booms. Further increases in spacing see the gain change gradually drop off. Figure 18.23B shows the worst-case F/R of the four stacks, again as a function of boom length. The F/R of a single 3-element Yagi is just over 24 dB, but in the presence of the second 3-element Yagi in the stack, the F/R of the pair oscillates between 15 to 26 dB, finally remaining consistently over the desired 20-dB level for spacings greater than about 1.7 λ, where the gain has fallen about 0.6 dB from the peak possible gain. A boom spacing of 1.7 λ at 146 MHz is 11.5 feet. Thus, you must compromise in choosing the boom spacing between achieving maximum gain and the best pattern.

The increase in gain of the stack of two 5-element Yagis peaks at a spacing of about 1 λ (6.7 feet), where the F/R is an excellent 25 dB. Having more elements on a particular length of boom aids in holding a more consistent F/R in the presence of the second antenna.

The gain increase for the bigger stack of 8-element Yagis peaks at a spacing of about 1.5 λ (10.1 feet), where the F/R is more than 27 dB. The 16-element Yagi’s gain increase is 2.6 dB for a spacing of about 2.25 λ (15.2 feet), where the F/R remains close to 25 dB. The stacking distance of 15.2 feet for an antenna with a 27-foot-long boom may be a real challenge physically, requiring a very sturdy rotating mast to withstand wind pressures without bending.

These examples show that the exact spacing between booms is not overly critical since the gain varies relatively slowly around the peak. Figure 18.23A shows that the boom spacing needed to achieve peak gain from a stack increase when higher-gain (longer-boom) individual antennas are used in that stack. It also shows that the increase in maximum gain from stacking decreases for long-boom antennas. Figure 18.23B shows that beyond boom spacings of about 1 λ, the F/R pattern holds well for Yagi designs with booms longer than about 0.5 λ, which is about 4 feet at 146 MHz.

The plots in Figure 18.23 are representative of typical modern Yagis. You could simply implement these designs as is, and you’ll achieve good results. However, it is recommended that you model any specific stack you design, just to make sure. Since the boom spacings are displayed in terms of wavelength, you can extend the results for 2-meters to other bands, provided that you use properly scaled Yagi designs to the other bands too.

You can even tweak the element dimensions and spacings of each Yagi used in a stack to optimize the rearward pattern for a particular stacking distance. This strategy can work out well at VHF/UHF, where stacks are often configured for best gain (and pattern) and are “hard-wired” with fixed lengths of feed lines permanently joined together at the junctions.

This contrasts with the situation at HF (and even on 6 meters). The HF operator usually wants flexibility to select individual Yagis (or combinations of Yagis) from the stack, to match the array’s takeoff angle with ionospheric propagation conditions. The designer of a flexible HF stack thus usually doesn’t try to redo the element lengths and spacings of the Yagis to optimize a particular stack.

Optimizing Yagi Stacks at VHF and Above

Starting with the DL6WU stacking formula discussed at the beginning of this section, further optimization of stacking distances is required in order to achieve the cleanest, tightest symmetrical patterns, maximizing front to rear (F/R) and front to back (F/B), and eliminating any “spike” lobes appearing in the elevation or azimuth patterns.

For a detailed discussion of the issues involved at this level of optimization, see the article “Development and Real World Replication of Modern Yagi Antennas (III) — Manual Optimisation of Multiple Yagi Arrays” by Justin Johnson, GØKSC, available in the online material. It is important to note that the optimization described in the article is not being carried out for absolute best sky temperature and/or G/T although the results prove not to be too far away from optimum in these areas.

Uptilt of Stack Pattern

Repeater system builders with antennas on very tall towers often design the antenna elevation pattern to have some downtilt of a few degrees. (repeater-builder.com/antenna/downtilt.html) This balances coverage at long distances with coverage in areas nearer the tower that may be below the antenna’s main lobe. Similarly, high-gain 50 MHz antenna systems with narrow elevation patterns focused at the horizon may miss signals arriving at a few degrees above the horizon. In this case, uptilt in the antenna radiation pattern is needed.

Tropospheric signals arrive at some small vertical angle at VHF and UHF, not at zero degrees. F2 or Es propagation on 50 MHz will also produce signals with a small vertical angle above the horizon. Local signals and noise will arrive at much lower elevation angles, being mostly line of sight. Providing a slight amount of uptilt to an antenna pattern on 50 MHz can improve SNR for Es or over-the-horizon signals during periods of intense local interference (as during a VHF contest) or when the station is receiving local power line or other man-made noise. (See directivesystems.com/information/tech-notes/50-mhz-4-yagi-contesting-array-2 for a more complete discussion.)

Uptilt is created in an elevation pattern of two or more vertically stacked beam antennas by adding feed line to the higher antennas, delaying the signals for higher antennas as if they were moved backward horizontally in a tilted array. The diagram of Figure 18.24 shows how to calculate the necessary delay for the uptilt angle, θ:
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Free space delay is calculated as a length and must be in the same units of length as stack separation, such as feet or meters.

For example, assume that a 5 degree uptilt is needed with a stack separation of 24 feet. Using the formula, the free space delay is 24 feet × tan (5 degrees) = 24 × 0.0875 = 2.1 feet. To determine the physical length of feed line that must be added to the higher antenna, multiply free space delay length by the feed line’s VF since the signals move slower in the feed line. Assuming LMR-400 with a VF of 0.85 is used, the physical length of cable required is 2.1 feet × 0.85 = 1.79 ft or 1 ft 9.4 inches. Add this amount of feed line to the second-lowest antenna, twice this amount to the third antenna, three times this amount to the fourth antenna, and so on.

18.4.3 Short-Yagi Vertical Stacks

VHF arrival angles are typically quite low and do not vary anywhere near as much as seen at HF frequencies. At 144 MHz and above, the arrival angles are between 0 and 3 degrees typically and depend on tropospheric scatter arrival angles. With enhanced tropo events such as inversion layer formation and ducting, the arrival angle varies over only a very few degrees very close to the horizon. To achieve higher gain at those low elevation angles, a long Yagi will concentrate energy across a very narrow horizontal angle. This can cause all sorts of operational problems.

At the same time, the elevation lobes of a single Yagi contain wasted energy at angles above 5 degrees that will not contribute to a stronger signal at the other end of the path. In addition, a concentrated main lobe will not illuminate much geographical area. This combination can make contacts with other stations outside of the main lobe that much more difficult. Mechanically, very long Yagis can stress rotating systems and stress towers due to their added lengths.

A vertical array of very short Yagis can be used to eliminate many of the problems mentioned for much longer antennas. If a short Yagi is optimized for a clean pattern, the net effect is a broadening of the main lobe as the sidelobes are reduced. Reducing any lobes in the H plane will increase the vertical pattern beamwidth and importantly, will allow a wider stacking distance over that of a less clean design. The wider stacking distances allow a greater improvement in array gain over that of the single antenna recovering gain lost compared to the long Yagis.

The desirable wide horizontal beamwidth remains with a vertical stack of Yagis, while the vertical lobes are constricted in the H plane due to the stacking effects. Generally, a vertical array of four or more short Yagis will eliminate much wasted energy in all of the vertical sidelobes. Having a wider horizontal beamwidth from such action can minimize wear and tear on rotator systems as antenna peaking becomes less important. As an example, a well-designed 5-antenna stack of short Yagis can have a –3 dB beamwidth of over 52 degrees and a –10 dB beamwidth approaching 90 degrees. A drawback of the wider beamwidth can be seen when there is external noise present. Noise will be picked up over a wider beamwidth with a vertical array of short Yagis as opposed to the very narrow pattern of a long Yagi.

Vertical arrays of wide beamwidth Yagis that are fixed toward areas of high activity can be very beneficial. Fixed arrays of short Yagis can also be end-mounted on a single tower leg to simplify installation and provide excellent performance with few mechanical problems. Two fixed arrays are shown in Figure 18.25.
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Another positive feature of side-mounted antennas involves rain static effects. The side-mounted array will be located below the tower top. Static charges will be dissipated by antennas on the top of the tower, leaving the side-mounted array relatively immune to static buildup.

To achieve the benefits of such an array, it is very important to design a proper feed system that keeps losses to a minimum. Larger low-loss coax may be easily accommodated along the tower. All long runs of coaxial cable should be matched at 50 Ω and any matching sections should be quarter-wave power dividers to minimize loss in the matching system. Very wide bandwidths and low losses can be maintained with large arrays when power dividers and larger coaxial cables are employed.

18.4.4 Stacking Stacks of Different-Frequency Yagis

The investment in a tower is usually substantial, and most hams want to put as many antennas as possible on a tower, if interaction between the antennas can be held to a reasonable level. Really ambitious weak-signal VHF/UHF enthusiasts may want “stacked stacks” — sets of stacked Yagis that cover different bands. For example, a VHF contester might want a stack of two 8-element 2-meter Yagis mounted on the same rotating mast as a stack of two 5-element 6-meter Yagis. Let’s assume that the boom length of the 8-element 2-meter Yagis is 12 feet (1.78 λ). We’ll assume a boom length of 12 feet (0.61 λ) for the 5-element 6-meter Yagis.

From Figure 18.23, we find the stacking distance between the 8-element 2-meter beams for peak gain and good pattern is 1.5 λ, or 10 feet, but adequate performance can be had for a boom spacing of 0.75 λ, which is 5 feet on 2 meters.

The boom spacing for two 5-element 6-meter beams is 1 λ for peak stacking gain, but a compromise of 0.625 λ (12 feet) still yields an acceptable gain increase of 2 dB over a single Yagi. The overall height of the rotating mast sticking out of the top of the tower is thus set by the 0.625 λ stacking distance on 6 meters, at 12 feet. In-between the 6-meter Yagis at the bottom and top of the rotating mast we will mount the 2-meter Yagi stack. With only 12 feet available on the mast, the spacing for symmetric placement of the two 2-meter Yagis in-between the 6-meter Yagis dictates a distance of only 4 feet between the 2-meter beams. This is less than optimal.

The performance of the 2-meter stack in this “stack within a stack” is affected by the close spacing, but the interactions are not disastrous. The stacking gain is 1.62 dB more than the gain for a single 8-element 2-meter Yagi and the F/R remains above 20 dB across the 2-meter band.

On 6 meters, the stacking gain for two 5-element 6-meter Yagis spaced 12 feet apart is 2.2 dB more than the gain of a single Yagi, while the F/R pattern remains about 20 dB over the weak-signal portion of the 6-meter band. As described in the HF Antenna System Design chapter, stacking gives more advantages than merely a gain increase, and 6-meter propagation does require coverage of a range of elevation angles because much of the time ionospheric modes are involved.

Noise Rejection Using Stacked Quads
ARRL Antenna Book contributor Justin Johnson, GØKSC, has written a short article describing his experimental results as to how very high front-to-side ratios can be achieved with a pair of stacked quads. By changing the feed points of the quads from the traditionally symmetric arrangement, useful improvements in the radiation pattern were achieved. The article is available in this chapter’s online material.


Increasing the length of the rotating mast to 18 feet sticking out of the top of the tower will increase performance, particularly on 2 meters. The stacking gain on 6 meters will increase to 2.3 dB while the F/R decreases to 18.5 dB, modest changes both. The 18-foot mast allows the 2-meter Yagis to be spaced 6 feet from each other and 6 feet away from both top and bottom 6-meter antennas. The stacking gain goes to 2.14 dB and the F/R approaches 27 dB in the weak-signal portion of the 2-meter band.

It should be noted that it is possible for a VHF/UHF stack to be too high above ground. Pattern break-up can then occur, resulting in multiple lobes with deep nulls between them. On receive, this would result in fast ‘chopping’ or fading. This can be managed through boom length selection and the use of identical Yagis but will not completely cure the problem. Careful modeling should be done to ensure this does not occur. As a rule, a VHF or UHF stack needs to be high enough that there is a clear horizon in each direction but no higher.

Whether the modest increase in stacking gain is worth the cost and mechanical complexity of stacking two 2-meter Yagis between a stack of 6-meter Yagis is a choice left to the operator. Certainly, the cost and weight of a rotating mast that is 20 feet long (18 feet out of the top of the tower and 2 feet down inside the tower), a mast that must be sturdy enough to support the antennas in high winds without bending, should give pause to even the most enthusiastic 6-meter weak-signal operator.
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Chapter 19

Portable Antenna Systems

As with any radio operation, the antenna is the single most important piece of equipment in a portable setup. Portable operation is usually taken to mean a temporary operating site but “temporary” can be applied to anything from a 30-minute visit to a several-day installation. The station might be used to activate a park or summit, for “hilltopping” during a VHF+ contest, for public service or emergency communications, or during Field Day. Transportation to and from the site can be by vehicle, allowing substantial amounts of equipment, or by human power which demands lightweight gear. (See the ARRL Handbook for more information about portable stations.)

Several basic questions need to be answered when preparing for portable operation and selecting antennas:

• Where will you operate? What footprint limitations does this imply? Remember that you will represent every ham operator to the public. Plan accordingly.

• How will you transport your gear and what constraints does that impose?

• How much time do you have to setup and tear down at the portable location?

• What bands do you want to use? Is an antenna tuner part of the equipment?

• What is your budget? Can you build antennas to reduce the budget?

The complete antenna system must be considered, including supports, feed line, and accessories. The effective antenna system must be easily packed and stored, transported, unpacked, and erected — usually by a single person. The antenna should be able to radiate and receive effectively in a variety of installation environments. The system should be robust enough to be used again and again. With such a wide range of operating needs, it should not be a surprise that antenna systems designated as “portable” come in a wide variety of sizes and shapes for use on any amateur frequency. This book contains many antenna designs that can be adapted for portable operating. The examples here illustrate how their designers addressed the challenges. For even more ideas, use the ARRL website’s Periodicals and Search tools to look for “portable antenna” and “portable beam.”

Antennas optimized for portability can also be used in more permanent installations, particularly where a “low profile” antenna is needed as discussed in the Stealth and Limited Space Antennas chapter. The antennas in the Mobile and Marine HF Antennas chapter can often be employed as portable antennas, too, so there is overlap between the three applications. Often, the only meaningful difference is the mounting of the antenna or how it is supported. The goal of this chapter is not necessarily for you to reproduce a design exactly but to give you examples of how other amateurs have satisfied their operating needs in ways you might find useful as well.

Basic Safety for Portable Operation
As with all portable antennas, RF exposure can be an issue as RF power begins to exceed QRP levels. For typical portable operating, antennas are closer to the ground than for permanent stations and the antenna is relatively close to the operating position. This results in higher RF field strengths at ground level, particularly for the uncontrolled areas near the antenna. Take the necessary steps to keep people away from the antenna, particularly any high-voltage points, and consider your transmitted power level, as well.
Physical safety is important, too. Keeping people away from the base or feed point of the antenna will help prevent them from tripping over radials or guys! The edge of the radial field is a good point at which to establish a “safety perimeter” with yellow safety tape to establish both electrical and mechanical security.
Don’t use rocks or other inappropriate weights when trying to get a line over a support. It is too easy to end up with an object caught in a tree or structure where you can’t get it down or it even causes damage. The correct tool for that job is an arborist’s throw bag and line. Give the public a good impression of amateur radio by doing the job right.
In a public site, there are likely to be additional safety rules and constraints on putting up antennas. For example, driving anything like a guy stake or ground rod into the ground, even temporarily, is often not permitted. Putting a line over a tree branch may also be prohibited.
Finally, if you are setting up in a public area, using anything that looks like a weapon to launch a line into or over a support is likely to attract the attention of the staff or security personnel. This especially includes slingshots, archery equipment, “spud guns”, and similar items that are banned from parks and recreational areas for good reason. Use of drones may also be prohibited. Know the rules before you start setting up!


This section includes material originally contributed by Matt Heere, N3NWV, to the ARRL Handbook's Station Construction chapter. The ARRL also publishes Portable Operating for Amateur Radio by Stuart Thomas, KB1HQS, along with the more general Portable Antenna Classics, HF Dipoles for Amateur Radio, and the latest in the series, Even More Wire Antenna Classics, Vol. 3 (see the References and Bibliography). You’ll find many designs and ideas you can use or adapt for the type of operating you prefer.

19.1 Wire Antennas

The most common horizontal wire antennas used for portable operation are the end-fed half-wave (EFHW), inverted-V, and λ/2 dipoles. These typically require some kind of support 10 feet or more high — such as a tree or one of the portable masts described later in this chapter. If trees are used, some means of getting the support lines over a branch is also required. These antennas are described in more detail in the General Purpose MF and HF Antennas and Multiband HF Antennas chapters.

19.1.1 End-Fed Half-Wave

Figure 19.1 shows the EFHW antenna, a half-wavelength dipole fed at one end. See the EFHW description in the Multiband HF Antennas chapter for more information on how to build the antenna and its feed point impedance transformer.
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The EFHW can be used on any band for which it is an integer number of half-wavelengths long. It may also present an acceptable impedance on nonresonant bands. For example, an EFHW for 80 meters will also be useable on 40, 20, 15, and 10 meters, as well as 30, 17, and 12 meters with a somewhat higher SWR. The 80 – 10-meter and 40 – 10-meter versions are the most popular for portable operation.

The free end is supported by a tree, mast, or other convenient attachment point and the feed point can be close to the ground or elevated. The EFHW is popular for portable and temporary operation in the sloping configuration shown. It can also be installed horizontally with the feed point elevated. Both ends of the antenna will be high voltage points and should be kept clear of tree branches and leaves, and away from where they can be touched accidentally.

An impedance transformer is used to change the feed point’s high impedance to a lower value so that coaxial feed line can be used. Placing the feed point a few feet from one end will also lower the impedance somewhat. A ground rod is not required.

The EFHW requires a counterpoise to stabilize the feed point impedance. The outer surface of the coaxial feed line often serves as the counterpoise, so do not use a feed point choke balun without a counterpoise wire.

If it is necessary to reduce common-mode RF current on the feed line, a choke balun or “line isolator” can be added 10 feet or more from the feed point, or where the feed line reaches ground level if the feed point is elevated.

High voltage is present at the ends of any resonant wire antenna. Because the EFHW is often installed with its feed point (one end of the antenna) near ground, the high-voltage point should be made inaccessible to curious people and pets. Limiting power to 100 W or less is also prudent when using an EFHW in a portable or temporary station.

End-Fed Random Wire

A wire antenna can also be connected directly to a tuner which eliminates the weight of a feed line and connectors in a lightweight station. This configuration — sometimes referred to as a “random-wire,” also connects the tuner and radio directly to the antenna and any ground system so RFI from common-mode current can be a problem above QRP power levels.

Although the name “random wire” implies any length will work, that is not the case. One-quarter and one-half-wavelength will present the extreme values of impedance of around 35 and 2,500 Ω so they are avoided. The most common configuration is approximately 84 feet of antenna wire and an un-un 9:1 impedance transformer for use on 80 – 6 meters.

An un-un impedance transformer (see the Transmission Line System Techniques chapter) with separate windings (no common connection) can reduce common-mode RF on the equipment. Because of the likelihood of significant RF voltage at the tuner and other equipment, having a good bonding scheme is helpful in avoiding RFI and similar problems.

PROJECT: 80/75 Meter EFHW

On the 80/75-meter band, an EFHW antenna typically has a bandwidth of 100 kHz for SWR that is in range of most tuners, especially the internal tuners common to transceivers. To use different parts of the band requires tuning the antenna. This could be done by adding or removing wire at the free end of the antenna, but it is more convenient to tune the antenna at the impedance transformer.

The EFHW configuration developed by K1BQT addresses this need and is intended for use as a portable antenna for regional communication using NVIS propagation with a transmitter power around 100 W. (See the article “A Portable End-Fed Half-Wave Antenna for 80 Meters” in the online material.) The transformer has a tuned secondary winding so that the frequency of minimum SWR can be adjusted to cover the entire 3.5–4 MHz band.

19.1.2 Inverted-V Antenna

The inverted-V antenna is a strong, lightweight portable antenna. More information on it can be found in the General Purpose MF and HF Antennas chapter. The antenna can be fed directly with 50 or 75 Ω coaxial cable. Bandwidth is approximately the same as a dipole.

The apex of the antenna can be raised or lowered to any convenient height depending on available supports. The antenna can be made light enough for limited backpacking and is useful for emergency communications and Field Day. Since it is easy to raise and lower from a single support, it might also be a good choice for a stealth antenna where permanent antennas may not be used. (A self-supporting, rotatable inverted-V antenna design for 20 – 10 meters is included in the online material. See the References and Bibliography entry for Joe Littlepage, WE5Y.)

Lengths for the legs on the 40- through 10-meter bands are given in Table 19.1. The minimum height given in the table places the ends of the legs at ground level. Raising the center of the antenna will improve performance and will also cause the antenna’s resonant frequency and feed point impedance to increase a few percent as will changing the angle between the legs. Be prepared to make final measurements and adjustments with an antenna analyzer or SWR meter.
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19.1.3 PROJECT: Multi-Band Linked Hf Dipole

The linked dipole is a variation on the trap dipole design presented in the Multiband HF Antennas chapter. This antenna is a dipole with insulators separating each leg into multiple sections instead of traps. At each insulator, a jumper with an alligator can short out the insulator to extend the antenna. This design by Phil Salas, AD5X, covers 20 – 10 meters but the design can be reworked for any combination of bands. (The original article, “A Simple HF-Portable Antenna” is included in this book’s online material.) This video by N3NWV shows how to construct the antenna, including using 3D printing for the insulators: youtube.com/watch?v=a4YoO0Am4Tg.

The basic antenna in the article is a full-size 20 meter dipole with a conventional center insulator. Insulators are inserted to make the individual sections that can be added to the centermost element. Figure 19.2 shows a typical insulator with the alligator clip attached. Since this antenna is intended for low power operating, the insulators can be easily made from nylon rod or PVC pipe, but any insulating material will work.
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Compact Antennas
“Loading” is the process of using some combination of inductance and capacitance to make a radiating element resonant at a frequency lower than the natural resonant point of the radiator alone. The best-known example of this technique is a coil (inductor) loaded vertical antenna, where the loading coil is placed at or near the bottom of the vertical radiator. This design allows for the vertical radiator to be shorter, in many cases quite a lot shorter, than a full quarter of a wavelength. Coil loading is also possible with horizontal antennas. Dipoles with traps to allow multi-band operation are shorter than their monoband counterparts for the same frequencies because the inductance in the traps electrically elongates the radiating element.
For portable use the advantages of having a physically smaller antenna are obvious. It is the operator’s footprint at the remote location which benefits the most, and given that our locations are often shared public spaces, a reduced footprint can be a big improvement. While a loaded antenna design may not ultimately be any lighter, smaller components are easier to pack which makes them easier to transport.
Loaded antennas tend to have a narrow bandwidth. For an operator who wants to setup and operate on one frequency this is a non-issue. However, if you intend to change bands, or even to move significantly within one band, be prepared to visit the antenna and make physical adjustments to the whip, coil, or both. A good antenna tuner can solve this problem within a band, or at least most of a band, but band changing will require a trip to the antenna. Marking of the coil/whip/tuning capacitor can make these adjustments quick and easy, but they still need to happen.
Smaller antennas also need less in the way of support. Guy ropes and heavy bases can be replaced with modest tripod legs or small single ground spikes. Hanging from trees becomes practical from far lower branches. In addition to these footprint advantages, deployment times are reduced when the deployment is simplified. Footprint and deployment time are the two characteristics that make antennas practical or not. A small tripod with a nearly invisible steel whip placed directly on the ground is very unlikely to draw attention from the non-hams with whom we share our public spaces.
Physically compact antennas trade performance for size and, depending on one’s perspective, operational convenience as well. Performance will vary from design to design, but no matter the arrangement a compact antenna is turning more of the amplifier power into heat than would a naturally resonant antenna. The more loading used, the lower the efficiency gets.


Start by building the section for the highest frequency band you want to use. Then add a section of wire and another insulator on each side for the next lowest band. Use the clip to short circuit the insulator and connect the new section. Adjust the new section’s length to present a minimum SWR at the desired frequency. Add additional sections until the lowest frequency configuration is reached.

The original design for 20 through 10 meters is as follows with the lengths referring to the sections added on each side:

	10 meters:	8 feet 3 inches
	12 – 10 meters:	10 inches
	15 – 12 meters:	1 foot 4 inches
	17 – 15 meters:	1 foot 8 inches
	20 – 17 meters:	3 feet 9 inches


Each side thus has a total length of 15 feet, 10 inches and the full antenna is 31 feet 8 inches long. The design can be extended to 6 meters by starting with the 6-meter section in the middle. On the lower frequency end, the dipole can be extended as far as is practical for your circumstances.

19.2 Whips and Ground-Plane Antennas

Many variations of the monopole antenna are used for portable operating, including loaded and unloaded whips, full-size and trap antennas. Since monopoles are usually mounted vertically, the term “vertical antenna” is used.

Vertical antennas can be ground-mounted, if they are self-supporting, or hung from a tree or other suitable support. The tradeoff for that simplicity is a greater dependence on the quality of ground system making up the “missing half” of a ground-plane antenna. (See the Effects of Ground chapter for more information.) Providing a reasonable ground system reduces losses and improves the performance of the portable antenna system.

19.2.1 Vertical and Sloping Dipoles

Vertical dipoles are also good performers in a portable setup if a sufficiently tall support is available. These antennas are discussed in the General Purpose MF and HF Antennas chapter. If a typical dipole is mounted vertically, it is a challenge to extend the feed line at right angles to the dipole. This creates an asymmetric configuration that increases coupling between the dipole and the feed line, increasing common-mode RF current on the coax shield’s outer surface. This may not be a problem, but to block the current a choke balun at the feed point is a popular solution. (See the Transmission Line System Techniques chapter.)

Pedestrian Mobile
Have you ever considered operating while hiking? Some amateurs are operating “pedestrian mobile” using PRC-type backpack military surplus radios with standard vertical whips and less than 50 W transmit power. One or two “drag wire” radials are often used to improve transmit efficiency. (See groups.io/g/hfpack for more information.) Most QRP transceivers are suitable for this type of operation.
The article “Tuning Electrically Short Antennas for Field Operation” by Ulrich Rohde, N1UL, and Kai Siwiak, KE4PT, discusses matching the impedance of “manpack” style whip antennas at HF. It is included in the online material and in the References and Bibliography.


Designs that use the coax shield as one leg of the dipole are also presented in the material on vertical dipoles. A high impedance choke on the coax acts as the end insulator for the antenna. This simplifies attaching the feed line since it is at the bottom of the antenna which also locates the feed line away from the strongest radiated fields.

A sloping dipole is often a good compromise. It does not require a support as high as for a completely vertical dipole and is also an effective radiator. It is easier to run the feed line at right angles to the antenna, minimizing coupling, and a balanced feed line can also be used, making the antenna a multi-band system if an antenna tuner is used.

19.2.2 Whip Antennas

Whip antennas are most often used for mobile operation and are discussed extensively in the chapters on VHF and UHF Mobile and Rover Antennas and Mobile and Marine HF Antennas. They are easily adapted to portable operation not mounted on a vehicle or boat.

There are three basic types of whip antennas used for portable operation: unloaded, base-or-center loaded, and helically wound. Unloaded whips resonant on 10 or 6 meters as ¼-wave antennas are very efficient if used with a good ground plane of radials or mounted on a metal surface.

Base or center loaded whips are very common for HF portable operation. A popular configuration that can be quickly set up and on the air is shown in Figure 19.3. A multi-turn coil with a sliding contact is mounted on a tripod that sits on the ground. Radials are attached to the mounting tripod. A whip with a 3/8-24 base is attached to the top of the coil and the sliding contact positioned for the lowest SWR by using an antenna analyzer or some other SWR measuring device. Adjustable screwdriver-style antennas can also be used if 12 V is available to power the drive motor.
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Both the manual-adjust coil and screwdriver antennas can be mounted on a section of aluminum mast to create a center-loaded whip. This increases antenna efficiency as discussed in the Dipoles and Monopoles chapter. An example is shown in Figure 19.4 and a construction article about the antenna by AD5X is included in the online material. For the center-loaded antenna, guying is required in a strong breeze. Three lengths of light nylon cord or fishing line are sufficient to stabilize the antenna.
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Whether base- or center-loaded, a ground-mounted whip is most effective when used with a dozen or more radials as discussed in the chapter Effects of Ground discussion on Real Wire Radial Systems. Transmitted signal strength can be improved by several dB just by adding a few more radials. More radials will also reduce the amount of common-mode RF current on the coax feed line. Placing a roll or two of wire mesh (hardware cloth or chicken wire) under the antenna as part of the ground-plane will also reduce ground losses.

Helically wound, single-band mobile whips can also be used with a set of ground radials replacing a vehicle’s metal body. The same directions for radials apply as for the base- and center-loaded whips. Most of these antennas have a 3⁄8-24 base and can be attached directly to commercial loading coils.

Adjusting the helically wound antennas requires sliding the top stinger in and out of the top of the coil. To avoid this time-consuming process, adjust the stinger for the highest frequency in the band you intend to use. To operate on lower frequencies, attach a short piece of wire with an alligator clip on one end to the whip at the top of the wound section. By having a set of clips with different wire lengths, the antenna’s operating frequency can be quickly changed without having to move the stinger.

19.2.3 Whip Dipoles

A pair of loaded mobile whips can also be configured as a dipole. These antennas can be mounted on a short mast and tripod. Setting up and taking down these antennas is quick and is completely independent of any other support. Brackets for mounting mobile whips in a dipole configuration are available from commercial vendors, such as those shown in Figure 19.5. This style of antenna can be adapted to any band for which mobile whips are available. Any whip antenna that uses 3⁄8-24 threads can be used. A pair of wire elements can also be attached making the system quite versatile.
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The mast for the antenna needs only be strong enough to hold the antenna securely above head height, 8 to 10 feet. Wooden poles, push-up fiberglass masts, painter poles, or TV mast sections would also work well.

The low height of the dipole makes this antenna useful for NVIS operation in support of emergency communications, as described in the January 2005 QST article by Robert Hollister, N7INK. Another design was published in the May 2003 issue of QST by Ron Herring, W7HD, including instructions for making the mounting bracket. (Both articles are included with this book’s online material.)

19.2.4 PROJECT: Tree-Mounted Hf Ground-Plane Antenna

A tree-mounted, vertically polarized antenna does not cost much, is inconspicuous, and it works. This antenna was described by Chuck Hutchinson, K8CH in QST for September 1984 (see Bibliography). In addition, losses in the ground are reduced by raising the radials off the ground.

The antenna itself is simple, as shown in Figure 19.6. A piece of RG-58 coax runs to the feed point of the antenna and is attached to a center insulator used as the feed point at the base of the vertical element. Two radials are soldered to the coax braid at this point. Another piece of wire forms the vertical element. The top of the vertical section is suspended from a tree limb or other convenient support, and in turn supports the rest of the antenna. The radials are stretched out to either side of the vertical element and may be sloping or straight.
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All three wires of the antenna are λ/4 long as discussed in the Dipoles and Monopoles chapter. This generally limits the usefulness of the antenna for portable operation to 7 MHz and higher bands, as temporary supports higher than 35 or 40 feet are difficult to come by.

The outside surface of the coaxial cable shield will couple to the antenna and may carry substantial common-mode current. This re-radiates a signal just as the antenna does and is generally not a problem unless the current disrupts operation of the transmitter. To reduce common-mode currents on the feed line, use a choke balun as described in the chapter Transmission Line System Techniques.

The tree-suspended vertical can also be used for fixed station installations to make an invisible antenna. A shallow slit in the ground is sufficient for burying the coax feeder. The radiator and radials are difficult to see unless you are standing right next to the tree, especially if a dark color of insulation is used.

A similar antenna in Figure 19.7 by Al Brogdon, W1AB, is cut for resonance on the 40 meter band but is fed with 450 Ω window line (see References and Bibliography). With a tuner, this antenna can be used on all HF bands, including 160 meters according to the author. Like the single-band version, there will be significant common-mode current on the feed line due to the unbalanced configuration. This may require chokes on coax from the tuner or a λ/4 counterpoise wire to manage RF hot spots or RFI in a portable station.
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19.2.5 PROJECT: Five-Band Portable Vertical Antenna

This multi-band vertical antenna project uses five quarter-wave vertical monopoles in parallel, using a common ground screen of 16 radials. This allows multi-band operation without requiring an antenna tuner. (The entire article is included with this book’s online material and at least one similar commercial design is available.)

The antenna, shown schematically in Figure 19.8A, consists of four quarter-wave elements attached to spreader rods and the longest, 20 meter element wrapped around the central support. Each antenna is terminated in a banana plug that is attached to a feed point ring on the mast. Each of the 16 radials is 17 feet long and attached to a similar ring at the bottom of the antenna. Radial length is not critical — add more radials close to the base of the antenna to improve efficiency. Remember that the length of the connection from the radial attachment ring to the feed point RF connector also counts as part of the antenna and should not be changed after tuning.

[image: ]

Small Transmitting “Magnetic” Loops
A fairly popular choice for portable operation, the small transmitting “magnetic” loops are very portable and can be set up quickly. A short mast and a lightweight tripod are sufficient to support the loops and no ground radials or systems are required. The theory behind small transmitting loops is covered in the Loop Antennas chapter. If you plan on using a small loop, be sure to review the RF Exposure safe distances tables in that chapter. Examples of the loops and a construction project is included in the Stealth and Limited-Space Antennas chapter.


Tuning consists of beginning with the 10-meter element. Trim about 1/2 of the total length needed to bring the element to resonance. This is in recognition of the interactive tuning process. Move to the 12-meter element and repeat, then the 15 meter element and so forth. Continue to tune each element in sequence until the SWR is acceptable on all bands.

Mechanically, the antenna is assembled on a portable fiberglass fishing rod, 16-feet long. A ground stake and PVC pipe provide the base support. A triangular guy attachment point slides down over the top of the pole until it rests on the top of a middle section. Guying may not be required if the base support stake and pipe are sufficiently sturdy.

19.3 Beam Antennas

Simple horizontal and vertical antennas are light and easy to use for portable operating but having some gain and directivity in the field is very nice. While a full-size HF triband Yagi is probably out of the question for most portable operations, smaller antennas can still provide good performance at low cost and with relative simplicity of installation. This is particularly true on the higher frequency HF bands. For portable VHF/UHF/microwave operation, full-size beams with modest boom lengths are well-suited for portable operation.

On the lower HF bands, consider a rotatable dipole. Several vendors offer lightweight, multiband models covering the HF bands starting at 40 meters. While not strictly a beam antenna, the dipole’s pattern has directivity and it has a wide bandwidth.

More options for directive antennas are presented in the Phased Arrays chapter and the Broadside and End-Fire Dipole Arrays chapter and not duplicated here. Phased arrays of verticals are practical for all of the HF bands, although 80 meter designs take some experience to put up and stay up. Driven arrays have a long history in amateur radio — the Bobtail curtain, Half-square, Bi-square, Lazy-H, and many others are well-suited for temporary stations.

19.3.1 PROJECT: Portable 6 Meter Beam

A 6 meter wavelength is short enough that full-size antenna elements aren’t heavy and don’t require special mechanical assemblies. At the same time, long distance propagation from sporadic-E and other modes is common, particularly in the peak summer months for portable operation. As a result there are quite a few 6 meter antenna designs to choose from! The quad design presented here has a short turning radius with useful gain and light weight.

The References and Bibliography and online material contain plenty of additional designs. The recent ARRL publication Magic Band Antennas for Ham Radio contains numerous designs as does the website of Martin Steyer, DK7ZB (qsl.net/dk7zb).

Two-Element Quad

The quad antenna in Figure 19.9 was originally described by Markus Hansen, VE7CA, in The ARRL Antenna Compendium, Vol 5. After years of HF operation, he became enthusiastic about VHF/UHF operation when he got on 6 meters and discovered the joys of driving to high mountain peaks to operate. Not only does an antenna have to be portable for this kind of operation, but it must also be easily assembled and disassembled. Articles describing the 2-element quad and 3-element Yagi for 6 meters are provided with this book’s online material.
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19.3.2 PROJECT: 10-Meter Moxon Beam

The Moxon rectangle design is explained in the HF Beam Antennas chapter. It looks like a 2-element Yagi but with the tips of both elements bent back towards each other. As with similar 6 meter designs, the 10 meter dimensions in Figure 19.10 are suited to both mobile and portable operation.
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This design constructs the antenna as a wire loop in three sections: the two halves of the driven element and the reflector. The #14 AWG insulated wires are mounted on a pair of crossed fiberglass spreaders. A choke balun is recommended at the feed point. A pair of snap-on Type 31 or 43 cores is sufficient to reduce coupling between the feed line and the antenna.

The antenna weight is quite modest, depending on the materials used for construction but not more than several pounds. It can be mounted on a lightweight mast and 1⁄2 wavelength above ground (16 feet) should be sufficient to produce enough low-angle radiation for DX contacts.

19.3.3 PROJECT: 12-, 15-, and 17- Meter Moxon Beams

Moxon rectangle designs for three of the upper HF bands were created by Allen Baker, KG4JJH. The first is a single-band design for 15 meters (see Figure 19.11) The second is a dual-band design for 17 and 12 meters (see Figure 19.12).

[image: ]

[image: ]

Both designs use fishing poles mounted on a central hub with the antenna wire elements stretched between their tips under tension. The figures present a mechanical drawing of the antenna showing the antenna’s basic construction. Figure 19.13 shows the completed 15 meter antenna mounted on a short mast. Construction articles for these antennas are included in the online material.
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19.3.4 PROJECT: 20 and 40 Meter Beams

Below 18 MHz (17 meters), rotatable beam antennas with full-size elements start to become rather unwieldy for most portable operation. Smaller commercial two- or three-element tri-band Yagis for 20–10 meters with boom lengths of 12 to 18 feet are widely available. Several vendors offer beams with wire elements stretched between fiberglass spreaders, as well. Rotatable beams for 40 meters are not usually considered portable except, perhaps, for Field Day and special temporary contest-style operation.

Focusing instead on lighter-weight designs that can be suspended with ropes from a pair of supports at modest height, the following two wire beams are presented for 20 and 40 meters. Designed by Bob Rose, KC1DSQ, and Bob Glorioso, W1IS, the antennas have 10-foot spreaders that can be easily carried on or in a regular minivan-size vehicle. (Complete construction articles for both antennas are included in the online material.)

The 20 meter antenna in Figure 19.14 is a pair of dipoles 10 feet apart and driven so that they radiate signals 90 degrees out of phase. Because the 10-foot spacing is less than ¼-wavelength (17.4 feet), the total length of the 75 Ω phasing line between the dipoles is 128.1 degrees. (The complete theory for the antenna design is available in the online material.) The result is a forward gain of 11.3 dBi at a height of 40 feet for an elevation angle of 25 degrees. A relay box at the junction of the feed lines allows the direction of the beam’s pattern to be reversed by switching the phasing lines.
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The 40 meter antenna is a standard Yagi design with a unidirectional pattern from a driven element and a director (see Figure 19.15). This configuration was cho-sen for portability and a 50 Ω feed point impedance, instead of using a reflector and with wider spacing. At 40 feet in height, the antenna’s calculated gain is 8.4 dB at 7.2 MHz for an elevation angle of 40 degrees. The antenna’s beam direction can be reversed by flipping the antenna over, using the coaxial feed line from the ground.
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19.4 Ultralight Antenna Systems

The following section was contributed by frequent Summits On The Air (SOTA: sota.org.uk) activator, Fred Maas, KT5X. More information about Ultra-Light stations and operating are available at ke6mt.us/2018/12/ultra-lyte-summits-on-the-air-by-fred-kt5x and ke6mt.us/wp-content/uploads/2018/12/KT5X-WS0TA-SOTA-UltraLyte.pdf.

What Is an Ultra-Light Station?

A lightweight portable HF station once meant a 50-pound backpack carrying a tube radio, a relatively ineffective whip antenna, and a lead-acid battery. Today’s technology provides a proliferation of surprisingly capable tiny transceivers. Use a lithium-chemistry battery and one is on the way to an ultra-light station that excels for portable applications where it must be carried some distance. A hike or a backpacking expedition to activate a SOTA peak makes an ultra-light approach as in Figures 19.16 and 19.17 almost essential.
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There are many small and light 5 W HF transceivers that are as light as a few ounces without a case. They are sensitive, stable, and have respectable filtering. Some draw as little as 30 mA in receive mode, so that a very small lithium battery may be all that is needed for power. (“Lithium” includes to all varieties of the lithium-ion chemistries.) Add an antenna, a device for matching impedance, line to support the antenna, a feed line, and a method of logging to complete an ultra-lite system. Some locations may not offer natural supports (trees) for an antenna therefore a lightweight supporting pole may also be needed.

Typical Ultra-Light Antenna System Components

Wire Antennas: A lightweight pole won’t support heavy wire but #26 or even #28 gauge can be used at low power levels. Teflon-insulated stranded wire adds strength without adding much weight. Teflon-insulated wire doesn’t tend to kink and it pulls easily over a tree branch without shorting to it.

Such wire can easily be supported by heavy thread or non-stretch braided fishing line. It is extremely strong, essentially weightless, and presents no wind resistance. At QRP power levels, it can be tied directly to the end of the wire using fishing knots or a small piece of perf board.

Antenna wire can be taped to the pole leaving four or feet of wire dangling. (See the Special Consideration section comment on conductive poles) The wire may then be connected directly to the transceiver or matching units, eliminating the feed line altogether. Banana plugs, a binding post, or a terminal strip can be used.

If a tree or other support is available, wire antennas can be supported at either end or anywhere along the wire. The usual method of getting lightweight cord over a branch is to attach a modest weight and throw it. An empty arborist’s bag can be filled with rock or dirt at the site. A flexible pole can also be used to get the line over a low branch — see the section on Half-Squares below.

Random-Length Antennas: A random-length wire usually requires a manual or auto-tuner which adds weight and an additional failure point. Usually fed at ground level or directly at the transceiver, it can develop a relatively high current point near the ground which is usually lossy. It frequently requires a counterpoise or radial wire (see the Effects of Ground chapter for a discussion of counterpoise systems.) which is a part of the antenna that is also laying on the lossy ground.

End-Fed Half-Wave (EFHW) Antennas: The best end-fed antenna choice may be a half-wave wire. (See the chapter on Multiband HF Antennas for a more complete discussion of the EFHW.) At higher power levels, an EFHW often generates enough common-mode RF current on the feed line or equipment to cause problems, but not at the low power levels generally used for SOTA activations. It will radiate exactly as the same wire would if fed at the center. Expect to adjust the wire length for the particular pole being used and deploy the pole the same way each time for consistent results.

The impedance at the end of an EFHW is high so there is very low RF current. The RF voltage is high and will couple to the ground which will affect the impedance and possible ground losses. Nevertheless, this eliminates the need for a set of ground radials. The operator, radio, and headphones, or a short piece of wire connected to the radio or tuner enclosure are usually sufficient to serve as a type of counterpoise.

There are advantages to deploying the EFHW antenna wire as an inverted-L. Low-angle radiation for DX will come from the vertical leg and high-angle radiation for regional coverage will come from the horizontal leg. This reduces the amount of wire that must be supported by the length of the vertical leg.

Multiband EFHW Antenna: A 40-meter EFHW is about 67 feet long which is two half-waves on 20 meters, three on 15 meters, and four on 10 meters. It will not be perfectly resonant on all four bands, but close enough to be used if a tuner is available.

A way to use the 40 meter EFHW on higher bands without a tuner is to place a miniature SPST switch in the wire at the half-wave resonant point for each additional desired band. The switches will be easy to reach and take only a minute to change for each band.

Another approach is to create a resonant half-wave antenna on 20 meters by connecting a stub of wire that acts as a parallel antenna. After trimming the EFHW for resonance on 7 MHz, connect the wire in the exact center of the EFHW. Make this stub about 30 inches long to start. Trim it for minimum SWR on the 20 meter frequency of intended use. Figure 19.18 shows how to install it and protect it from breaking off during use.
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PROJECT: EFHW As Half-Square: (See the Broadside and End-Fire Dipole Arrays chapter) A directional HF antenna for portable use, a 40-meter EFHW can be deployed as the 20-meter Half-Square array in Figure 19.19. This antenna is bi-directional and radiates well at very low elevation angles. It will continue to function as a 40-meter EFHW even with the ends dangling down. Both 20 and 40 meters are popular bands at any point of the solar cycle.

[image: ]

Find a tree limb that is at least 20 feet high. Use the pole to reach up and drape the antenna wire over the limb. Now pull the wire using the pole over and away from the limb until about 17 feet of wire is still hanging down from the limb. Anchor the pole such that about 34 feet of wire is horizontal, the remaining 17 feet is hanging down the pole, and this inverted-U is broadside to the most desirable direction.

Next, bring the other end of the antenna wire through the top of the extended pole and down to about five feet high on the pole. Tape it to the pole at that point with about four more feet of the wire dangling below where it is taped to the pole. This will be the antenna’s feed point at A.

In Figure 19.19, at B is the 20-meter resonating stub, if needed. Radiation from the two current segments shown pointing at each other along the horizontal wire cancels out. Radiation from the currents along the two vertical wires are in-phase and add in the far field providing about 4.2 dBi gain and at low elevation angles broadside to the antenna.

Inverted-Vee Dipole: An EFHW can be put up in an inverted-vee shape and it will work fine. If you prefer a center-fed antenna, the inverted-vee dipole may be a good choice. Assuming you have a 15 – 20 foot or higher support, the antenna feed point should be at the highest point. The inverted-vee is usually fed with lightweight coaxial cable (see the section below on Transmission Line and Connectors). If you want to use the antenna on its even harmonics, however, the high SWR will increase feed line loss dramatically.

Supporting Pole: Select a lightweight, telescoping pole. There are inexpensive 15 – 20-foot fiberglass and carbon-fiber poles that telescope to less than 30 inches, some to as little as 18 inches, and weigh ten ounces or less. Such poles are sometimes called Tenkara poles after a common manufacturer. Used properly, these can support an antenna suitable for QRP operation.

An antenna attachment point may need to be added to the tip. A short string glued to the tip is provided. A small clip can be tied to it or the string can be replaced by gluing a typical fishing pole ferrule, called a “tip-top” to the end of the pole.

The thinnest (top) section of these poles is too flimsy to support an antenna but can be permanently telescoped into the next section, creating a double-wall section, leaving just the tip or string protruding. Hot glue can be used for this purpose as it remains flexible.

Impedance Matching: End-fed antennas present a very high impedance that is beyond the capabilities of most auto-tuners. Here are two simple matching devices suitable for ultra-light operating. Either can be built into a dental floss case and weigh less than an ounce. If a feed line is not used, the antenna can be connected directly to the tuner.

The broad band high impedance transformer in Figure 19.20A weighs less than an ounce and can be built into a dental floss case as shown in Figure 19.20B. It can be plugged directly into the transceiver with the antenna wire connected directly to it, eliminating any need for feed line. Wound on a T50-43 ferrite toroid, the primary is 3 bifilar turns with a 27-turn secondary. The compensating capacitor across the primary may be 100 to 140 pF and should be an NPO type, rated at 500 V or more. The 9:1 turns ratio creates an 81:1 impedance ratio. Turns ratios from 3:1 to 9:1 are popular. See the End-Fed Half-Wave discussion in Multiband HF Antennas for more information about impedance matching transformer design and construction.
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The impedance transformer in Figure 19.20C and 19.20D is tunable from 7-21 MHz. The transformer is made using a T50-6 powdered-iron toroid with 28 turns of #28 AWG magnet wire tapped at the fourth turn. This creates a 7:1 turns ratio and a 49:1 impedance ratio. A miniature two gang 15 – 140 pF broadcast-band variable capacitor can be used at QRP levels.

Transmission Line and Connectors: The lightest and least-lossy feed line is no feed line — connect an EFHW or random-length wire directly to the tuner (if used) and the tuner directly to the transceiver. This requires the operator and transceiver to be at the feed point of the antenna which is not always practical. A feed point can be up in the air if you have a support for it and is required for antennas such as a center-fed inverted-vee. Let’s assume you’re within 50 feet of the feed point, what are your ultra-light feed line options?

There are basically two choices: 300 Ω TV twin lead and 50-Ω RG-174 coax. RG-174 is the lightest at 0.4 pounds/50 feet but it is lossy: 1 dB/50 feet at 10 MHz. Twin lead is a little heavier at up to 1.25 pounds/50 foot but has less loss: 0.1 dB/50 feet at 10 MHz. (Twin lead varies widely in weight and loss.) If you are primarily weight-sensitive and can accept some loss, use the coax but keep it as short as possible. 300-Ω twin lead will also require an impedance transformer or tuner which adds more weight but may already be a part of your kit.

Coaxial connectors add weight and are constantly being taken on and off, becoming another possible point of failure, and are best eliminated. RCA plugs and jacks are lighter and may be easier to use and less prone to failure. At HF, you can also avoid connectors altogether in favor of lightweight terminal strips like the Wago lever nuts (wago.com/us/wire-splicing-connectors/compact-splicing-connector/p/221-412) that accommodate wire sizes as small as #24 AWG.

Special Considerations

• It is best not to try to guy a lightweight pole. Guying adds set up time, complexity, weight, and lines that may become tangled. An antenna held to one side allows the pole to be secured by wedging it between rocks, stuck into a bush or shrub, lashed to a stump or other object, or leaned against a tree limb. The pole can also be used as a tool to lift insulated wire antenna over a tree limb.

• When extending or collapsing a lightweight fiber pole, NEVER TWIST IT! The material bends, but it is not elastic. The fibers will separate and will never recover. Instead, push or pull sections firmly in a straight line.

• Always lean the pole away from the wind to reduce the stress on the pole. A pole bent to one side is also unlikely to accidentally telescope the sections back together.

• Do not allow antenna wire to wrap around a conductive carbon fiber or metal pole. The additional capacitance to ground will detune the antenna.

• Winding wire and support lines on a figure-8 winder (see Figure 19.16) used for kite lines will prevent the kinks and tangles that form if the wire is simply coiled up.

• Solder will wick along stranded wire inside the insulation and that area of wire will become brittle and likely to break. Use minimum heat for a minimum amount of time when soldering #26 and #28 Teflon antenna wire to connections. Don’t flex wire into which solder may have wicked.

19.5 Antenna Supports

19.5.1 Masts

Lightweight masts such as the popular extendable fiberglass and aluminum models that reach up to 80 feet in height are widely available. These can hold up lightweight wire antennas and an inverted V can also serve as two of the guying lines. It is common practice to leave two or three of the top sections nested to provide enough strength for heavier antennas. If your mast sections tend to slip back into each other, a small hose clamp around the smaller diameter section will prevent sliding. Another option is to cut heavy rubber bands and tie them around the smaller section.

Supporting tubular masts is usually done with guys of nylon cord or fishing line. This is fairly straightforward but requires at least three guy points. (See the Building Antenna Systems and Towers chapter for more information on guying.) One person can put up a light- or medium-weight mast with a little planning. Start by anchoring two of the guy lines. Place the pole’s base at the desired location and walk it up until the two guys are tight, then keep tension on the third guy as you walk to where it will be anchored. It is important that the base not be able to slip during the operation.

If you are not able to drive guy stakes into the ground (see the sidebar on Portable Operating Safety), other possibilities include using concrete- or sand-filled buckets as shown in Figure 19.21. SOTABEAMS has produced an excellent YouTube video, “Erecting a SOTABEAMS HF Dipole” (youtube.com/watch?v=RI6IRgQLokk) showing how to safely put up and guy a telescoping pole holding an inverted V.
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Two of the more popular designs for vehicle-based portable operating are the “drive-on mount” and the trailer hitch mount. Figure 19.22A illustrates the basic drive-on concept. A flange, wood block, or pipe stub is attached to a sturdy board or plank. The board is placed on the ground and the vehicle is driven on to it, securing the base of the mount. The mast can be secured to a vehicle roof rack for extra support. A welded metal version is shown in Figure 19.24B. Figure 19.23 shows a trailer hitch mount in which the mast is held upright by a vertical tube welded to a conventional trailer hitch bar. Commercial versions are available from several vendors and the FGHM64 from M2 Antenna Systems (m2inc.com) includes a telescoping 24-foot mast. Masts constructed of separate aluminum or fiberglass sections are also widely available new or as military surplus. The June 2011 QST article by Bob Dixon, W8ERD, shows how to use a mast tripod to construct a sturdy mast rising to 40 feet. Figure 19.24 is a drawing of how the various pieces go together, including guying lines. Since the mast is assembled from the bottom, piece by piece, it is much easier to erect than a mast which must be pulled up from horizontal or lifted and placed in a base.
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As with many types of accessories, the problem of temporarily holding modest loads aloft without guying has been addressed for many other situations. In addition, you can take advantage of the lower costs that come with high-volume sales. One such solution is aluminum or fiberglass telescoping flag poles for RVs. These come with trailer hitch and drive-on mounts and heights of 20 feet or more.

An aluminum extension ladder, properly guyed, can serve as a mast as described in the article included in the online material. A trip to the hardware store will also turn up several other candidates, such as painter’s poles and extendable handles.

19.5.2 Trees

Finally, there is the issue of getting the antenna over a supporting structure or tree. Assuming it’s not safe to climb to the support point, you’ll have to throw or launch a light line over it and pull up the heavier support rope. (An excerpt from Portable Operating for Amateur Radio by Stuart Thomas, KB1HQS, discusses this problem — you can find it in the online material.)

You have several choices, starting with using whatever is at hand that is heavy enough to pull the light line back down to the ground but not so heavy as to not be able to throw sufficiently high. All kinds of things have been used to get antennas into trees — water bottles, rocks, tools (and some are still in there). Professional arborists face this issue all the time and use throw bags to get their lines into trees.

If throwing is not an option, the next step is usually a tennis ball launcher for exercising dogs (available at pet stores) or a slingshot and fishing reel, such as the EZ-Hang (ezhang.com). These work up to heights of about 100 feet. If more height is needed, “spud guns” that use compressed air or hair spray as a propellant can put lines tied to tennis balls over really tall trees. (See the article “The W4SSY Spudgun” in the References and Bibliography and the online material.)

As noted in this chapter’s sidebar on safety, if you are setting up in a public area, using anything that looks like a weapon to launch a line into or over a support is likely to attract the attention of the staff or security personnel. This especially includes slingshots, archery equipment, “spud guns”, and similar items that are banned from parks and recreational areas for good reason.

With any launching device, think before you shoot. If a line attached to a projectile snags or doesn’t pay out freely, the projectile can snap back with full force. The projectile might not go where you intend, so be sure no innocent bystanders are down-range or near the launching device. Be aware of any power lines in the area, such as behind or even in a tree. If you overshoot, what might the projectile hit or travel over? If the wind is blowing, what happens if the projectile drifts off-line? Think things through and avoid hazards.

Some have begun using remote control (RC) drones to carry lines over trees, as well. There are two basic techniques:

• Fly over and land on the other side. In this technique, the drone carries a very light line such as fishing monofilament all the way over the tree. It then clears the tree and lands on the other side, still tethered to the line. The light line is then attached to a heavier line that is pulled back over the tree and attached to the antenna. Adequate space for the drone to land on the other side of the tree is required and the line can tangle in a propellor when it extends up from drone on the way down. The drone only has to lift the light line and does not have to have a drop attachment.

• Drop a line from above the tree. A payload drone with a lift-and-drop capability carries a weight heavy enough to fall completely through the tree while attached to the light line. The arborist’s bag (up to 1 pound) or fishing weights are often used to pull the light line down through the tree. Drones that can lift these heavier loads are more expensive.

Kite and Balloon-Supported Antennas
Effective operating on the lower HF bands requires large antennas. If long-distance contacts are the goal, then a low radiation angle is needed. A horizontal antenna needs to be around ½ wavelength above ground to bring the radiation pattern’s main lobe down to where it’s needed. That’s 120 feet on 80 meters and 240 feet on 160 meters. These heights are usually out of reach for portable stations not around big trees. A ¼-wave vertical ground plane antenna is still 66 feet high at 80 meters and 132 feet high on 160 meters.
Faced with the need to hold a wire sufficiently vertical, the idea of using a balloon often seems attractive. These have been used to hold up light wires as high as ½-wavelength on 160 meters (about 250 feet). If you are going to try a balloon, you should review some of the basics, which might not be obvious at the outset, before you head for the operating site. Lee Jennings, ZL2AL, discusses these techniques in “Kite and Balloon Antennas” (zl2al.com/2619/kite-and-balloon-antennas) or search for the title and his call sign. Another article is Don Daso, K4ZA’s, “A Skyhook for the 90s” in May 1997 QST (included in the online material).
Kites are another popular technique of lifting antennas. In fact, Marconi used kites to lift antennas in his early wireless experiments. They are better suited for ultra-light portable operating since all that’s needed to use them are the kite, a tether, and the wind! There are several good online websites for using kites as antenna supports. SOTABeams maintains an online FAQ at sotabeams.co.uk/kites-faq. Bob Marshall-Read, YB5AQB (ex-G4VGO), has used kite-lifted antennas on Top Band for many years and describes many of them at (qsl.net/g4vgo).
Before you decide to use such an antenna on “all bands,” remember that the longer a straight-wire antenna, the more it becomes a long-wire antenna that radiates more and more in the direction of the antenna. That ½-wave vertical on 160 meters with such a good low-angle signal becomes a cloud-burner on the higher HF bands!


19.6 Feed Lines and Impedance Matching

19.6.1 Feed Line Considerations

A feed line for portable station operation will be used and managed differently than at a fixed station. Portable use implies:

• Feed line will be coiled and uncoiled many, many times. It must survive this without degradation or damage. See the sidebar “The Over-Under Method of Coiling” for tips on how to keep feed line neat without tangling.

• Weight is a consideration. Feed line will be carried regularly, perhaps in backpacking or other highly weight-constrained scenarios.

• Size is a consideration. There is only so much room to pack a portable station and the feed line can easily become the single largest item with which you much contend.

• Not all types of connectors are suited for repeated attachment and disconnect cycles. SMA connectors are generally rated for a low number of mating cycles. Both UHF and BNC connectors can withstand many mating cycles if properly cared for.

• Feed lines encounter more stress during portable operation than at fixed stations. Cables can pull out of connectors, shields and center pins can work loose, and so forth. Crimped connections are generally more reliable than solder, particularly in an application where frequent movement of the connection will occur. Provide stress relief to the cable wherever practical.

• Having multiple, shorter, lengths of coax and appropriate splice adapters is a convenient and reasonable choice for temporary use with varying distances between the radio and antenna.

The Over-Under Method of Coiling
It is quite frustrating to encounter a coil of wire or cable that unwinds itself into an unending snarl of tangled loops and twists. It’s better to learn the skill of coiling cable and wire so that it is not twisted as it is coiled. Once “trained,” a cable wound to avoid continuous twists will be easily wound that way again. The best method, used by audio and RF engineers and techs, is known as the “over-under” method.
There are many online videos demonstrating this method. A short and simple demonstration can be seen by searching YouTube (youtube.com) for “Over-Under Cable Wrapping”. Start by laying the cable out straight and removing kinks and twists. Then, holding the cable’s end in one hand, pick up the cable a foot or two away and make one twist of the cable away from you so that the cable forms a loop. Pass that loop to the hand holding the cable end. Repeat, but twist the other way, creating an opposite-coiling loop and pass it to the holding hand as well. This is much easier seen than described in words so watch the video and practice the skill. You won’t regret it!
Once coiled, don’t use tape to hold the coil together. Hook-and-loop fasteners for cable are widely available and worth the small expense to keep your cables in good order so they can be used over and over again.


Selecting Feed Lines

Balanced conductor feed lines are usually impractical for portable use with some exceptions for certain types of equipment and antennas. They cannot be run along the ground and offer few options for durable mechanical connections to equipment: binding posts are usually used. For the cable lengths typical of a portable station, the low loss of balanced feed lines isn’t worth the complications.

While many types of coaxial cable are available, just a few are practical for portable use. The two most popular choices are RG-8X and RG-58. Larger cables such as RG-213 are too heavy and stress connectors through repeated bending. Smaller cable such as RG-174 is used by operators with extreme weight or size requirements (see the section on Ultralight Operating) but have significantly higher loss per foot.

At HF and for the lengths generally encountered for portable setups, either RG-8X or RG-58 are roughly equivalent. Table 19.2 is based on 50 feet of cable with a 2:1 SWR antenna system being operated on the 10-meter band. This combination represents a typical limit for a portable station. Lower SWR or lower frequencies will reduce these losses.
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These losses are quite modest. Even RG-174 with 30% more signal loss than RG-213 results in less than 1 S-unit lower signal strength at the receiving station. Choosing a cable is thus more often based on price and availability. RG-8X is also generally more durable than RG58, which is worth the extra size and weight to some operators. Finally, some antenna systems which rely on the feed line to act as a counterpoise benefit from the larger surface area of RG-8X cable shield. (Counterpoises are discussed in the Effects of Ground chapter.)

Cable rated “direct bury” has a heavy and stiff jacket compared to general purpose cable making it harder to deal with. Even if coax does encounter some water temporarily, it can be thoroughly dried on returning home. It is important, however, to keep water out of the RF connectors. Be prepared to do some light waterproofing in the field that can be easily removed for transport home. A roll of quality vinyl electrical tape such as Scotch 33+ will do the job, and is an important part of a field station repair kit.

19.6.2 Impedance Matching

Amateur transceivers are designed to operate with a 50 Ω resistive load. Significant time is generally spent tuning and tweaking antennas which are installed permanently to get them as close as possible to being this idea load.

Portable scenarios do not provide the luxury of time for extensive tweaking and adjusting. A portable antenna system generally includes compromises for size and weight or available supports. Even antennas resonant by design are often not resonant at exactly the same frequencies depending on how and where they are deployed. The EFHW that tuned perfectly at home might have a SWR shifted away from the desired frequency when deployed “zig-zag” through a tree at the park or at a different angle or height.

Adjustable impedance matching circuits, aka “antenna tuners,” are the simplest solutions to these problems. An antenna tuner will compensate for some level of mismatch between the antenna and the radio, without having to adjust either. The degree of mismatch a given tuner can compensate for varies, so having some knowledge of the behavior of your antenna is still required.

Tuners can be either automatic or manual. An automatic tuner is very convenient in that it will work with a low power input and quickly find an impedance match to 50 Ω on its own. The manual tuner may have a similar range of impedances it can match but depends on the operator’s skill to find the right settings. See the Transmission Line System Techniques chapter for a discussion of tuner circuits and operation.

Automatic tuners built into HF radios are typically limited to an SWR of 3:1 or less. This is enough range to handle an antenna for which resonance has shifted due to how it is deployed. It is also enough capability to extend the workable range of narrow bandwidth (high Q) antenna designs somewhat.

If you require a larger matching range, or if your radio does not include a tuner, then you should consider a dedicated external antenna tuner. A manual tuner offers several not-so-obvious benefits over an automatic tuner in portable situations:

• No electrical power is required to run a manual tuner, conserving precious battery capacity in a portable station.

• Manual tuners have fewer moving parts. While automatic tuners are not necessarily delicate, most manual tuners are sufficiently rugged for portable use.

• Manual tuners generally offer the largest range of impedance matching.

• Manual tuners behave predictably. They only change the impedance when the operator adjusts them. This is sometimes convenient when you have an antenna that is changing on its own such as blowing in the wind or being actively rained upon, and you don’t want an automatic tuner trying to compensate, known as “chasing the antenna around.”

• Manual tuners work equally well and the same way with any radio

• All else being equal, a manual tuner will generally be less expensive than an automated model.
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Chapter 20

Stealth and Limited-Space Antennas

The biggest challenge facing many hams today is putting up an effective antenna. Many homes come with severe restrictions or even prohibitions on external antennas of any sort. Apartment and condominium dwellers have even more limiting circumstances. The traveling ham faces a new set of challenges at every stop. Yet many persevere and have rewarding experiences in Amateur Radio without big towers and high wires. The secret? According to Steve Ford, WB8IMY, author of ARRL’s Small Antennas for Small Spaces, it’s “using the best antenna possible for a given circumstance.” That may be a wire in an attic or dangling from a high-rise window but you can get on the air and make lots of contacts. Enjoyable hamming — even DXing — is very achievable without the traditional “aluminum farm” and that is the focus of this chapter.

Much of the material in this chapter is collected from WB8IMY’s book mentioned above, Al Brogdon, W1AB’s Low Profile Amateur Radio, and Steve Nichols, GØKYA’s RSGB book Stealth Antennas. In addition, several projects from the pages of QST and other sources are provided. It is not expected that you will be able to exactly duplicate these designs. Use them as a starting point, adapting to your circumstances, and learn to adjust and work with the resources available. You may also find the Portable Antennas chapter interesting reading. The Villages Radio Club, K4VRC (k4vrc.com) in one of the largest Florida housing developments has lots of information about limited-space and low-profile antennas on its website under “Resources.”

The goal of presenting this collection of antenna designs is to inspire imagination and innovation on the part of the reader. As you review these antennas, think about how you might apply the same styles and approaches to your station. Most antennas for small spaces are just variations of full-size antennas described in other chapters. Antennas can be folded or bent and then adjusted to compensate. Loading coils or wires can be added to make an antenna look larger electrically. An antenna inside a structure may need some retuning but can often be made to work. Perhaps these antennas will answer the question, “Would antenna X work in my situation?” Give your imagination free reign!

Once you have selected a design, be prepared to experiment and adjust. The antenna analyzer described in the Antenna and Transmission Line Measurement chapter is an invaluable tool for this type of antenna building.

20.1 Installation Safety

Why start with a discussion of safety? Because your antennas will likely be a lot closer to power wiring and power lines than the traditional dipole in the trees. In addition, you and your family and possibly your neighbors will be a lot closer to the antenna than if it is installed outside and well above the ground. The ARRL Handbook contains additional information on electrical and RF safety and grounding.

20.1.1 Electrical Safety

Before installing or even designing an antenna, check the area around your home and property for power lines, including the household voltage “service drops” to your house. Don’t mistake a power line for a cable TV or telephone line. Working on building roofs or lowering wires and cables over the edge of a building or out a window can place you or a wire or cable in contact with hazardous, even lethal, voltages. Here are some rules to live by:

• Keep all objects — including masts, poles, ladders, tools, and antennas far away from power lines at all times. If in doubt — stop. You can be electrocuted if you are touching anything even a little bit conductive that comes in contact with a power line. High voltage electricity does not need much conductivity to create hazardous currents.

• Antennas and masts should never be closer than 10 feet to a power line or your electrical service wiring.

• If you are moving an antenna or taking one down, look for new power lines that may have been installed or rerouted since the antenna was first put in place.

• Never assume that any power line is insulated — any contact may be lethal.

• Don’t rely on fiberglass or wooden poles to act as insulators.

• Know first aid for electrical shock and don’t work alone if possible.

Installing indoor and otherwise stealthy antennas invariably means drilling holes through and driving fasteners into walls and ceilings. Before drilling or hammering or driving, be sure that you are not about to come in contact with an electrical wire or a water or gas pipe. If you are in doubt, stop and get professional help. The cost and small delay are minor compared to that of a fire or leak. Remember that detectors designed to find metal piping or conduits will not find plastic pipe.

20.1.2 Personal Safety

You may have seen comedy sketches where someone puts a foot through the ceiling but it isn’t very funny when it’s your or your friend’s ceiling! Take steps to be sure that you are working safely and not placing yourself in a risky position. When working in unusual spaces in, around, or on top of your home, someone else should be at home in case you become stuck or fall.

When working in an attic or crawl space, make sure you have adequate lighting. If you plan on working in these areas frequently, consider installing permanent lighting. At any rate, an ac or battery operated “trouble light” with an LED bulb will provide plenty of light. Carry a strong flashlight with fresh batteries since it is inevitable that you’ll be working in the shadows at some point. A head-mounted LED lamp works well.

Do not attempt to walk on attic joists as they make poor footing, leading to the aforementioned ceiling damage and possible injury. Use boards placed across the joists to support your weight. Again, if you expect to be working in the attic regularly, permanently install boards or plywood sheets.

Glass wool insulation is an irritant as the fibers break off and can stick in skin or be inhaled. Wear gloves, long-sleeve shirts and pants when working around insulation. If the insulation is loose (not in batts or rolls) wear a face mask. A face mask is also a good idea in crawl spaces to avoid inhaling rodent or insect droppings, dust or mold spores.

If you are working on a pitched roof, consider using a safety harness sturdily anchored to a tie point or chimney. Review basic climbing safety techniques and equipment in the chapter Building Antenna Systems and Towers.

Evaluate whether the antenna, its supports, and any guys or tethers present a safety hazard to someone who isn’t looking for the antenna. You may be trying to install the antenna so it can’t be seen! That makes it easy for someone to walk into a guy line or trip over a feed line, for example. Try to locate or orient the antenna and its various accessory pieces to avoid these accidents. A plastic ball on the end of a whip or rod will cushion any inadvertent contact, as well.

20.1.3 RF Safety

It is a good assumption that the antennas in this chapter will be installed fairly close to people. As such, you should consider the potential effects of your transmitted signal and are required to evaluate your station for RF exposure.

The evaluation procedure — required of all FCC-licensed amateurs — isn’t as involved as you might think. No test equipment is required and no paperwork must be submitted to the FCC although you need to log your evaluation results and keep them at your station. An RF safety evaluation amounts to entering some values into an online calculator to determine whether your station is in compliance — it’s that simple. (Note that the FCC updated its rules on RF exposure in 2021. See the article “Understanding the Changes to the FCC RF Exposure Rules” at arrl.org/files/file/Technology/QST20210901.pdf that explains the changes and what you must do to be in compliance with the rules.)

Figure 20.1 shows the output from the ARRL’s RF Exposure calculator at arrl.org/rf-exposure-calculator. The antenna was a dipole (2.2 dBi gain) being used on 10 meters (28.3 MHz) for conversational SSB at 100 W PEP. You can include the effects of ground reflections or not.
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The calculator mentions controlled and uncontrolled environments. These terms refer to whether people know RF is present and can take steps to control their exposure. (The Safe Practices chapter defines these terms and includes a large section on RF exposure and RF safety. Another resource is the ARRL RF Exposure web page at arrl.org/rf-exposure.) Assuming other people live in your home and nearby, values for the uncontrolled environment should be used. Even so, you will probably find that in most cases your station is in full compliance when transmitting with 100 W or less and for separations of approximately 10 feet. You will find that you must be running a fair amount of power at VHF or UHF and be fairly close to the antenna to exceed the RF level for compliance. As you use the calculator, print or store the individual reports to create your evaluation record.

Amateurs using small transmitting loops should also be cautious about RF exposure from high field strengths near the antenna. The antenna’s high Q means that a lot of energy is present near the antenna, even at low power. A table of safe distances is provided in the Small Transmitting Loops section of this chapter.

20.2 Locations for Antennas

If you live in an apartment or condominium, do you have an attic space overhead? If so, find the access door. It is often hidden away in a closet or utility room. With a ladder or stepstool, grab a flashlight, open the hatch and take a look around. If you can easily (and safely) climb into the attic, go ahead and take some measurements. How much height is available? How much horizontal length? What does the insulation look like? Is it blown-in material or paper-backed batts or do you see sections of insulation with reflective metallic backing? Metallic-backed insulation acts as a shield and rules out such spaces for antennas. The same concern applies to metal buildings or buildings with metal siding or roofing.

As a test, take a portable radio into the space and try to receive signals. If you have a “world-band” shortwave radio, this is a great use for it. Start outside the space by tuning in a signal near a frequency at which you will want to operate. Then enter the space with the radio operating. If the signals stay the same level or get louder, an antenna will probably work well in the space. If the signal levels drop, the space will probably not work well for whatever reason. For VHF/UHF operation, a hand-held radio can be used in the same way.

If you don’t have an attic, check out the inside of the apartment. Are there any rooms that might accommodate an antenna secured to the ceiling? If so, how much space is available? If you are considering VHF/UHF antennas, don’t neglect the windows, especially if you live above the ground floor or have multiple floor levels. If the windows have metal screens, can they be removed? It is quite possible to be successful in pointing directional VHF/UHF antennas through windows.

Even apartment and condominium dwellers should examine the property for nearby trees. Depending on how restrictive the landlord or condo association might be, trees provide excellent opportunities for discreet long-wire antennas.

If you live in a house, your antenna location options expand considerably. Take a walk around the yard and make some measurements. Look for convenient supports such as trees and note their distances from each other and your house. Make a simple map from your measurements for planning.

Don’t neglect the roof of your home. A chimney can support small VHF antennas but is not designed to handle the stresses of larger antennas. You may wish to consider a roof tripod such as are available for large TV antennas. (See the Building Antenna Systems and Towers chapter for examples.)

It cannot be over-emphasized that you will likely need to be inventive more than the traditional outdoor antenna builder. Browse websites, read magazine articles and books, and ask other club members about their experiences. The more information you have, the more likely it is that you’ll be able to find an acceptable solution for your particular situation with a little experimentation.

20.3 RF Interference

Because your antenna is likely to be close to your living quarters, it will also be close to the many electronic devices in use today, including appliances and security systems. Realistically, you should expect some interference when operating at (or above) the 100-W level. You will probably also experience interference from these devices and systems. The ARRL RFI Book is an excellent resource to help you deal with interference as is the ARRL Handbook.

Nevertheless, many interference issues are quite manageable. Perhaps you can operate with low power. Keep the antennas as far as possible from your electronics and those of your neighbors. Learn how the radiation patterns of your antennas might be used to direct your strongest signal away from them. Study how to apply ferrite chokes to keep your signal out of electronics and vice versa — Jim Brown, K9YC has written an on-line tutorial (see References and Bibliography) about the use of ferrites to fight RFI.

Be especially aware that indoor antennas often couple very strongly to nearby or adjacent power wiring, telephone and network cables, security system wiring, etc. The best solution is to avoid placing antennas in close proximity to other wiring. If that is not possible, be prepared to mitigate interference with chokes and other measures such as the “Resonant Breaker” described in “Better Results with Indoor Antennas” by Fred Brown, W6HPH, included with this book’s online material. Archives of the RFI email reflector (contesting.com/FAQ/rfi) have a lot of examples of how to deal with a variety of situations. Be sure to follow good reflector etiquette — to avoid asking a question that has already been answered, search the archives first!

Another option is to use modes that concentrate your power into narrow bandwidths, allowing you to communicate with a minimum amount of power. For example, CW, PSK31 or PSK63, and the various WJST modes such as FT8 pack the entire signal into a bandwidth of less than 100 Hz. In addition, PSK and WJST modes are constant-power modes and do not cause clicks and thumps and garbled voices in equipment receiving the signal unintentionally. In fact, PSK and WSJT modes are used by many hams with antenna restrictions to make contacts around the world at powers of just a few watts.

20.4 Indoor Antennas

20.4.1 Indoor HF Wire Antennas

The basic antennas presented in the chapters Loop Antennas and General Purpose MF and HF Antennas can be adapted to many styles of installation. Most of them are quite forgiving of being bent and folded although you will have to make adjustments from the full-size antenna to achieve resonance at the frequency you want. Remember that the more an antenna is folded or coiled, the less efficient it becomes because the radiation from the different parts of the antenna tend to cancel out. Keep as much of the antenna in a straight line as you can.

The common λ/2 dipole in Figure 20.2 is a very tolerant antenna. At 14 MHz, it is approximately 33 feet long and can be bent to fit many different rooms, under a roof line or eaves, in a hallway, etc. Very thin wire can be used at low power such as #28 AWG stranded hook-up wire that comes in a number of colors to blend in with the surrounding material. You can use adhesive tape or hooks to hold it against the wall or ceiling. Figure 20.3 shows a multiband antenna fed with ladder line. You can also use the clear 300-Ω twinlead sold for use with FM radio antennas.
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Loop antennas can also be used as long as they are not too much smaller than one wavelength. (Very small transmitting loops are covered later in this chapter.) Figure 20.4 shows how a loop extended around a ceiling can be fed with low-loss ladder line or twin-lead on multiple bands. Making the loop as large as possible allows it to be effective on the lowest possible frequencies. A loop can also be installed in an attic as described in the section below. Another option is to install a loop around the edges of a roof line as described in the article “160 to 6 Meter Hidden Antenna” by Bruce Walker, N3JO, in his book Magic Band Antennas for Ham Radio (see the References and Bibliography).
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Attics and upper-story bedrooms under peaked roofs can make a good home for inverted-V style antennas. Support the feed point at or near the peak of the roof and run the legs down the roof joists or to the floor joists. A dual-band inverted-V can be installed with the pairs of legs connected in parallel and run at right angles to each other. Inverted-V wire Yagi antennas for 20 meters and higher frequency bands can also be made if the attic has a desirable orientation.

If you are working in an attic-type space, the simplest way to hold wire against wooden trusses and joists is a plastic coaxial cable clip of the sort used for cable TV wiring. Avoid attaching bare or enameled wire directly against wood. PVC-insulated wire can be carefully stapled directly to wood supports.

To get the feed line from the attic to your transmitter, you may be able to find the cap for an internal wall and drill a hole in it for the feed line to drop down between wall studs. You can then install an “old work” electrical box and an appropriate plastic cover plate for a professional-quality installation. Do not run feed line through the same hole as ac wiring or in conduit carrying ac wiring as that is an unsafe practice as well as increasing the probability of RF interference.

The Slinky Antenna
If folding an antenna reduces its effectiveness, what about coiling it? This is just what happens when a Slinky™ toy is used as the antenna element! The Slinky Antenna was first described in an Oct. 1974 QST article by W7ZCB (see the References and Bibliography and this book’s online material). As you might imagine, the antenna is nothing more than a dipole made out of two metal Slinky toys and stretched out until resonance is reached. W7ZCB was able to use his version on 80, 40, and 20 meters. It has been reported that the standard Slinky’s quarter-wave resonance occurs on 40 meters when stretched to about 7.5 feet, so a full half-wave dipole would be about 15 feet long. This is well within the space available in a good-sized room. If you try this antenna, be sure to get a metal version as there are plastic models, as well.


PROJECT: An Indoor Stealth Loop

Ted Phelps, W8TP, wrote an article in The ARRL Antenna Compendium Vol 7 describing his attic-mounted wire loop antenna, fed with an automatic antenna tuner. The full article is included with this book’s online material.

Figure 20.5 shows the final dimensions of the loop hidden the attic of his condo. The antenna is a single-turn rectangular loop, erected in a north-south vertical plane and made from nearly 78 feet of heavy #6 AWG stranded, aircraft primary wire in a PVC jacket, held taut at the lower corners and supported by a pulley and guy rope at each upper corner. The antenna will provide a mix of vertical and horizontal polarization on the different bands, covering many directions at a wide range of vertical angles.
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PROJECT: Compact HF Loop

Rod Newkirk, W9BRD, contributed several designs for multi-turn and tuned loops that can be used on the HF bands. His QST article, “Honey, I Shrunk the Antenna!” presented several variations that are suitable for installing in an attic or garage and can also be used for portable operation. (This article is included with this book’s online material.)

Figure 20.6 shows a single-turn tuned W9BRD loop that is designed for 40 meters (see the referenced entry for Brogdon, Low Profile Amateur Radio). The circumference L should be somewhat shorter than λ/4, about 25 feet for 7 MHz. C1 and C2 are 300 pF must be frequently re-turned since the bandwidth of the loop is about 50 kHz. At power levels of up to 100 W, broadcast-style 365 pF variable capacitors can be used.
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To use the loop on the next highest frequency band of 30 meters, insert a third capacitor in series with the loop, opposite the feed point. To use the loop at 14 MHz or higher-frequency bands, you’ll have to re-scale the length of the loop accordingly. Smaller-value variable capacitors will make the tuning adjustments less sensitive at higher frequencies, as well.

PROJECT: All-Band Attic Antenna

This design by Kai Siwiak, KE4PT, describes an inverted L antenna installed in the attic of his home. The system uses an automatic antenna tuner, similarly to the antennas shown in Figures 20.3 and 20.4. The full article is included with this book’s online material.

The L is horizontal and laid out as shown in Figure 20.7. It comprises two parallel lengths of #9 AWG aluminum wire connected together at the far end, and spaced about 38 inches apart. The horizontal portion is about 48 feet long and a bit more than 14 feet above the ground, under the roof of the house. The horizontal length is approximately one wavelength at 21 MHz so the antenna pattern is very nearly omnidirectional from 20 meters down to 80 meters.
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The parallel wires are brought together and emerge from the ceiling on a far wall of the house in a storage closet. Both of the parallel wires are joined together and connected to the antenna post of the AH-4 tuner. Connecting the wires together in this way creates a “thick” radiating element for which the feed point impedance varies more smoothly with frequency and eases the job of the antenna tuner.

Cool That Hot-Spot with Quarter-Wave Wires
Using indoor, portable, and temporary antennas often results in an RF “hot spot” on the station equipment. The antennas are usually quite close to the station equipment and in the case of a random-wire antenna, may actually use the station equipment as part of the radiating system. If the hot spot is causing RF burns or otherwise upsetting the operator or equipment, the trick of attaching a λ/4 piece of wire to the equipment at the hot spot is often employed. If one end of the wire is left unconnected (open) the other end will present a low impedance at the λ/4 frequency. This can reduce the RF voltage substantially but the other end of the wire will be at a high RF voltage. Be sure to keep the other end of the wire clear of anything conductive, flammable, or where a person can touch it. The hot spot isn’t gone, it just got moved to the unconnected end of the wire! Having a set of wires cut for different bands with an alligator clip on one end can be a very handy problem-solving addition to your tool kit.


A copper ground wire runs from the tuner ground connection to an outside 8-foot ground rod. The antenna shares this ground rod with a conductive mast supporting a 2-meter J-pole that tops out at 21.7 feet. This mast also functions as part of the HF radiating system.

A length of 50-Ω coaxial cable connects the tuner through an eight-turn, 5-inch diameter choke balun to the transceiver at the operating position in the ham station on the other side of the wall of the storage closet.

Indoor antennas should be very carefully considered from the RF exposure point of view, especially for those within the dwelling. A spot check of near fields of the antenna both near the vertical and near the horizontal parts of the wires shows that for this antenna, the 3.3-foot result from the 6-meter 4nec2 model gives sufficient compliance distance safety margin on all lower frequency bands. Evaluate unusual antennas very carefully, especially if a ground or ground post is part of the system!

20.4.2 Mobile HF Antennas Indoors

Another popular option for indoor HF use is antennas intended for mobile operation. After all, mobiling is certainly another example of a limited-space application! (See the chapter Mobile and Marine HF Antennas for more information about the mobile antennas described in this section.)

The same general concerns for mobile antennas mounted on vehicles apply to mobile antennas used indoors regarding the importance of how the antennas are mounted and having a large conductive surface to act as a ground plane. A mobile whip can be used quite effectively when mounted on a sufficiently large metal surface. For example, a windowsill (see Figure 20.8) or balcony railing will suffice. If those metal structures are also tied into a building’s steel frame, the antenna will be very effective.
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When using a mobile antenna in this way, if the metal item to which the antenna is clamped is not sufficiently large, a counterpoise wire should be added to the system. The counterpoise should be approximately λ/4 long at the frequency of operation and acts as the “missing half” of the antenna in lieu of a full ground plane. The counterpoise in this case is actually a radiating element and should be kept away from the operator and any electronics. If above the ground floor, the counterpoise can be allowed to hang down alongside the building. There may be significant RF voltage present at the end of the counterpoise so place it where it cannot be touched or arc to another surface.

The popular “screwdriver” mobile antenna (see the Mobile and Marine HF Antennas chapter) can also make an effective and tunable HF antenna in an attic or unused room. Figure 20.9 shows the screwdriver mounted on a ground plane that in turn rests on the ceiling joists. Shorter models are small enough to fit comfortably under a peaked roof. Along with sheet metal any mesh will do for the ground plane, such as hardware cloth or chicken wire. Even aluminum foil could be used, such as on insulation panels. The more extensive the ground plane, the more effective the antenna will be. Screwdriver antennas also have the advantage of being tunable with a remote controller for use on all HF bands.
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To lower the frequency range of a screwdriver antenna, the whip can be extended with horizontal wires, either as an Inverted L or as a T antenna. A capacitance hat can be added at the top of a sturdy whip or at the top of the adjustable coil. (See the Multiband HF Antennas chapter) The adjustable coil is then used to bring the entire antenna to resonance. Adding whip length (either physically or electrically) may lower the operating range such that a reasonable match on the upper HF bands and 6 meters is no longer attainable. In this case, an auto-tuner at the antenna feed point may be used.

It is also possible to use mobile whips configured to form a dipole as in Figure 20.10. Many antenna parts dealers sell brackets with an SO-239 coax connector and tapped fittings for the popular 3/8-24 threaded antenna base. A pair of mobile whips can be attached as in the figure and supported on a camera tripod or other suitable base. This makes an excellent portable antenna, too.
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20.4.3 Indoor VHF And UHF Antennas

Operating with indoor antennas for VHF and UHF operation is much less difficult than creating an effective HF antenna indoors. For example, placing a simple mag mount whip on top of a refrigerator or filing cabinet makes a reasonable base station antenna for local 2-meter or 70-cm FM contacts. Any of the designs for ground-plane antennas in the VHF, UHF, and Microwave Antenna Systems chapter is easily adapted to indoor use. The “roll up” J pole designs are particularly good for portable and travel antennas.

An excellent “make do” antenna for 2 meters can be as simple as two pieces of wire. Figure 20.11 shows the idea. The antenna can be installed permanently, for example on an apartment window, or as a portable antenna that can be taken along when traveling or as part of a “go kit.” The wires need not be stiff — small-gauge stranded wire also works quite well. In an emergency situation, this is an easy antenna to construct from almost any source of wire and dimensions are not critical. A short (less than 10 feet) feed line of RG-174 miniature coax is sufficient and keeps the entire package small.
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Creating an effective installation for SSB and CW operation — the so-called weak signal modes — is more challenging. Horizontal polarization is required for sustained success but it is not always necessary to have multi-element beams. 6 meters provides a lot of opportunities for long-distance contacts to amateurs who can’t put up outdoor antennas. Relatively omnidirectional antennas such as a horizontal “halo” (Figure 20.12) or dipole can make many contacts, including with distant stations when sporadic E propagation is occurring. (See the Radio Wave Propagation chapter.)
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Nevertheless, if you can manage an antenna with some directivity, it will help. The 2-element Moxon design for 6 meters described by Allen Baker, KG4JJH, measures 84 × 31 inches and being flat, is a natural candidate for ceiling mounting. The 3-element wire “stealth” Yagi for 6 meters designed by Bruce Walker, N3JO, is about 10 feet by 5 feet is another good ceiling mount antenna. Both of these articles are included in this book’s online material and the book Magic Band Antennas for Ham Radio is full of useful antenna designs for limited-space stations.

Quad beams for VHF and UHF are also fairly small antennas, even on 6 meters where quad elements are only 5 feet on a side. A 2-element quad for 6 meters can fit many attic spaces or be suspended from a ceiling mount.

Quads and small beams for 2 meters and higher frequencies are even smaller. Figure 20.13 shows an example for 2 meters. A light-duty TV rotator can turn any of these antennas. A note of caution — the higher the frequency of operation, the higher the attenuation from building materials as well as rain and snow on roofs, especially at UHF and microwaves.
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Don’t discount dipoles! These simple antennas give a bit of extra gain over a λ/4 ground plane and are easy to make and tune. A J-pole, which is really a dipole that is end-fed through a tuning stub, does not have to be vertical and is attic-sized as low as 28 and 50 MHz. If you are really adventurous, try one of the curtain antennas in the Broadside and End-Fire Dipole Arrays chapter.

20.5 Outdoor Antennas

This book contains plenty of candidates for outdoor antenna designs in spaces of limited size. The antennas in the chapter Portable Antennas address similar limited-space needs as the amateur with a limited fixed space. The builder should start with a good idea of the available supports or ground area, decide on a horizontal or vertical antenna, and begin reviewing the antenna books and articles. Jim Brown, K9YC, has contributed a short paper on antennas suitable for small residential lots — look for Antennas for Limited Spaces at k9yc.com/publish.htm.

The main challenge addressed in this chapter, however, is how to put up such an antenna in the face of restrictions against them or when esthetics just don’t permit the usual construction techniques. There are two basic approaches to putting up such a stealth antenna; invisibility and disguise.

20.5.1 Invisible and Camouflaged Antennas

An invisible antenna is one that is constructed so as to be difficult to see. Many amateurs have been able to operate for long periods using invisible antennas without being detected. The secret to making an antenna invisible is to think small and thin. Thin wire, small coax, placing the antenna in trees or other foliage — all of these are time-tested techniques for making an antenna “disappear.”

Thin wire can be used up to surprisingly high power before its resistance becomes an issue. Assuming you’ll be using power levels of 100 W or less, you can use wire as small as #30 AWG. For sizes below #24 AWG, however, the challenge of keeping it up due to breakage becomes the bigger issue. Use stranded wire for better flexibility and be careful not to tension the wire too heavily — it will stretch, then break.

Think “small,” too. Insulators, feed points, supporting lines, and coaxial feed line all need to be small so as not to attract the eye. Insulators and feed points can be homebrewed from scrap plastic or fishing supplies. Woven fishing line is usually tough, UV-resistant, and very hard to see against the sky or foliage (just ask the fish!). If possible, use colors that blend in to the surroundings.

Small diameter coax such as RG-174 can be dismayingly lossy (see the table of coaxial cable parameters in the Transmission Lines chapter) and should only be used for very short runs. RG-58, RG-59, and RG-6 can be used for longer runs and have the added benefit of looking very much like the cable TV service drop. Parallel-wire lines have much lower loss and are lighter than coax but are much harder to conceal. If you get a good deal on a long length of subminiature Teflon-insulated cable such as RG-393 or similar, it makes a very good miniature feed line.

Camouflage can make the antenna blend in to its environment so it is difficult to see or at least less noticeable. If you are considering an attic loop (see the section on Indoor Antennas) perhaps you could put the same loop outside around the edge of a roof as in Figure 20.14. Under the eaves or deck railing can also work. Choose a wire color similar to the background and small, insulating supports to hold the wire.
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Look for ways to make your antenna look like or integrate them into accepted objects. For example, if you have a garden, trampoline, or volleyball net in your back yard, a wire dipole can be woven into the netting very easily. Clothesline can be made out of insulated wire, although hanging wet laundry on it may change the tuning!

Making Radials Disappear
How do you create an effective ground screen of radial wires without an unsightly mess covering your lawn? The answer is to let the lawn do the work for you!
Get a large pizza cutter — it will be ruined for kitchen use so don’t use the family’s prize pie divider. You’ll also need a spool of thin stiff iron wire — rebar tie wire will do fine as will the lawn staples available from gardening and landscaping shops. Cut at least a half-dozen 6-inch lengths of wire for each radial you plan on installing and bend them in half to form a narrow U — these are radial pins. Your radial wire can be any convenient type although a dark insulation or enamel coating will help with the disappearing act. Bare wire is fine, too.
Start by mowing the grass as short as you reasonably can. Attach a radial to the base of the antenna and cut a narrow slot in the grass into which you lay your radial wire. As you move away from the antenna, hold the radial down with the radial pins every few feet. The cost of each pin is quite low so use as many as you need.
Once all of the radials are in, water the grass well. A little fertilizer won’t hurt. In a matter of days, the grass will have grown high enough to completely hide the radial wires — you won’t be able to see them even if you know they are there! Over time, the grass (and the worms) will conspire to pull the wires deeper toward and even below the surface of the ground. The radial pins will also quickly rust away and disappear if you used iron wire. The only thing sticking up out of the yard in a couple of weeks will be the ends of the radials at the antenna.


20.5.2 Disguised Antennas

A disguised antenna is an antenna that is easy to see but the viewer doesn’t recognize it as an antenna! The classic example of the disguised antenna is a flagpole antenna such as that described by Geoff Haines, N1GY in the December 2010 issue of QST. To the non-ham, it’s a basic flagpole. To the ham, it’s a 23-foot ground-plane vertical with an automatic tuner at the base. Albert Parker, N4AQ took a different tack by hiding a Hustler 4-BTV 4-band trap vertical inside a flagpole made of PVC pipe (see References and Bibliography). A windsock can be held up by a fiberglass pole holding a vertical wire as can a bird house or feeder or area lighting. Another long-time favorite method is hiding the antenna near an approved structure such as a drain pipe or gutter. Hams have even used metal gutters and downspouts as antennas with a variety of results but it can be difficult to maintain good connections at joints. With plastic guttering so common, why not put a wire antenna directly into the gutter? With horizontal gutters, pooling water can be a problem but most vertical gutters are immune. Put your antenna in the gutter itself! The challenge will be to get the feed line to the antenna and keep water out of the feed line.

If your gutters or downspouts are metallic, try loading them up as described by Craig LaBarge, WB3GCK at qsl.net/wb3gck/spout.htm. Craig’s example is just one way of using an automatic antenna tuner and counterpoise wires to create a surprisingly effective, yet completely invisible antenna.

Take a look around and see what metal objects are outside in your yard or around your home. Almost anything can be made into an antenna as the photo in Figure 20.15 shows. Martin Ehrenfried, G8JNJ (g8jnj.webs.com) converted an outdoor drying rack into a vertical dipole with end loading. Lawn chairs, garden tools, sports equipment — any metal object can be made to radiate. The Ventenna (ventenna.com) is a roof-mounted antenna for VHF or UHF that looks just like an ordinary drain pipe.
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For 2-meter use, take a look at the W6NBC slot antennas made from a satellite dish and a piece of PVC vent pipe. The satellite dish antenna is described in the VHF, UHF, and Microwave Antennas chapter. The antenna in Figure 20.16 is a slot antenna constructed by attaching aluminum foil to a plastic sleeve that fits over a rooftop drain pipe. If you don’t want to run the feed line across the roof, a hole in the vent pipe will allow it to be lowered into the building. At a convenient spot, drill a hole in the wall and pipe for the feed line to exit.
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20.5.3 Modified TV Antennas

That’s not a typo, TV antennas can really be modified for use on the amateur bands! With over-the-air broadcast DTV having established a sizeable presence, TV antennas are once again popping up on rooftops and chimneys. The most familiar TV antennas are an LPDA with V-shaped elements for the lower frequency channels. (See the Frequency-Independent Antennas chapter.) The lower TV bands, VHF Channels 2 – 6 (54 – 88 MHz) are received with the four largest elements, while Channels 7 – 13 (175 – 216 MHz) use the same elements operating in the third harmonic mode. A corner reflector with a dipole at its focal point is often used to receive the lower UHF channels while multiple parasitic directors at the front of the antenna are used for the higher UHF channels.

John Stanley, K4ERO, has contributed an article about converting one of these antennas to cover the 50, 144, and 222 MHz bands. It is included with the online material for this book. The procedure involves lengthening some of the elements and removing the higher UHF elements. The 300 Ω feed system impedance was retained and the antenna used with 300 Ω twin-lead which is very light and has the additional benefit of maintaining the disguise of the antenna as a TV receive antenna. A 6:1 impedance transformer could be used to convert 300 Ω to 50 Ω or a 4:1 transformer could be used with low-loss RG-6 cable. A tuner at the transceiver could then take care of any resulting mismatch.

It is a very effective disguise to look like something familiar. In this case, people are used to TV receive antennas, various covenants and restrictions usually allow them, and they are often available for free. In fact, K4ERO used pieces from a second TV antenna to lengthen the lower-channel elements for use on 6 meters.

Painting for Minimum Visibility
It is possible to paint an antenna to make it less noticeable for your neighbors. The color will depend on the background colors, of course. If the antenna will be viewed against trees, a dark color like green, black, or brown will blend in well. Against the sky, painting the antenna light gray or a greenish-blue will help it blend in like a water tower. The US Air Force and US Navy know that a mid-range “primer gray” color has the least visibility in a wide variety of settings.
Getting the paint to stay on the antenna will take some careful preparation of the surface. Talk with someone in the paint store about what you are painting — they may have some guidance about how to clean and prime the surface. Follow the instructions on any preparation compounds carefully to be sure your paint job is a success. Peeling paint is quite visible in any color! Be sure the paint is specified for outside/external use so that solar ultraviolet and temperature swings don’t cause it to break down.
Finally, you can usually get paint in several finish styles. From the most to least reflective: gloss and high-gloss, satin, matte or flat. The most reflective are also the easiest to clean and might collect the least dirt or algae. Satin is somewhat reflective. Matte and flat are almost the same with plenty of pigment but their rougher finish may get dirtier faster.


20.6 Small Transmitting Loops

Small transmitting loops such as the one shown in Figure 20.17 have become very popular for portable and temporary operation. They are small enough to fit on an apartment balcony or patio, in a garage, or in an attic, as well. The section on these antennas in the Loop Antennas chapter covers them in detail.
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As noted earlier in this chapter’s section on RF Safety, amateurs using small transmitting loops should be cautious about RF exposure from high field strengths near the antenna. It is common to see photos of the operator and radio on a picnic table with the loop antenna just a few feet away. Table 20.1 provides a list of safe distances based on frequency and power. Because these popular loop antennas are often used in portable operation, careful attention should be paid to insuring RF exposure limits are not exceeded and that people cannot inadvertently get too close to the antenna.
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When building or assembling these loops, take extra care to avoid loose or corroded connections. Radiation resistance of small loops is very, very low and any resistance in a connection or component will reduce efficiency dramatically. Connectors should be tight and adjustable joints clean and snug. Avoid placing the loop near conductive surfaces or structures where the antenna’s field can couple to lossy elements. Ferrite chokes (see the Transmission Line System Techniques) should be used to decouple the feed line from the antenna, as well.

If you use the loop inside a building constructed with large amounts of iron or other conductive materials, you will simply have to live with the loss if the loop cannot otherwise be relocated. For that reason, avoid placing loops in attics with metal roofs or where metal siding is nearby.

20.6.1 Constructing Small Transmitting Loops

This section is based on material contributed by Rich Quick, W4RQ. There is an optimum balance between the size of the HF loop, the thickness of the conductor and the relative size of the feeding loop that results in an antenna that has the widest tuning range with close to 50 Ω feeding impedance. Small HF loops are typically between 0.08 and 0.4 λ in circumference over the operating range. That works out to approximately 3 meters in circumference for an HF loop the covers 7 to 30 MHz. All else equal, a larger loop will be more efficient than a smaller loop.

It is important to note that the usual construction techniques for antennas can create excessive losses in small loops. Loop radiation resistance is on the order of fraction of an ohm. To minimize resistive losses, solder or weld all connections that carry antenna current. Sliding contacts, clamped joints and connections, and undersized conductors can hurt performance significantly. Bolted connections should be avoided because at RF these joints generally have high resistance, especially after being subjected to weathering. Do not use crimp or clamp joints for the same reason.

For portable and temporary use, try to permanently assemble as much of the antenna as possible with soldered or welded connections. Where sections of tubing are joined, use a long concentric sleeve with lots of contact area and large sheet metal screws with tight threads in both pieces of tubing. Straps or leads should be of very heavy wire with soldered terminals that have a lot of contact area. Clean all contact surfaces before assembling.

A circular shape provides the best radiation resistance to conductor loss resistance ratios, hence is most efficient. Loop conductor diameter should be between 1 and 5 cm. Heavy conductors help reduce losses. For a given cross-section, tubular conductors will be less lossy than flat conductors because of current bunching at flat conductor edges. Using a continuous piece of tubing will minimize conductor losses.

The lowest loss material practical for HF antennas is pure electrical grade copper. T60 aluminum alloys have 66% the conductivity of electrical grade copper. Avoid the high loss of construction grade aluminum and soft copper tubing. Flexible tubing made with a lead-copper alloy should be avoided due to increased resistivity. Rigid copper tubing, refrigeration tubing or large copper wire should be used. Often it is convenient to fashion loops from RG-213, LMR-400, LMR-500, or LMR-600 coax cable. These work well, especially for portable loop antennas. Using hardline cable with a solid copper shield is both low-resistance and mechanically sturdy.

Components in a resonant transmitting loop are subject to both high currents and voltages as a result of the large circulating currents found in the high-Q tuned circuit formed by the antenna. Loop circulating current can range from about 8 A at 10 W to more than 25 A at 100 W RF input power. This makes it important that any fixed capacitors have a high RF current rating, such as transmitting micas or the Centralab 850 series.

Be aware that even a 100-W transmitter can develop currents in the tens of amperes, and peak voltages across the tuning capacitor in excess of 5000 V. This consideration also applies to any conductors used to connect the loop to the capacitors. A piece of #14 AWG used as a jumper and carrying a high current may create more loss than the rest of the loop conductor! It is therefore best to use copper strips or large diameter wire to make any connections. Make the best electrical connection possible, using soldered or welded joints.

The tuning capacitor should be very high Q — greater than 1000 to 4000. For example, a very high-quality tuning capacitor with no mechanical wiping contacts, such as a vacuum-variable or a transmitting butterfly capacitor, might have an unloaded Q of about 5000. This implies a series loss resistance of less than about 0.02 Ω for a capacitive reactance of 100 Ω. This relatively tiny loss resistance can become significant, however, when the radiation resistance of the loop is only on the order of 0.1 Ω!

The highest Q capacitors are vacuum variables, followed by butterfly air dielectric capacitors. Both are hard to find and can be expensive. Often an inexpensive but lower-Q dual-stator capacitor is used. The key is to find a variable range that can resonate with the loop inductance over the desired tuning range. Avoid capacitors that have mechanical ‘wiper’ connections in the circuit path. They are lossy. Ensure that the capacitor peak voltage rating is sufficient for the loop transmitter power. Use heavy gauge wire to connect the capacitor to the loop.

Because of the sensitivity to loss in the tuning capacitor, there is a lot of interest in designs that avoid sliding or wiping contacts. For example, a “trombone” tuning capacitor design (see “Tuning Capacitors for Transmitting Loops” in the online material) uses concentric copper tubing to construct the linear version of a butterfly capacitor, controlled by a dc motor similarly to a screwdriver mobile antenna.

An enclosure surrounding the capacitor can affect the Q, and therefore losses, dramatically. Use a polymer enclosure that does not absorb RF energy. Wooden enclosures might be inexpensive and look good, but some types of wood can absorb RF energy, especially after absorbing moisture.

If you are not sure about an enclosure’s effect on RF, place a piece of the material in a microwave oven together with a glass of water. (The material must not have any metal fasteners or fittings.) The water provides a load for the oven in the case of a low-loss material. Run the oven on high for about 1 minute. If the material heats up, it absorbs RF, don’t use it. Be careful, a piece of lossy material can become hot enough to burn you!

For portable loops that use coax and coaxial connectors for portable assembly, use gold plated connectors since gold will not corrode or oxidize. Make sure the connectors are well-tightened during assembly as a loose connector is very lossy in these antennas.

A secondary feeding loop circumference should be about 20% of the main loop circumference and located opposite the capacitor resonated gap. A gamma-type feeding arrangement is also possible for single band operation, but the gamma match can distort the radiation pattern of the loop. A toroidal transformer match might also be suitable for single-band operation.

Small Loop Projects

There are many buildable designs in the literature and online using all sorts of loop conductors, tuning components, and methods of assembly. Several are listed here and need to be evaluated carefully for your circumstances. (Three design articles from QST are included in the online material.) For example, a permanently installed indoor loop does not need waterproof enclosures or connections. A loop that is used temporarily and then disassembled needs easily disconnected parts, even if that adds loss resistance to the antenna. Wherever you can, take steps to improve efficiency by lowering losses and the antenna will perform better!

A high-power design by Steve Adler, VK5SFA illustrates the careful attention that must be paid to the high voltages and currents in the typical loop. In this case, to use high power, a vacuum-variable capacitor and all-welded and soldered connections are shown in Figure 20.18. This is not a lightweight antenna! The photo illustrates low-loss components and connections.
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Loops for lower power use are described in the articles “K1FM’s HF Magnetic Loop” by Alain, De Carolis, K1FM, and “HF Magnetic Loop for 80 Through 20 Meters” by John Chappell, W3HX. The first article is aimed at portable loop operation from a backyard or away from home. This loop can be easily disassembled for transport or storage. The second has a more robust construction that is designed for permanent installation. Finally, a very well-designed loop is presented by Jerry Clement, VE6AB, at jerryclement.ca/MachineShop/Antenna-Werks/i-WHQvdc5.
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Chapter 21

Mobile and Marine HF Antennas

Mobile antennas are designed for use while in motion. At the mention of mobile antennas, most amateurs think of a whip antenna mounted on an automobile or other vehicle. While it is true that most mobile antennas are vertical whips, mobile antennas can also be found in other places. For example, antennas intended for use aboard a boat or ship are usually called marine or marine antennas. Whip antennas are common in marine service, but wire antennas attached to masts are also common.

Few amateurs construct their own antennas for HF mobile and marine use, since safety requirements dictate very sound mechanical construction. (A short directory table of mobile antenna manufacturers is included with this book’s online material.) Even if commercially made antennas are installed, most require some adjustment to optimize the particular installation and type of operation desired. The information in this chapter will provide a better understanding of the requirements for designing and choosing HF mobile antennas and using them effectively.

The chapter begins with a discussion of mobile antenna fundamentals at HF, updated from previous editions by Alan Applegate, KØBG. The following sections explain the more important attributes of the most popular designs and how to get the best from them. This will include mounting, impedance matching, and other important issues to all types of mobile antennas. Several examples of mobile antenna installation are provided. Information on constructing a capacitive hat-loaded whip and an adjustable “screwdriver” HF mobile antenna is included with this book’s online material.

The second half of the chapter covers marine HF antennas for sail and power boats. The material was contributed by Rudy Severns, N6LF, and John Thompson, K3MD. The text discusses important issues regarding placement and safety of the marine HF system. Several examples of common installation practices are given, based on antenna designs presented elsewhere in this book.

21.1 HF Mobile Antennas

21.1.1 HF Mobile Antenna Overview

High frequency mobile antennas come in every imaginable configuration of efficiency, overall length, quality, design, sturdiness, ease of mounting, and selling price. The design, mounting method employed, and most importantly where the antenna is mounted, all affect maximum efficiency — the most important aspect of HF mobile and portable operation. The right combination of strengths and weaknesses depends on how you expect to use the antenna. Figure 21.1 shows a typical mobile whip installation for HF operation.
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Propagation conditions and ignition noise are usually the limiting factors for mobile operation on 10 through 28 MHz. Antenna size restrictions affect operation somewhat on 7 MHz and much more on 3.5 and 1.8 MHz. From this perspective, perhaps the optimum band for HF-mobile operation is 7 MHz.

If you intend to chase DX, 20 meters and above are perhaps the best choices as antennas for those bands offer the best efficiency for a given physical size. For local communication, 28 MHz is also useful since a full-size whip is not too large for convenient use and is easy to build. In fact, a slightly shortened CB whip works very well.

On the HF bands, full-size antennas are impractical, and some form of electrical loading is employed to shorten the antenna. Commonly used loading techniques consist of placing a coil at the base of the whip (base loading), or at the center of the whip (center loading). These and other techniques for reducing the physical size of antennas are discussed in this section.

For typical antenna lengths used in mobile operation, the difficulty in constructing suitable loading coils increases as the frequency of operation is lowered. Radiation resistance of the antenna decreases as the antenna becomes electrically shorter. In addition, the required inductance to resonate the antenna gets larger. The result is that the fraction of the applied power lost as heating in ohmic losses increases and the antenna becomes less efficient.

References to “ground” in this section are to the total system consisting of the vehicle’s metal surfaces that conduct return current to the antenna feed point as well as the Earth around the vehicle that couples capacitively to the vehicle and antenna.

Designing short HF mobile antennas requires a careful balance of loading coil Q, loading coil position in the antenna, ground loss resistance, and length-to-diameter ratio of the antenna. The optimum balance of these parameters can be realized only through a thorough understanding of how they interact. The information in this section is practical suggestions based on that understanding.

An extensive discussion of loading techniques for short vertical antennas is included in the Dipoles and Monopoles chapter. A complete mathematical approach to designing coil-loaded whip antennas was first published by W6TWW in the ARRL Antenna Compendium, Vol 1 (see the References and Bibliography section) and is available in this book’s online material. Finally, the program MOBILE.EXE.also performs several key calculations and may be downloaded from the online information.

21.1.2 Inductive Loading

Mobile antennas shorter than λ/4 wavelength operate below their resonant frequency and have a feed point impedance that is highly capacitive. For the average 102-inch whip, the capacitive reactance may range from about –150 Ω at 21 MHz to as high as –8,000 Ω at 1.8 MHz, while the radiation resistance Rr, varies from about 15 Ω at 21 MHz to as low as 0.1 Ω at 1.8 MHz. The equivalent series-RC circuit is shown in Figure 21.2.
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Figure 21.3 shows the approximate capacitance of whip antennas of various average diameters and lengths. For 1.8, 4 and 7 MHz, the loading coil inductance required (when the loading coil is at the base) would be approximately the inductance required to resonate in the desired band (with the whip capacitance taken from the graph). For 10 through 21 MHz, this rough calculation will give more than the required inductance, but it will serve as a starting point for the final experimental adjustment that must always be made.
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For an antenna less than 0.1 l long, the approximate radiation resistance is:

Rr = 273 × (l f)2 × 10–8 Ω

where l is the length of the whip in inches and f is the frequency in MHz.

Since the radiation resistance is low, to dissipate power as radiation, considerable current must flow in Rr. However, little current can be made to flow in the circuit with a comparatively high series reactance. To cancel out the capacitive reactance and tune the antenna to resonance, we add a loading coil (inductance) of equal, but opposite reactance in series with the antenna as shown in Figure 21.4.
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Base Loading

Placing the loading coil at the bottom of the antenna is referred to as base-loading, and many practical mobile antenna systems have been built using this scheme which is convenient mechanically.

In an unloaded λ/4 whip (electrically 90 degrees long), current is maximum at the base in the feed point (see Figure 21.5). It follows a sinusoidal distribution with electrical height (helec) in degrees or radians, I = Ibase cosh (helec) , tapering to zero at the top of the whip. Note that most of the current flows in the bottom section of the antenna.

[image: ]

Now add the loading inductor. The inductor is a lumped constant inductance and maintains constant current throughout the coil. As a result, the current at the top and bottom of a coil (ignoring losses for now) is the same. This “forces” more current into the top section than would flow in the equivalent section of a full, 90-degree whip. Current is still a maximum at the base and in the loading coil, tapering to zero at the top of the whip as shown in Figure 21.6. This increases losses in the coil and associated ground system for current returning to the feed point. The point of maximum radiation from the antenna is also at the lowest point of the antenna.
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Center Loading

One method of improving the current distribution and radiated field strength over base loading is to place the loading coil farther up the whip, as shown in Figure 21.7, creating a center-loaded antenna. The position of the coil that creates maximum efficiency varies depending on several factors, including the frequency of operation, coil Q, and resistive ground losses. However, mounting the coil at about 40% of the antenna’s height (measured from the base) is a good compromise, and yields the best overall average in antenna efficiency across the HF bands.
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Table 21.1 shows the approximate loading coil inductance for the various amateur bands for both base-loaded and center-loading whips. Also shown in the table are approximate values of radiation resistance to be expected with an 8-foot whip, and the resistances of loading coils — one group having a Q of 50, the other a Q of 300. A comparison of radiation and coil resistances will show the importance of reducing the coil resistance to a minimum, especially on the three lower frequency bands. Table 21.2 shows suggested loading-coil dimensions for the inductance values given in Table 21.1.
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Loading Coil Losses

Minimizing loading coil resistive losses also increases efficiency, particularly important on heavily loaded antennas for the lower HF bands. To accomplish this, the loading coil should have a high ratio of reactance-to-resistance (that is, a high unloaded Q). Loading coil loss resistance is a function of the coil Q:
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where RCOIL is the loss resistance, XL is the reactance, and Q is coil quality factor.

A loading coil for use at 4 MHz, wound with small wire on a small-diameter solid form of average quality and enclosed in a metal protector, may have a Q as low as 50, with a loss resistance of 50 Ω or more. High-Q coils require a large conductor, air-wound construction, large spacing between turns, and the best insulating material available. A diameter not less than half the length of the coil (but no larger than ≈3 inches), and a minimum of metal in the magnetic field of the coil are also necessities for optimum efficiency. Such a coil may show a Q of 300 or more at 4 MHz, with a resistance of 12 Ω or less.

Higher Q values can be obtained by using larger diameter coils having a diameter-to-length ratio of two, by using larger diameter wire, by using more spacing between turns, and by using low-loss supporting and enclosure materials. In theory, loading coil turns should not be shorted for tuning purposes because shorted turns somewhat degrade Q. Pruning to resonance should be done by removing turns from the coil.

In fairness, it should be pointed out that many practical mobile antennas use large diameter loading coils with shorted turns to achieve resonance. The popular “Texas Bug Catcher” coils and screwdriver antenna types come to mind here. (See the section “HF Mobile Antenna Types.”) Despite general cautions against shorting turns, these systems are often more efficient than antennas with small, relatively low-Q, fixed loading coils.

Tuning the Loading Coil

Pruning the antenna to resonance should be done by removing coil turns, rather than by shorting turns or shortening the whip section excessively. Shortening the whip reduces radiation efficiency, by both shortening the antenna and moving the optimum coil position. Shorting turns in the loading coil reduces the Q of the coil.

21.1.3 Capacitive Loading

Another way to increase efficiency is to increase the capacitance in the top portion of the antenna through the use of a capacitance hat or capacity hat, as discussed in the chapter on Dipoles and Monopoles. This is also referred to as top loading. Unfortunately, the wind resistance of a capacity hat makes it somewhat unwieldy for mobile use. If a capacity hat is used to increase efficiency, it must be properly mounted at the very top of the antenna. Beside the increased wind loading, the chances of snagging on a tree limb or other obstruction are also increased.

No matter where the hat is located, the added capacitance will be the same. However, if placed too close to the coil, the added capacitance will decrease efficiency by increasing current losses in the coil. The most effective position is at the very top of the antenna. This requires robust antenna construction and mounting techniques but the increase in performance is worth the effort.

At a minimum, hats should be placed at least half their diameter above the coil and as far away from vehicle metal as possible. If the hat is mounted near the loading coil, there will be an appearance of greater efficiency, increased bandwidth, and higher input impedance. But it will be due to increased losses in the loading coil!

21.1.4 Ground Loss

In a short, coil-loaded mobile antenna, a large portion of the power fed to the antenna is dissipated in ground and coil resistances. (Remember that “ground” refers to the entire system of the vehicle body and soil around the vehicle.) A relatively insignificant amount of power is also dissipated in the antenna conductor resistance and in the leakage resistance of the base insulator. Because these last two losses are both very small and difficult to estimate, they are neglected in considerations of radiation efficiency.

Ground loss is a function of vehicle size, placement of the antenna on the vehicle, and conductivity of the ground over which the vehicle is traveling. It is only feasible to control the first two variables. Larger vehicles provide better ground planes than smaller ones. The ground plane created by the vehicle is only partial, so the result is considerable RF current flow (and loss) in the ground around and under the vehicle.

By raising the antenna base as high as possible on the vehicle, ground losses are decreased. This results from a decrease in antenna capacitance to ground that also increases the capacitive reactance to ground. This, in turn, reduces currents and losses in the actual ground around the vehicle.

Since Rr for short whip antennas is quite low, loss resistance increases the feed point impedance, making it closer to 50 Ω. This reduces SWR and creates a false sense that the antenna is functioning well without impedance matching. As a general observation, HF mobile antennas for bands below 20 MHz that do not need matching to create a low SWR are probably inefficient due to loss resistance.

21.1.5 Impedance Matching

The base impedance of short, high-Q coil-loaded antennas is quite low. For example, an 8-foot antenna optimized for 3.9 MHz with an unloaded coil Q of 300 and a ground-loss resistance of 2 Ω has a base input impedance of about 13 Ω. This low impedance value causes a standing wave ratio of 4:1 in 50-Ω coax at resonance. This high SWR is not compatible with the requirements of solid-state transmitters. Also, the bandwidth of shortened vertical antennas is very narrow. This severely limits the capability to maintain transmitter loading over even a small frequency.

You can transform the low resistance of the whip to a value suitable for a 50-Ω system with a shunt-feed arrangement, such as an L network. The latter may only require a shunt coil or shunt capacitor at the base of the whip since the net series capacitive or inductive reactance of the antenna and its loading coil may be used as part of the network (see Figure 21.8). This is similar to the hairpin or beta match on an HF Yagi as described in the Transmission Line System Techniques chapter. Matching networks should be designed for minimum loss to maximize the transmitter power available at the antenna.
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The use of a shunt coil in parallel with feed point is the preferred matching methodology for two reasons. First, it provides a dc ground for the antenna which helps control static buildup. Second, once adjusted, no further adjustment is needed to cover all the HF bands as you can see from the calculated values for L in Table 21.1. Thus, it is an ideal matching scenario for remotely tuned antennas.

The value of the canceling shunt reactance, XP, may be found from the formula:
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where XP is the reactance in Ω, Rf is the feed point resistance, and Z0 is the feed line impedance. For Z0 = 50 Ω and Rf = 13 Ω, XP = 29.6 Ω. At 3.9 MHz, the inductance required is L = XP / 2πf = 0.53 µH.

Tuning With a Shunt Reactance

Continuing with the example above, an inductive shunt matching will be used with the antenna as in Figure 21.8B, where 29.6 Ω is needed for LM. at 3.9 MHz. This requires a coil of 0.53 µH placed from the whip feed point terminal to ground.

The adjustable whip section above the loading coil should be set for minimum height. Use an antenna analyzer or vector impedance analyzer to check the SWR across the band to find where a minimum occurs. Assuming it is below the desired frequency, shorten the whip slightly and check again. It should be moved approximately 1⁄4 inch at a time until the SWR reaches a minimum at the center of the desired range. If the frequency at which the minimum SWR occurs is above the desired frequency, repeat the procedure above, but lengthen the whip only slightly.

If a shunt capacitor is used instead, start with the adjustable whip section at maximum length and shorten it gradually in small steps. In either case, move away from the whip when checking SWR and conduct the tuning process with the antenna in the clear.

Using an Automatic Tuner

High-frequency mobile antennas have limited bandwidth, especially on the lower bands, where small changes in frequency result in large increases in SWR due to their high Q. In these cases, an automatic antenna tuner may be used if it is not operated too far from resonance. On the lower HF bands, this allowable range may be no more than a few tens of kilohertz. When possible, the tuner should be mounted as close to the antenna as possible to minimize high SWR losses in the feed line.

21.2 HF Mobile Antenna Types

21.2.1 The Screwdriver Antenna

No doubt the biggest change in HF mobile operation has been brought about by the screwdriver antenna. Originally conceived by Don Johnson, W6AAQ, the basic design has become ubiquitous, available from many different manufacturers. They consist of a large, hollow lower mast, an extendable coil assembly, and a whip, typically 60 to 96 inches long.

The unused portion of the coil is stored in the mast of the antenna. Finger stock at the top of the mast contacts the coil across one or two turns. A dc motor, controlled remotely, drives a screw arrangement that extends or retracts the coil to tune lower or higher in frequency, respectively. That tuning can be done while in motion is an attractive feature, hence their popularity.

A decent quality, high-Q, screwdriver antenna is not inexpensive and can cost upward of $1000, although most are about half this amount. They’re relatively heavy and require both a feed line (coax), and a motor control cable. Some varieties also use a reed switch to count the turns of the screw (see the “Mobile Antenna Controllers” section).

Shortened versions of the screwdriver are available from several manufacturers and have become very popular. Their light weight, short length, and ease of mounting, account for their popularity. However, because of their short overall length and low-Q coils, they take a big hit in performance over their full-sized cousins, especially when mounted on lip mounts. They also require some special considerations when coupled to automatic antenna controllers, as covered later.

It should be noted that not all models use the same mounting scheme. Some use standard 3⁄8-24 mounts, and at least one uses a 3⁄4-inch mount. Some form of base insulator is also required in most cases.

If you wish to build your own screwdriver antenna, a project is included with this book’s online material.

21.2.2 Monoband Antennas

There are several types of monoband antennas, including the “bug catcher”, linear-loaded varieties, and the ever-popular Hustler series.

Bug-Catcher Antennas

The “bug catcher” shown in Figure 21.9 in which a large air-wound loading coil is used for center loading, can be the most efficient of all the mobile antenna types, if mounted correctly. (The name derives from the tendency of the coil to “catch bugs” while in motion.) However, it has several drawbacks, not the least of which is wind loading, especially when equipped with a capacitive top-hat, which is discussed later. The design tends to be heavier than other monoband antennas, requiring heavy-duty mounting and base springs — even guys to keep them stable at highway speeds. Bug-catcher antennas, are monoband by nature but can be made multiband. The usual practice is to make the coil large enough in reactance to resonate the antenna on 80 meters. Then a jumper wire is used to short coil turns to resonate the antenna on the higher bands. However, shorting turns reduces coil Q and lowers efficiency.
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Helical-Wound Antennas

These lightweight antennas, referred to by the trade name “Hamsticks,” are quite popular due to their low cost and reasonable performance. They look like the continuously loaded antennas in the next section except most of the inductance is created by a single, fixed-value loading coil.

The antenna itself is a fiberglass tube or rod with a small-gauge wire wound around it in a few turns, creating a bottom section of the antenna that is approximately straight. At the top of the tube, the wire winding changes to close-wound, creating a loading coil and the antenna is topped off with a short, adjustable-length whip, commonly referred to as a stinger. The lower the frequency of operation, the longer the section of close-wound wire. On 80 and 75 meters, the close-wound section covers most of the tube, leaving only the stinger as the radiating section of the antenna.

Due to their light weight, a mag-mount, angle, or trunk lip mount may be used with surprisingly good results considering their low Q, and relatively short length (≈7 feet). Changing bands requires changing the complete antenna, but most models have quick-disconnects available making the task quicker and easier. As a rule, they don’t require impedance matching, as their overall losses bring the input impedance very close to 50 Ω.

Continuously Loaded Antennas

There are several manufacturers of both monoband and multiband antennas that could be described as continuously loaded. (Sometimes referred to as “linear loaded,” this is not the linear loading technique used to shorten dipoles and beam antennas.) For these antennas, loading is done using multiple fixed-value inductors spaced over the length of the antenna or winding a continuous coil with a large pitch (ratio of turn length to turn diameter) along the antenna.

The multiband versions use what is commonly called a “flying lead” connected at the base, which in turn connects to taps between the coils placed along the body of the antenna to select the band.

Proponents incorrectly argue that the large length-to-diameter, up to 25 to 1, allows the coil to radiate, thus increasing efficiency. However, what little advantage this form of loading has, it is more than offset by the low coil Q, and short overall length (4 to 7 feet).

These antennas typically do not require matching, but a few models exhibit input impedances of greater than 100 Ω and thus need to be matched.

Shortened Dipoles

A few amateurs opt to purchase two identical mobile antennas and mount them in a V configuration. Knowing that ground loss is the dominate factor in determining antenna efficiency, they reason that replacing the ground loss with a second antenna is a viable solution. Brackets that mount on a small mast are available for mounting two mobile whips with an SO-239 connector for attaching a feed line.

While they’re correct that it increases radiation resistance as well as the feed point input impedance, efficiency remains largely the same because ground loss has been replaced with the second antenna’s loss of about the same magnitude. Gain claims are often unrealistic, as well. A full-size, lossless dipole in free space has a maximum theoretical gain of 2.15 dBi — higher values assume the presence of ground reflections and antenna heights of ½ wavelength or more which are impractical at best for a mobile station.

Stainless Steel Whips

Almost without exception, most whips referred to as “CB whips” are made from 17-7 stainless steel wire. Their overall length is 102 inches but at one time 108- and 120-inch versions were available. They are made from wire about 0.220 to 0.250 inch in diameter that is straightened and ground down to an OD of 0.200 inch. Beginning at about 60 inches above the base, they’re tapered down to 0.100-inch OD at the tip. The whip is finished off with a swaged-on 3⁄8-24 threaded brass base fitting and a small corona ball added at the tip.

Stainless steel isn’t the best of RF conductors, especially on the lower HF bands. When compared to an aluminum conductor of the same size, the additional resistive losses may reduce the ERP (effective radiated power) by ≈3 dB on 160 meters, depending on the overall length of the whip in use.

The unfortunate truth is, there is no viable alternative with the strength and flexibility of stainless steel! Whips can be copper plated (a costly step) but the improvement is minimal. Covering the whip with silver-plated copper braid is easy to do, but again, the ERP improvement versus the additional wind loading might not be worth the effort.

Corona Balls

The small corona balls supplied atop standard CB whips provide a slight amount of eye protection but their effect on reducing corona is questionable. What is corona and how does a corona ball prevent it?

The highest RF voltage occurs at the very top of the whip. Under the right weather conditions, it is possible to see the corona discharge from the end of a pointed whip even when running modest power levels. Corona discharge is caused by the small radius of the whip’s tip creating large differences in voltage (voltage gradients) that exceed the breakdown voltage of air across small distances. This causes the air to ionize and conduct. The discharge then extends away from the antenna as “streamers” until voltage is reduced below the level of ionization. Static discharges from the pointed tip can also become a problem on receive. If in contact with or very near dry vegetation, the discharge can start a fire, as well.

The solution is to replace the pointed end with a smoother, larger surface. The corona ball’s smooth, round surface re-duces voltage changes with distance that cause corona discharge. The corona ball must be large enough to be effective — at least 0.5 inch in diameter and preferably 1 inch — and are available from several QST advertisers. Above 1 inch, wind loading becomes a problem.

Capacitance Hats

The addition of a capacitance hat (discussed earlier) to an HF mobile antenna has both benefits, and drawbacks. Several of the benefits are greater efficiency, increased bandwidth, and higher input impedance which makes matching easier. Some of the drawbacks are increased wind loading and complexity, higher weight, and the requirement of greater overall structural strength of the antenna and mounting hardware. For more practical information on capacity hats, visit k0bg.com.

Adding capacitance to the portion of the antenna above the loading coil effectively increases the overall electrical length which raises the point of maximum current from the base further towards the loading coil’s position. This increases the radiation resistance, making the antenna more efficient, and to a lesser degree, increases the bandwidth.

The hat may consist of a single stiff wire, two or more wires, a disc made up of several more wires like the spokes of a wheel, a set of loops, or wire arranged as the spokes of a wheel as shown in Figure 21.10. The larger the hat (physically), the greater the capacitance and the greater the effective increase in electrical length. Since less inductance is required to resonate the electrically longer antenna, coil losses will also decrease. Plans for a capacitive hat hub designed and made by KØHL are provided with this book’s online information and include suggestions on where to buy materials. The supporting whip in this case is a 102-inch CB whip that has been cut down to 60 inches.
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When this hat is mounted atop a Scorpion 680 screwdriver antenna, 80- through 17-meter operation is possible. Measured field strength improvement over an unloaded 102-inch whip is between 3 dB and 6 dB, depending on the band.

21.2.3 HF Antenna Mounts

Antenna mounts for HF antennas come in so many different styles that it is difficult to decide which is best for any specific installation. Several popular styles are discussed below. Feed line connections may be simple wire lugs, an SO-239 connector, or a coaxial cable with a PL-259 or another RF connector installed. Mounts are available that attach directly to the vehicle, clamp on to a part of the vehicle, or use a magnet to hold the antenna. (See the chapter VHF and UHF Mobile and Rover Antennas for information about mounts for those bands.)

Which mount you pick and where you install it depends on many factors. Among them are weight, overall length, frequency of operation, the vehicle in question, and personal preferences. Weight may be as much as 20 pounds for a full-sized screwdriver or bug-catcher antenna. The length may be as much as 13 feet or more for a full-sized HF whip. The key phrase for mounting the antenna is: It is the metal mass directly under the antenna, not what’s alongside, that counts the most!

It is important to mention that modern vehicles often use aluminum or composite materials, rather than steel for body panels. Aluminum, while durable and lightweight, does not have the structural strength, nor the resistance to vibration of steel. Before installing body-style mounts of any kind on aluminum bodied vehicles, consult the manufacturer’s published data for proper methods. Mounting antennas directly on composite panels should not be attempted since doing so may create cracks or tears and the non-conductive composite does not provide any ground-plane surface.

Regardless of which mount you use, remember that the maximum legal height for vehicles, including the antenna, is 131⁄2 feet. Gas stations, garages, and tree branches can be considerably lower and inflict serious damage to the antenna and sometimes the vehicle. You will become vigilant about clearance while driving with a mobile antenna!

Another often-overlooked requirement is deciding on which side of the vehicle the antenna should be mounted. For rear-mounted antennas, the driver’s side of the vehicle is preferred. This can be very important if you live in an area with low bridges and overhanging trees as there is typically more clearance toward the center of the street. Further, it is easier to see the antenna in the side mirrors if they are on the driver’s side. If you’ve chosen front mounting, common when pulling a trailer or RV, then it should be mounted to the right to avoid distraction or obstruction of your vision.

Whatever method you choose for mounting your antenna, it must be sturdy enough to hold the weight and withstand the wind loading imposed by the antenna without too much flexing. It should be attached in such a way to maximize what little ground plane a vehicle represents. Keep in mind, no matter what the antenna, permanent and secure mounting maximizes performance and safety.

3/8-Inch Threaded Hardware

Many mobile antenna mounts use a male or female 3/8-24 threaded stud and receptable. Ball mounts, clip and lip mounts, and mag mounts are frequently supplied with this type of threaded base.

The studs themselves are often stainless steel, but some are mild steel or brass. If the antenna in question is heavy or particularly tall, a strong stud is in order. A replacement stud can be easily made from a 2-inch, Class 8 bolt by cutting off and redressing the threaded portion. The resulting stud has over twice the strength of the stainless-steel version.

Ball Mounts

Ball mounts as shown in Figure 21.11 require a vertical or near-vertical surface on a sturdy metal panel. Commercially available mounts come with the base insulator and backing washers or plates for a sturdy installation. Current model vehicles may use thin sheet metal or composite materials for body panels so be sure of the strength and type of material before installing a ball mount.
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Clip or Lip Mounts

Clip mounts avoid drilling holes in sheet metal and mount on a trunk, hood, or door edge or lip. They are adaptable to any surface angle. If you’re careful in closing the door or hatch on which they’re mounted, they work quite well. Clearance between the mount and the vehicle body structure should be checked before purchase, however. Some are provided with extra thin coaxial cable feed lines that avoid damage from being closed in doors and hatches. Take care to protect the feed line as it enters the vehicle and is routed to the transceiver.

Typical clip mounts are secured by setscrews. These screws often require backing plates to provide additional strength and should be used even when difficult to attach. The folded-over sheet metal of the car body to which the set screws make contact may not offer a secure mechanical connection. Even modest and lightweight antennas tend to stress the connection. When the connection loosens, intermittent SWR and RFI problems are often the result. Therefore, as a rule, clip mounts should be restricted to antennas weighing less than 2 pounds. Larger antennas can be used if guyed or otherwise stabilized above the mount. It is recommended to run a bonding wire or strap from the mount to a nearby body screw. This improves contact between the mount and body metal considerably.

All modern vehicles are dipped in a zinc compound before final assembly and painting. When exposed to air, zinc rapidly oxidizes but in this case the oxidation is a good thing! When a piece of road debris nicks the paint down to the zinc layer, it quickly oxidizes, and protects the base metal underneath. Do not remove this zinc coating to bare metal! This removes the protective coating, allowing the underlying steel to rust and creates an intermittent connection.

These mounts bring the coax cable into the trunk or passenger cabin through the weather seal potentially allowing water to enter. The problem is often exacerbated by the larger control cable most screwdriver antennas require. Take care to dress the cables and seals to direct water toward a drain hole or other exit.

Angle Brackets

Angle brackets come in a variety of sizes, shapes, angles, hole size, attachment style, strength, and colors. They work well for lightweight antennas. There are special hood and trunk seam versions for trucks and other vehicles. They require holes for attachment screws. Some brackets can be clamped on mirror arms or other tubes and struts common on larger pickup and commercial trucks.

Magnet “Mag” Mounts

Magnet or “mag” mounts are available that can secure just about any size antenna. Although they’re meant for temporary mounting, it is common for them to be used as permanent mounts to avoid drilling holes in the car body. Most mag mounts are designed to attach to a horizontal surface such as a vehicle roof, trunk, or cargo bed.

Mag mounts are convenient for temporary use but have several drawbacks. Regardless of the number or size of the magnets, the ultimate holding power relies on the metal surface. For example, newer vehicles often use aluminum and/or steel-reinforced composite materials. In these cases, mag mounts cannot be used since there is little or no holding force for the magnet and composite materials will not act as a ground plane for the antenna. Mounts are available with three or four magnets for larger HF antennas and highway speeds. These mounts tend to be heavy and are difficult to install and remove. The magnets also tend to collect metallic road debris and dust that eventually get under the magnet and mar the vehicle’s finish.

Regardless of the number of magnets, for safety, large antennas should be tethered or guyed to keep them in place while in motion. Monofilament nylon fishing line is insulating and not sensitive to RF. A plastic clamp can also provide an attachment point for guy lines. How the line is securely attached, depends on the antenna, the vehicle and mounting location.

Mag mounts rely on capacitive coupling to the car body for return current to the feed point. Most mounts provide about 100 pF per magnet. The capacitive reactance of a single magnet is 227 Ω at 7 MHz, 57 Ω at 28 MHz, and 2.7 Ω at 146 MHz. Divide the reactance by the number of magnets on the mount. This is an acceptable amount of reactance at VHF and UHF but even a four-magnet mount presents 57 Ω at 7 MHz. This reactance will result in a significant increase in common-mode current on the feed line shield at HF. This can cause RFI problems inside the vehicle and distorts the expected omnidirectional radiation patter. The recommended solution at HF is to install a ground strap or wire to the nearest chassis “hard point” such as a body screw. If no attachment point is available a small screw can be installed under the vehicle door’s weather seal.

To minimize common-mode current, a Type 31 ferrite split core, snapped over a few turns of coax will often suffice. Type 43 material is better at VHF and UHF. The core should be mounted close to the base of the antenna, and outside, not inside, the vehicle. Wrapping the core with electrical tape will protect it from weather. If possible, arrange the core so that it is off of the vehicle surface and the vibration will not scratch the paint.

Routing the coax feed line for mag mounts can be challenging. Users typically route the coax through rubberized trunk, door, and window seals that can result in water leakage. Where possible, the coax should be routed under trunk seals, where additional body sealing material may be used to minimize water leaks. If possible, route the coax so that water running along the cable will be directed to a drain channel or drip from a low point before entering the vehicle.

Through-hole Mounts

A through-hole mount is study and makes a good body panel connection. For example, the NMO-style mount is often preferred, as it provides the best ground connection to the panel’s inside surface. If the connections are secure, common-mode current will be minimized without the use of ferrite split beads since the feed line immediately enters and is shielded by the vehicle body panel. NMO mounts are most common with VHF/UHF antennas and small HF whips.

Trailer Hitch and Stake Mounts

Many operators using large screwdriver or whip antennas for HF use a commercial trailer hitch mount (usually a 3⁄8-24 mount) attached to a hitch shank in place of a trailer ball. The shank slides into a standard hitch receiver and is secured with a pin. The coax feed line extends from the side or front of the shank. (See curtmfg.com/basic-towing-components for a diagram of trailer hitch components.)

It is important that shank be securely attached electrically to the vehicle body, either with a bolt or strap. The base of the antenna will be very close to the vehicle which will affect antenna tuning and may block some signals from the direction of the front of the vehicle. Extending the antenna base section above the vehicle may help if the total antenna height remains below the maximum highway limit of 131⁄2 feet. Be aware that the antenna may also interfere with opening the rear door, tailgate, or hatch. Quick disconnect mounts are available for trailer hitch mounts.

As an alternative to the trailer hitch mount, Figure 21.12 shows a heavy screwdriver antenna on a custom mount made by Joe McEneaney, KG6PCI. The 18-pound antenna is supported by a steel mast welded to a frame extension. There is a stainless-steel plate at the top of the mast, bolted to the top of the bed rail, that secures the antenna and reduces ground losses. A quick disconnect at the base of the antenna facilitates removal when desired.
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For pickup trucks, stake pocket mounts in the top of the bed rail or in the bed offer more efficient operation. A stake pocket mount like the Breedlove model shown in Figure 21.13 is a good, no-holes choice. Its offset design allows it to extend from beneath most bed covers. A separate ground strap or wire must be attached to create an effective current return path.
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21.2.4 Controlling Common-Mode Current

In the mobile environment, the vehicle is part of the antenna system. As a result, RF common-mode current picked up from the transmitted signal will flow on the outside of the coax shield. This surface also acts as a “third wire” connected directly to one side of an antenna. The common-mode RF current will radiate a signal of its own, just like any conductor carrying RF current, and it can cause RFI to your equipment and to the vehicle’s electronic systems.

In the case of HF mobile antennas, the magnitude of common-mode current on feed lines and other cables increases as ground impedance increases which also increases ground losses. As a result, the coax and control cables running to clamp- or lip-mount and mag-mount antennas will typically carry more common-mode current than body-mounted antennas. This is why permanent mounts bonded to the vehicle’s metal surface are recommended. This shields the feed line from the strong RF fields at the antenna feed point and provides a low-impedance path for return current other than the coax shield’s outer surface.

Because of the potential for RFI from common-mode currents, it is prudent to add RF chokes to reduce common-mode currents in a mobile installation, even though there may be no direct indication of a problem. The best place to install a common-mode RF choke is at the base of the antenna where the feed line is connected and not inside the vehicle.

The most convenient way to create an RF choke is to use the “split core” or “snap-on” ferrite cores. A Type 31, 3⁄4-inch ID split core may be utilized with great effect. Depending on the coax size, between five and seven turns of either RG-58 or RG-8X can be wound through that size core as shown in Figure 21.16B. The impedance will be somewhat greater than 1.8 kΩ at 10 MHz which is adequate in most cases. Adding a second split core doubles the impedance. Take care not to bend the coaxial cable too sharply in making the choke, particularly for foam-insulation cables, as the center conductor can “migrate” (be forced through) the center insulation over time, creating a short circuit. For more information on ferrite common-mode chokes, see the Transmission Line System Techniques chapter.

21.2.5 Screwdriver Antenna Controllers

Screwdriver antennas have become very popular in part because their operating frequency can be changed while in motion. Most manufacturers offer some form of manual control box as an option. However, manual controllers require the operator to watch either an internal or external SWR indicator during tuning, which isn’t safe while in motion. Fortunately, there is a solution — the automatic antenna controller.

There are two basic types with several variations, SWR-sensing and turn counters. Both types require special attention with respect to RF on the antenna’s control leads. Most also have a built-in park feature which retracts the coil all the way into the mast. If you have garage or carport clearance issues, this is a nice feature.

One clear advantage of most automatic controllers is that they store previous operating frequencies. When you change frequency, the controller always adjusts the antenna in the correct direction, saving wear and tear on the motor assembly. The controllers also have manual modes that allow an operator to adjust the screwdriver length for initial setup or fine-tuning.

SWR-Sensing Controllers

The West Mountain Radio TARGETuner (westmountainradio.com) shown in Figure 21.14 is a typical automatic controller that can retune an antenna based on SWR measurements from a separate sensing unit or based on frequency data directly from a radio’s computer control port. Commanding the radio to activate a low-power TUNE function varies with the manufacturer and/or radio.
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Full power should never be used while tuning a screwdriver antenna, especially models with low-Q loading coils. Using too much power during tuning can cause arcing between the coil turns, thus destroying the loading coil. Some tuners can put the transceiver into a low-power mode automatically.

Turn-Counter Controllers

Most screwdriver antennas come equipped with a turns counter, usually in the form of a magnet attached to the drive assembly that closes a magnetic reed switch. As the motor turns, the switch opens and closes once or twice every 360°. The controller counts the closures and moves the antenna to a predetermined length stored in the controller’s memory. Figure 21.15, an Ameritron SDC-104, is an example of this type of turns-counting controller. “Jog” buttons are included to touch up the SWR once the predetermined point is reached.
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Control Lead RF Chokes

All screwdriver antennas have one thing in common: Their control motor and any reed switches are housed inside the antenna. Therefore, the control leads will be “hot” with RF during transmissions. This RF must be prevented from reaching the controller or erratic operation may result. This is especially important when utilizing short antennas on clip mounts with their inherent ground losses. Running the cables through trays in the vehicle body also reduces common-mode RF by acting as a shield.

Figure 21.16A shows a motor lead choke utilizing a 3⁄4-inch ID, Type 31 split core. The core shown is wound with 13 turns of #18, nylon insulated wire with an OD of 0.068 inches. Larger diameter wire will not allow enough turns to be wound on the core. It is important that the turns not be overlapped or twisted as this will reduce the choke’s effective impedance. In this case, the choke presents approximately 10 kΩ of impedance at 10 MHz, an amount adequate in all but the most severe cases. It is important to wind as many non-overlapping turns on the core as possible.
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21.4 HF Antennas for Sail and Power Boats

21.4.1 Planning Your Installation

Many of the mobile antennas discussed earlier in this chapter can be applied to sailboats. (For readers who might not be fully conversant with nautical jargon, the Wikipedia’s online glossary of nautical terms at en.wikipedia.org/wiki/Glossary_of_nautical_terms will help you keep port and starboard straight.) However, the presence of the mast and rigging, plus the prevalence of nonconducting fiberglass hulls complicates the issue:

• On most boats the spars, standing rigging and some running rigging will be conductors. Stranded stainless steel wire is usually used for standing rigging and aluminum for spars.

• Running rigging such as topping lifts, running backstays, jackstays, etc may also be made from stranded stainless wire on occasion and often change position while the boat is underway. This changes the configuration of the rigging and may affect radiation patterns and feed point impedances. For example, when tacking you may discover that the SWR on starboard tack is quite different from that on port tack.

• The antennas on a boat will always be close (in terms of wavelength) to the mast and rigging. Some antennas may in fact be part of the rigging. This means very tight electrical coupling between the antenna and the rigging. This means the entire rigging is effectively the “antenna”.

• The feed point impedance, SWR and radiation pattern can be strongly influenced by the presence of spars and rigging.

• The behavior of a given antenna will depend on the details of the rigging on a particular vessel. The performance of a given antenna can vary widely on different boats, due to differences in dimensions and arrangement of the rigging.

• Even though you may be floating on a sea of saltwater, grounding still requires careful attention!

• The radio will typically be an HF transceiver with an output power of 100 W. This low power operation means you must pay careful attention to the efficiency of the “antenna system” and take into account the radiation pattern which will normally be asymmetric with significant signal reduction in some directions.

The First Step

An effective antenna system for a sailboat can require a good deal of effort and some expense. It may be necessary for example, to modify the rigging and do considerable work inside the hull to install a grounding system. For this reason, it is important at the beginning to define your goals: Do you simply want to have a little fun at anchor on a summer vacation or are you planning to go blue water cruising and possibly need to communicate back home from the middle of the Indian Ocean? Is the installation primarily for emergencies to summon assistance or will you want to have daily communications with other boats and shore stations? Or do you want all these plus lots of time for just DXing or chatting with friends back home?

You need to think about what bands you want to operate on. As we’ll see shortly, multiband operation poses some problems. Your intended use for amateur radio will determine the time, effort and money you have to invest in the antenna system, and it will also directly impact your final choice of antenna.

Note the use of the words “antenna system” above. This includes not only the antenna itself but the grounding system, the feed arrangements and possibly an antenna tuner. All of these components interact and affect the final result.

Antenna Modeling

Because of the strong interaction between the rigging and the antenna, accurate prediction of radiation patterns and a reasonable guess at feed point impedances requires that you model both the antenna and the rigging with CAD software. Fortunately, easy-to-use antenna modeling software such as EZNEC (eznec.com) and 4nec2 (qsl.net/4nec2/) are available free. Modeling allows you to try several different ideas and see which approach works best for your installation. Because of the wide variation between boats, even those of the same class, each new installation is unique and should be analyzed separately.

While the software is very helpful, it must be used with some care:

1) Unless you accurately model the system, considerable cut-and-try may be needed and even then, you won’t have any real idea of how your system is performing. Cut-and-try can be expensive when it must be done in 1 × 19 stainless steel wire with $300 swaged insulator fittings!

2) In addition to the rigging, lifelines, stanchions, and pulpits and any grounding connections between these should be included in the modeling.

3) Take the time to carefully measure the actual dimensions on the boat.

4) Modeling software with ask you to select the characteristics of the “ground” over which the antenna is installed. Saltwater is much more conductive than any normal soil but is still not a perfect conductor. However, for the purposes of selecting a design it is much simpler to use the perfect ground option. The software computations will also run faster when perfect ground is used, and the accuracy of the predictions will be more than adequate.

5) The connections between the spars and rigging will have many small intersection angles and radically different conductor diameters — this can cause some modeling problems. In general, sufficient accuracy can be obtained by using the same diameter for all the parts of the NEC model including the spars. Make all the conductors 0.25 inch which is typical for standing rigging.

6) Be careful to make the segment lengths at a junction the same for each wire connected to that junction.

7) For more information on antenna modeling, see the Antenna Modeling chapter.

From NEC modeling, you can expect the predicted radiation patterns to be close to reality, but the feed point impedance predictions will be approximate. Some final adjustment will usually be required. NEC modeling with EZNEC-Pro/4 will be used for much of the following discussion. The model uses the dimensions and rigging arrangements for a Crealock 37 sailboat. The author (N6LF) and his wife lived aboard this boat for many years and cruised offshore extensively. Some of the ideas shown are taken directly from experience on this boat, other boats he has owned and boats belonging to fellow cruisers.

Pre-Installation Evaluation

When the antenna is going to be integrated into the standing rigging, it’s a very good idea (after modeling) to try your designs out at the dock. For example, suppose you want to insulate part of your backstay and use it as your primary antenna. Temporarily you could replace the backstay with a stout Dacron line and use wire and inexpensive insulators for the initial tests to determine the antenna final dimensions. When you are satisfied finalize the backstay in stainless wire and swaged insulators. This approach can save a lot of money and aggravation.

A Safety Note

Ungrounded rigging near deck level can have high RF potentials when you transmit. For example, the shrouds on a fiberglass boat connect to chainplates bolted to the hull, but these may not be grounded. Ungrounded, the lower ends of the shrouds can inflict painful RF burns on the unwary while transmitting, even while operating at low power. This is not hypothetical! As a rule, all rigging, spars, and lifelines near deck level should be grounded. This also makes good sense for lightning protection. For antennas with parts near deck level that can be touched, a sleeve of schedule 80 PVC pipe can be placed over the lower end as a protective shield. It’s not uncommon to stand at the stern with a hand grasping the backstay. You don’t want to be able to grasp the backstay above the insulator without an insulating shield over it! Many commercial verticals for marine use are insulated.

As shown in the chapter Effects of Ground, it is possible to determine in advance the potentials that may exist on a given system using the near-field calculations provided by most software combined with some simple calculations using a spreadsheet.

21.4.2 Antenna Options

There are a number of possibilities for antennas on a sailboat. One of the simplest is to install a separate vertical as shown in Figure 21.17. An alternative is to insulate a portion of the backstay and use that as a vertical as shown in Figures 21.18 and 21.19. The backstay vertical can be fed at deck level or at the masthead which is the same idea as the λ/4-sloper discussed in the chapter on General Purpose MF and HF Antennas. One problem with this antenna is that the lower end of the antenna is a very high potential point. You don’t want the lower end of the sloper to be anywhere it could be reached from the deck. Another possibility is to place a self-supporting dipole at the masthead as shown in Figure 21.20.
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These basic antennas can be applied in several ways:

1) For single-band operation you can make the vertical shown in Figure 21.18 λ/4 resonant or insulate a portion of the backstay that is λ/4 resonant (Figure 21.18 or 21.19). If the length of the backstay or the vertical is not long enough to reach resonance on the desired band, you can use the loading techniques described earlier in this chapter for mobile antennas and there is also some useful information regarding loading in the chapter General Purpose MF and HF Antennas.

2) Another single-band option is the use of a self-supporting dipole at the masthead as shown in Figure 21.31. The antenna shown was fabricated from a pair of 12-foot fiberglass fly-fishing rod blanks (with a copper wire inside!) that were attached to 3⁄4 inch by 6-foot aluminum tubes to make them 18 feet long each for resonance on 20 meters. Although it looks a bit ungainly this antenna survived several years of cruising and two 24-day passages in the North Pacific including the long beat back from Hawaii. The antenna was very effective for the 20 meter marine nets. A 15-meter version of this antenna was installed on another boat for a passage from Australia back to the US via South Africa. With this masthead dipole they were able to work back to the US regularly from the Indian Ocean. One half of this antenna would make a good homebrew vertical on the transom.

3) For multiband operation it is possible to build or purchase multiband antennas, some of which are intended for mobile operation (see the Multiband HF Antennas chapter and material on mobile antennas earlier in this chapter). These come in many forms: multiple traps, replaceable upper sections, interchangeable loading coils for each band or motorized tuning of a loading coil. Unfortunately, most commercial products of this type are not intended for a marine environment. In addition, close proximity to the rigging can have a strong effect on multiband trap verticals, preventing them from being tuned properly.

4) Another option for multiband operation is the SteppIR family of self-adjusting verticals (steppir.com). The antenna consists of a fiberglass tube, 18 feet or 34 feet long, inside of which is a variable length of metal tape. The tape is motor driven so that its length can be adjusted to be resonant at any frequency from 40 or 20 meters (depending on the tube length) through 6 meters. It is even possible to purchase a tuning unit for operation on 80 meters. The antenna controller comes with pre-programmed length settings for the amateur bands, but these can be custom adjusted to compensate for the interaction with the rigging. These antennas can be quite efficient, and a tuner is not needed in most installations.

5) A common solution for multiband operation is to use a fixed length antenna, such as a vertical mounted on the transom or integrated into the backstay, combined with a tuner to provide a match to the transmitter. One note of caution: Automatic antenna tuners intended for marine use are readily available although relatively expensive. They can provide an acceptable match between the transmitter and fixed length antenna over a wide range of frequencies. This can be a very convenient solution. However, these low-power tuners can be relatively inefficient, reducing the radiated power significantly. A single-band antenna with a dedicated matching network can usually provide better performance although that requires more effort.

6) It is also possible to use more than one antenna. For example, you could use an insulated backstay resonant on 40 meters combined with a shorter transom vertical for the higher bands.

Temporary Antennas

Not everyone needs a permanent antenna. A variety of temporary antennas can be arranged. A few of these are shown in Figures 21.21, 21.22, and 21.23. All of these options will be strongly affected by their close proximity to the rigging but by employing a tuner, they may work well for temporary operation. You can also try altering the wire lengths to get a better match.
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21.4.3 The Effect of Mast and Rigging

A vertical can be placed on the transom as shown in Figure 21.17. (Note that the vertical is offset a short distance from the backstay to reduce coupling to the rigging slightly). This vertical could be a mobile whip, a fixed length commercial marine vertical or an insulated section of backstay. It turns out that the length of the antenna and whether it’s part of the backstay or separate has only a modest effect on the radiation pattern so we will use 23-foot independent vertical that will give us a general idea what to expect. Figure 21.24 shows the radiation patterns for this antenna at 7.2, 14.2 and 21.25 MHz.
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Unlike a vertical standing alone, this antenna doesn’t have an omnidirectional pattern. It is asymmetrical, with pattern distortion of 8-10 dB depending on the band. Further, the pattern is offset in the direction the antenna is placed on the transom. With the backstay vertical that offset is absent. The pattern distortion shown in Figure 21.35 is very typical for a wide range of boats. The directive gain can be useful but only if you point the boat in the right direction! Otherwise, you may have significant reduction in your signal.

Figure 21.25 shows Smith chart graphs for the feed point impedance at the base of a 23-foot vertical with and without the rigging. Figures 21.24 and 21.25 are very good examples of the profound effect the mast and rigging can have on an antenna installed on a sailboat.
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What if we chose a length other than 23 feet for either the vertical or an insulated backstay? Is there a better choice? Figure 21.26 shows Zin for various vertical lengths from 15 to 40 feet on 40, 20 and 15 meters. For a backstay vertical it would be common to set L=33 feet which gives a good match on 40 and 15 meters. Usually, no tuner would be needed or at least the internal tuner found in most transceivers would have little difficulty matching those bands. However, L=33 feet is a very poor length for 20 meters — the impedance is very high and even the best tuner might have difficulty matching to that load. Instead of 33 feet you could set L=17 feet which will have Zin = 11 – j384 Ω at 7.15 MHz, 36 + j8 Ω at 14.175 MHz and 220 + j451 Ω at 21.25 MHz. On 20 meters a tuner is not required and the impedances on 40 and 15 meters are reasonable for an automatic tuner.
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Common lengths for commercial marine antennas intended for HF SSB service are 23 feet and 28 feet. From Figure 21.26 we can see these lengths have impedances that are a bit high (though not impossible) for many automatic tuners. A better choice would be 26 feet. However, this observation applies only to this particular boat and rigging! Other boats, with different rigging dimensions might be better (or worse) with a given vertical length. That is why it is a good idea to model each boat individually before choosing an antenna. Each installation will be unique!

The message here is that some lengths are better than others for verticals or insulated backstay antennas and these lengths may not be resonant on any of the bands. The choice of length will depend on the specifics of the boat, the desired operating bands and whether a tuner is used.

21.4.4 Antennas for Power Boats

Power boaters are not usually faced with the problems and opportunities created by the mast and rigging on a sailboat. A powerboat may have a small mast, but usually not on the same scale as a sailboat. Antennas for power boats have much more in common with automotive mobile operation, but the motion of a powerboat, especially in rough seas, can be quite severe. This places additional mechanical strain on the antennas and exposure to wet and possibly saltwater environments.

The simplest situation for HF is to install a regular mobile vertical on the bow-pulpit of a cabin cruiser. The bow-pulpit and any attached bonding conductor act as a counterpoise for the vertical. Band-changing then becomes a simple matter of replacing the antenna or attaching a different resonator. The ground system then becomes a critical part of the antenna system as discussed in the following section.

Sometimes several radial wires are used with a vertical, much like that for a ground-plane antenna. This is not a very good idea unless the “wires” are wide copper foil strips that can lower the Q substantially. The problem is the high voltage present at the ends of the radials. On a boat these radials are likely to be near the cabin, which in turn contains both people and electronic equipment. The high voltage at the ends of the radials is both a safety hazard and can result in RF coupling back into the equipment, including ham gear, navigational instruments, and entertainment devices. Decoupling the radials from the transmission line, as discussed in the Mobile section of this chapter can be very helpful in keeping RF out of other equipment.

One way to avoid many of problems associated with grounding is to use a rigid dipole antenna as suggested in Figure 21.20. For short-range communication, a low dipole over saltwater can be effective. However, if long-range communication is needed, then a well-designed vertical, operating over seawater, will work much better. For these to work, of course, you must have the ground system associated with a vertical.

It is not uncommon for large powerboats to have a two or three-element multiband Yagi installed on a short mast. While these can be effective, if they are not mounted high above the waterline (> λ/2) they may be disappointing for longer-range communication. Over saltwater, vertical polarization is very effective for longer distances. A simple, well-designed, vertical system on a boat may outperform a low Yagi.

Remember that in the case of a thunderstorm, a VHF/marine SSB/ham antenna may be the highest thing on the water for a mile or so and therefore liable to be struck by lightning. Antennas should be lowered if possible. A direct strike on antennas will do a lot of damage to the entire RF system.

21.4.5 Ground Systems

You may be sitting in the middle of thousands of miles of saltwater. This is great for propagation, but you will still have to connect to that ground, particularly if you want to use a vertical antenna. If the boat has a steel or aluminum hull, no additional ground system is required. For wooden or fiberglass hulls, there are many possibilities, but the scheme shown in Figure 21.27 is representative for sailboats.
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First, a wire, strap, or most preferably 3-inch by 0.003-inch ground foil, is installed as a grounding conductor from bow-to-stern on each side. If strap or foil is not available, a pair of parallel wires (such as #12 AWG) spaced a few inches apart will have an impedance similar to a wide copper strap and may be easier to install. This system couples to the water capacitively through the hull and is not directly immersed. Do not use braided strap as it will corrode when exposed to water, fresh or salt. Some fiberglass hulls have embedded copper mesh that is used for RF bonding.

Bond the lifeline stanchions, chain plates, bow and stern pulpits, and any rails. On sailboats, include the forestay and backstay chain plates and create a common connection at the base of the mast.

The bonding conductor can also be attached to the engine and to the keel bolts. It is not recommended to bond everything below the waterline, as that may result in unexpected additional electrolysis. (Marine literature is inconsistent on this point.) This must be dealt with on a case-by-case basis. If the protective zinc sacrificial anodes (boatus.com/boattech/casey/sacrificial-zincs.asp) deplete more rapidly after a ground system is installed or modified, change it by disconnecting some part of the system — the engine-shaft-propeller, for example. Ground systems vary with every installation and must be customized to each vessel. However, just as on shore, the better the ground system, the better the performance of a vertical antenna!

A common recommendation for powerboat grounds is two or three porous-zinc through-hull ground plates. These must be professionally installed with leak proof techniques. Bonded through-hulls using #8 AWG wire are recommended by the America Boat and Yacht Council for controlling galvanic corrosion and the effects of nearby (not direct) lightning strikes. To connect the bonding foil or strap, wire-brush the post, wrap the foil or strap around it, and tighten with a stainless-steel hose clamp. There is no need for soldering or welding.

Consult with your ship builder before connecting the grounding system to though-hull ground plates installed at the factory. The completed grounding system should be inspected by a certified marine electrician to ensure that it does not interfere with the boat’s anti-galvanic corrosion system.

Some power boats have a ground-plane equivalent built into the roof of a flying bridge. The bridge is the most common location of RF communications equipment, including VHF ship-to-shore, marine SSB, and ham radio equipment. This built-in ground plane should be connected to the ground system with foil or strap.

In modern cabin cruisers, the ability to install a bonding conductor in the bow or passenger compartment of the boat is limited, due to the extensive woodwork involved in the typical cabin cruiser. However, an equivalent ground might be created in a more accessible portion of the hull, particularly the engine compartment.

A ground conductor can be attached with adhesive to the inside of the engine compartment or just formed to the interior of the engine compartment. Using adhesive is preferable to avoid having unsecured items in the engine compartment. The ground system should not be connected directly to the negative battery terminal. If practical run a separate grounding conductor from an antenna mount directly to the through-hull. This minimizes inductance of the connection.

Icom recommends that HF transceivers be connected to the ground system via foil or strap. The foil can be folded so that it is easy to remove the radio for servicing, but this also increases the inductance of the connection substantially. Keep the conductor as short as possible while still allowing the radio to be removed for service.

The negative lead of many HF radios is fused. This can allow false ground paths from winches, etc., to blow the fuse rather than damaging the expensive radio. Be careful to route the ground conductor in a way that it does not interfere with the power connections.

When transmitting, it is common to see meters reacting to voice or CW peaks. With the antenna mounted directly on the boat, the strong RF field is rectified by dissimilar-metal or corroded connections. This creates dc currents that affect metering circuits.

21.4.6 Antenna Tuners on Boats

Antenna tuners are covered elsewhere in this book, such as the Transmission Line System Techniques chapter. Another good resource is The ARRL Guide to Antenna Tuners by Joel Hallas, W1ZR. This section presents several issues that are of particular concern to antenna systems on boats.

Tuners can only match a limited range of impedances. In general, very low and very high impedances lead to higher voltages and/or currents in the tuner components, which can lead to much lower tuner efficiency. The worst case is usually when the resistive component at the feed point is very low, and the reactive component is high. This happens when whip antennas are used at frequencies below their λ/4 resonance (see Table 21.1 for examples of feed point resistance as an 8-foot whip is excited at lower frequencies). As the antenna is made longer and approaches λ/2 resonance, the resistive part of Zin can become very large, >1000 Ω. From the point of view of tuner efficiency and the ability to provide a match, the antenna feed point impedance should be kept between 10 Ω and 500 Ω, if possible.

The tuner should be placed physically as close to the antenna feed point as possible. The best design is to have a good ground connection immediately adjacent to the feed point and tuner. Using a remote tuner at the base of a ham/marine-SSB antenna will also help eliminate RF feedback and “hot spots” such as on a microphone or enclosure.

Running an insulated wire from the feed point back through the boat to a tuner at or in the transceiver is a very bad practice. There is the danger of exposure to high potentials on the wire and the probability of RF coupling to the boat’s wiring and other electronics. Do not do this!

If you have a good ground connection next to the feed point and another at the transmitter, it is possible to use a length of coaxial cable to connect the feed point to the tuner, allowing you to use a conventional manual tuner collocated with the transceiver. However, the coax is a transmission line, and it will transform the feed point impedance to some new value that may or may not be suitable for the tuner. (See the Transmission Lines chapter for more on impedance transformation by feed lines.) In addition, there can be very high voltages on the transmission line. The best general advice is to locate the tuner as close as possible to the antenna feed point!

Locating the tuner close to the feed point may have disadvantages, however. The tuner may need to be installed in a locker or cabinet that may not be completely shielded from the weather, so you must use a weather-tight tuner. Such a location makes it difficult to use a manual tuner since you may have to reach into the locker to adjust the tuner for a new band. Typically, weather-resistant automatic tuners are chosen for this application.


Chapter 22

Receiving Antennas

There are many instances in amateur radio when it is important to focus on antennas used only for receiving. Not all antennas are used for transmitting! This chapter covers three such applications for antennas: increasing the receiving signal-to-noise ratio on the MF and HF bands; creating a controlled radiation pattern for precisely determining the direction to a transmitter; and making measurements of astronomical or cosmic signals for scientific purposes.

The chapter’s first section has been updated to include the results of improved antenna modeling and extensive testing that has produced new small-antenna designs that rival the storied Beverage below 10 MHz. The second section which addresses the challenges of direction-finding at VHF and HF has been brought up to current practices by Dale Hunt, WB6BYU, and Charles Scharlau, NZØI. Finally, a group from the Society of Amateur Radio Astronomers (SARA) has contributed an overview of antennas used for measuring astronomical and geophysical phenomena. Since the beginnings of radio, amateurs have supported research and conducted experiments entirely on their own: this new section continues that tradition.

22.1 HF and MF Receiving Antennas

The following introduction is excerpted from the section “Introduction to Receiving Antennas” written by Robye Lahlum, W1MK, in ON4UN’s Low-Band DXing.

Separate antennas are necessary because optimum receiving and transmitting have different requirements. For a transmit antenna, we want maximum possible field strength in a given direction (or directions) at the most useful elevation (wave) angles. We cannot tolerate unnecessary power loss in a transmit antenna, because any amount of transmitting loss decreases signal-to-noise ratio at the distant receiver.

A receiving antenna on the other hand has a different design priority. The goal is obtaining a signal that can be read comfortably, which means having the greatest possible signal-to-noise (S/N) and signal-to-QRM ratio. Receiving antennas providing the best performance can and will be different under different circumstances, even at the same or similar locations. There is no such thing as a universal “best low-band receiving antenna.”

Typical low band receiving antennas like the Beverage require more space that most hams have available. In recent years, computer modeling has enabled the development of small loops and arrays that provide meaningful improvements in receiving ability without requiring large areas or overly specialized construction techniques.

22.1.1 Directivity and Coupling

Directivity is the main concern for a receiving antenna on the low bands. There are currently two methods to quantify this directivity described in the fifth edition of ON4UN’s Low-Band DXing — Directivity Merit Figure and Receiving Directivity Factor. In addition, Jukka Klemola, OH6LI, develops the idea of Noise Margin and Leaking Index in his presentation made available by the World Wide Radio Operators Foundation (WWROF) at wwrof.org/wp-content/uploads/2018/02/Receiving-Antenna-Metrics-With-Examples-v20p.pdf. The presentation includes a detailed comparison of the performance for popular receiving antennas.

Directivity Merit Figure (DMF)

The average front-to-back (the peak forward lobe versus what happens in the back 180° over the entire elevation angle range) gives a good indication of directivity. The DMF is the forward gain of the antenna at a chosen elevation angle (usually the elevation angle producing maximum gain) minus the average back half-hemisphere’s gain. This is the area between 90° and 270° azimuth — provided the forward lobe is aiming at 0° azimuth — and 0° to 90° elevation. (DMF can be calculated from the table of pattern gain values and using a spreadsheet or other software to perform the averaging function. W8WWV’s DBDXView will perform the calculations from EZNEC data files and is available with Low-Band DXing.)

This method of evaluating a receive antenna applies to a case where a dominant noise arrives from a relatively wide half-hemisphere. If the noise is evenly distributed in all directions (e.g., in a very quiet location), the RDF metric discussed below should be used.

Many noise sources vary in direction, arrival angle and polarization. The same is true for desired signals. Because of this, we really only are considering “average” results over time. Averages are not foolproof under every condition. For example, if you have a strong single-point noise and if that noise arrives in a deep notch in your receiving antenna pattern, the S/N improvement may be much greater than expected. If noise arrives predominantly from a higher antenna response area, the S/N improvement will be proportionally less. Another important thing to consider: Signals almost never arrive from a single angle or direction. A range of angles is involved, and a single-angle evaluation does not fully represent the real world.

Receiving Directivity Factor (RDF)

Developed by Tom Rauch, W8JI (w8ji.com), RDF goes a step further and compares the forward lobe gain to the average gain of the antenna in all directions (both azimuth and elevation).

While the Directivity Merit Factor (DMF) compares forward gain at the desired wave angle to the average gain in the rear half hemisphere, RDF compares forward gain at a desired direction and elevation angle to average gain over the entire hemisphere above ground. RDF includes all areas around and above the antenna, considering noise to be evenly distributed and aligned with the antenna polarization. RDF tells you not only how good the average front-to-back ratio is, but also how narrow your forward (wanted) lobe is.

Losses are factored out, and we find the directivity of the array. If noise, on average, is evenly distributed in all directions (including forward and side lobe areas) this method provides an accurate picture of receiving ability. (Keep in mind most antenna modeling programs used by amateurs calculate pattern at infinite distances and ignore ground wave response. RDF models, like DMF models, are not reliable when ground wave noise dominates skywave noise.)

For everything but an omnidirectional antenna, the RDF will be different from the DMF. You have to decide if your location has dominant skywave noise in the rearward area (DMF), or if skywave noise is evenly distributed on average (RDF). Do not compare RDF with DMF.

Calculating the RDF with EZNEC is very simple. After ensuring the model is correct, model the antenna with lossy elements and real ground and plot the 3D pattern. The main EZNEC window shows average gain at the very bottom. Now, go to a two-dimensional elevation or azimuth pattern and select the desired elevation angle and/or azimuth of the desired signal with the gain cursor and note the gain. The difference between the overall average gain and gain at the desired direction and elevation angle is the RDF. The front lobe does not have to align with the desired signal. You can also move the cursor around and look at the RDF for off-path signals. (W8WWV’s LBDXView software will also calculate RDF from EZNEC tables.)

RDF is not the only metric useful in evaluating receiving antennas, but it is still very useful. Table 22.1 provides a list of common receiving antennas with their nominal RDF. This will help the station designer make antenna choices based on circumstances and need.
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Using DMF and RDF

Both evaluation systems have their merits. If you’re in a location that’s always very quiet, with no specific noise or QRM sources from a particular direction, then RDF is most meaningful. The exception would be if you always had grossly dominant noise (or QRM) only from one direction. For a front-to-rear (F/R) selection to be valid, the dominant noise would have to be so strong as to consistently exceed distributed background noise by the null-depth ratio between an antenna selected by RDF compared to one selected by F/R.

Diversity Reception
Because signal characteristics are constantly changing, various schemes for taking advantage of the changes to improve reception performance have been created. Called “diversity reception”, there are several systems based on different aspects of the signals or channels, such as time, frequency, location or space, polarization, etc.
The most common system used by amateurs is antenna diversity that uses the signals from two or more antennas. It can be used to reduce fading and co-channel interference. For instance, a signal that fluctuates in strength may be stronger at one antenna and weaker at another at any given moment.
The simplest diversity system is for the operator to manually switch between the antennas for the best signal-to-noise ratio. Another common system is a “voting receiver” with circuits that continually evaluate and select the antenna with the strongest signal. Another option now available in some amateur transceivers is to use separate antennas with two receiver sub-systems. The resulting output signals can be selected by a voting system, or the operator can listen to either or both signals. Some operators listen to one signal in each ear and train themselves to focus on whichever is easier to copy.
The antennas used for diversity reception should be chosen so that fading or interference have different effects on the received signal. This can be accomplished by using antennas with opposite polarizations or that are far enough apart (500 feet or more) for the signals to be relatively independent. If a multi-receiver approach is used, the receivers must be phase-locked so that each signal is received with the same frequency and phase characteristics. Tom Rauch, W8JI presents a good discussion of diversity systems for amateur radio at w8ji.com/polarization_and_diversity.htm.


John Kaufmann, W1FV, also made the following observation on the Topband email reflector (lists.contesting.com/mailman/listinfo/Topband): “As RDF gets higher, the beamwidth of the antenna system generally gets narrower. By making the RDF very high, you are necessarily restricting the angular sector over which the antenna delivers its best performance. This is fine as long as the angular sector coincides with a direction that is important to you. The flip side is you give up some of that performance outside that sector. For switched arrays with a finite number of selectable directions, that could be a disadvantage when a direction of interest falls halfway between contiguous switching directions. Looking at the pattern of the array will tell you what you give up in the “in between” directions.”

Polarization of the signals and the noise are assumed to be the same on average for RDF calculations. If the signal and noise have different polarizations, the antenna will have different responses to each, and the RDF metric is not valid. For example, if your local noise source has a different polarization than the sky-wave signals you are trying to receive, RDF can be greatly misleading. However, most local noise is propagated by vertically polarized ground wave.

Choosing a Receive Antenna
There are so many different receive antennas, how do you choose one that will work for your station? The important criteria in most cases are the band(s) of use, the available space, and noise levels and directions. Even then, there might be several designs available. An excellent presentation that summarizes available choices is provided by Frank Donovan, W3LPL, a contributor to the Antenna Book and HF station design expert. “Easy to Build Low Band Receiving antennas for Small & Large Lots” is available as downloadable slides: see contestuniversity.com/files in the group for 2022.


Coupling

Most antenna models are developed and evaluated without other antennas or conductive surfaces nearby except for ground under the antenna. This is rarely the case in the real world, with transmitting antennas, metal surfaces and structures, power lines, and numerous other conductors in the vicinity. Especially on the low bands with their long wavelengths, it is common for other antennas to be as close as a few hundredths of a wavelength away. As a result, there will likely be a significant amount of interaction. As W8JI observed, “If [the antenna] receives, it will receive from the mess of things all around it from the dirt below it to the wires down the road.”

Coupling can significantly distort an antenna’s radiation pattern, whether receiving or transmitting. Separating the antenna from whatever it is coupling to is the best remedy but that is not an option in many cases. De-tuning a transmitting antenna when not in use by shifting its resonance out of band is a common technique of reducing coupling. The exact technique depends on the antenna.

Coupling can also result in significant amounts of power being picked up and overloading or damaging receivers. Out-of-band energy can be rejected with filters, but in-band coupling is harder to manage. Front-end protection circuits may be required, or a relay to interrupt the signal path during transmit periods is often used.

22.1.2 The Beverage Antenna

Perhaps the best-known type of wave antenna is the Beverage. Many 160 meter enthusiasts have used Beverage antennas to enhance the signal-to-noise ratio while attempting to extract weak signals from the often high levels of atmospheric noise and interference on the low bands. Alternative antenna systems have been developed and used over the years, such as loops and long spans of unterminated wire on or slightly above the ground, but the Beverage antenna has proven to be one of the best for 160 meter weak-signal reception. The information in this section was prepared originally by Rus Healy, K2UA.

A Beverage is simply a directional wire antenna, at least one wavelength long, supported along its length at a fairly low height and terminated at the far end in its characteristic impedance. This antenna is shown in Figure 22.1A. It takes its name from its inventor, Harold Beverage, W2BML.
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Many amateurs choose to use a single-wire Beverage because they are easy to install, and they work well. The drawback is that Beverages are physically long and they do require that you have the necessary amount of real estate to install them. Sometimes, a neighbor will allow you to put up a temporary Beverage for a particular contest or DXpedition, particularly during the winter months.

Beverage antennas can be useful into the HF range, but they are most effective at lower frequencies, mainly on 160 through 40 meters. The antenna is responsive mostly to low-angle incoming waves that have significant vertical polarization. These conditions are nearly always satisfied on 160 meters, and most of the time on 80 meters. On higher frequency bands, polarization of received signals is elliptical and there is almost always enough vertical polarization for Beverages to perform well up to 30 MHz or more. Many amateurs have reported excellent performance from Beverage antennas at frequencies as high as 14 MHz, especially when rain or snow (precipitation) static prevents good reception on the Yagi or dipole transmitting antennas used on the higher frequencies.

Even though Beverage antennas have excellent directive patterns if terminated properly, gain never exceeds about –3 dBi in most practical installations. However, the directivity that the Beverage provides results in a much higher signal-to-noise ratio for signals in the desired direction than almost any other real-world antenna used at low frequencies.

A typical situation might be a station located in the US Northwest (W7), trying to receive 160 meter signals from Japan to the northwest, while thunderstorms from the rear in the US Southwest (W5) are creating huge static crashes. Instead of listening to an S7 signal with 10-dB over S9 noise and interference on a vertical, the directivity of a Beverage will typically allow copying the same signal at perhaps S5 with only S3 (or lower) noise and interference. This is certainly a worthwhile improvement. However, in the middle of a thunderstorm, or if there is a thunderstorm in the direction of the signal, no Beverage is going to help!

Beverage Operation

The Beverage antenna acts like a long transmission line with one lossy conductor (the ground), and one good conductor (the wire). Beverages have excellent directivity if erected properly, but they are quite inefficient because they are mounted close to the ground. This is in contrast with the terminated long-wire antennas described earlier, which are typically mounted high off the ground. In most cases, Beverage antennas are not suitable for use as transmitting antennas.

Because the Beverage is a traveling wave, terminated antenna, it has no standing waves resulting from radio signals. As a wave strikes the end of the Beverage from the desired direction, the wave induces voltages along the antenna and continues traveling in the surrounding space adjacent to the antenna and close to the ground as well. Figure 22.1B shows part of a wave on the antenna resulting from a desired signal. This diagram also shows the tilt of the wave. The signal induces equal voltages in both directions. The resulting currents are equal and travel in both directions. The component traveling toward the termination end moves against the wave and thus builds down to a very low level at the termination end. Any residual signal resulting from this direction of current flow will be absorbed in the termination (if the termination is approximately equal to the antenna impedance). The component of the signal flowing in the other direction, as we will see, becomes a part of the received signal coupled into the feed line.

This process can be likened to a series of signal generators lined up on the wire, with phase differences corresponding to their respective spacings on the wire (Figure 22.1C). At the receiver end, a maximum voltage is produced by these voltages adding in phase. For example, the wave component induced at the receiver end of the antenna will be in phase (at the receiver end) with a component of the same wave induced, say, 270° (or any other distance) down the antenna, after it travels to the receiver end.

In practice, there is some phase shift of the wave propagating on the wire with respect to the wave arriving at the antenna. This phase shift results from the velocity factor of the antenna. (As with any transmission line, the signal velocity on the Beverage is somewhat less than in free space.) Velocity of propagation on a Beverage is typically between 85 and 98% of that in free space. As antenna height is increased to a certain optimum height (typically about 10 feet for 160 meters), the velocity factor increases. Beyond this height, only minimal improvement is afforded, as shown in Figure 22.2. These curves are the result of experimental work done in 1922 by RCA and reported in a QST article (November 1922) entitled “The Wave Antenna for 200-Meter Reception,” by H. H. Beverage. The curve for 160 meters was extrapolated from the other curves.
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Phase shift (per wavelength) is shown as a function of velocity factor in Figure 22.3, and is given by:
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where k = velocity factor of the antenna in percent.

The signals present on and around a Beverage antenna are shown graphically in A through D of Figure 22.4. These curves show relative voltage levels over a number of periods of the wave in space and their relative effects in terms of the total signal at the receiver end of the antenna.
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Performance in Other Directions

The performance of a Beverage antenna in directions other than the favored one is quite different than previously discussed. Take, for instance, the case of a signal arriving perpendicular to the wire (90° either side of the favored direction). In this case, the wave induces voltages along the wire that are essentially in phase, so that they arrive at the receiver end more or less out of phase, and thus cancel. (This can be likened to a series of signal generators lined up along the antenna as before but having no progressive phase differences.)

As a result of this cancellation, Beverages exhibit deep nulls off the sides, provided that the antenna is low enough to minimize reception of horizontally polarized signals from the sides. Some minor sidelobes will exist, as with other long-wire antennas, and will increase in number with the length of the antenna.

In the case of a signal arriving from the rear of the antenna, the behavior of the antenna is very similar to its performance in the favored direction. The major difference is that the signal from the rear adds in phase at the termination end and is absorbed by the termination impedance. Figure 22.5 compares the azimuth and elevation patterns for a 2-wavelength (1062 foot) and a 1-wavelength (531 foot) Beverage at 1.83 MHz. The wire is mounted 8 feet above flat ground (to keep it above deer antlers and away from humans too) and is terminated with a 500-Ω resistor in each case, although the exact value of the terminating resistance is not critical. The ground constants assumed in this computer model are conductivity of 5 mS/m and a dielectric constant of 13. Beverages operated over saltwater or highly conductive soil have very low signal levels and very poor directivity.
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For most effective operation, the Beverage should be terminated in an impedance equal to the characteristic impedance ZANT of the antenna. For maximum signal transfer to the receiver, you should also match the receiver’s input impedance to the antenna. If the termination impedance is not equal to the characteristic impedance of the antenna, some part of the signal from the rear will be reflected back toward the receiver end of the antenna.

If the termination impedance is merely an open circuit (no terminating resistor), total reflection will result, and the antenna will exhibit a nearly bidirectional pattern (still with deep nulls off the sides). An unterminated Beverage will not have the same response to signals in the rearward direction as it exhibits to signals in the forward direction because of attenuation and re-radiation of part of the reflected wave as it travels back toward the receiver end. Figure 22.6 compares the response from two 2-λ Beverages, one terminated and the other unterminated. Just like a terminated long-wire transmitting antenna (which is mounted higher off the ground than a Beverage, which is normally used only for receiving), the terminated Beverage has a reduced forward lobe compared to an unterminated Beverage. The unterminated Beverage exhibits about a 5 dB front-to-back ratio for this length because of the radiation and wire and ground losses that occur before the forward wave gets to the end of the wire.
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To determine the appropriate value for a terminating resistor, you need to know the characteristic impedance (surge impedance), ZANT, of the Beverage. It is interesting to note that ZANT is not a function of the length, just like a transmission line.
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where

ZANT = characteristic impedance of the Beverage = terminating resistance needed

h = wire height above ground

d = wire diameter (in the same units as h)

Another aspect of terminating the Beverage is the quality of the RF ground used for the termination. For most types of soil, a ground rod is sufficient, since the optimum value for the termination resistance is in the range of 400 to 600 Ω for typical Beverages and the ground-loss resistance is in series with this. Even if the ground-loss resistance at the termination point is as high as 40 or 50 Ω, it still is not an appreciable fraction of the overall terminating resistance. For soil with very poor conductivity, however, (such as sand or rock) you can achieve a better ground termination by laying radial wires on the ground at both the receiver and termination ends. These wires need not be resonant quarter-wave in length, since the ground detunes them anyway. Like the ground counterpoise for a vertical antenna, a number of short radials is better than a few long ones. Some amateurs use chicken-wire ground screens for their ground terminations.

As with many other antennas, improved directivity and gain can be achieved by lengthening the antenna and by arranging several antennas into an array. One item that must be kept in mind is that by virtue of the velocity factor of the antenna, there is some phase shift of the wave traveling on the antenna compared to the wave arriving at the antenna. Because of this phase shift, although the directivity may continue to sharpen with increased length, there will be some optimum length at which the gain of the antenna will peak. Beyond this length, the voltages arriving at the receiver end of the antenna will no longer be in phase and will not add to produce a maximum signal at the receiver end. This optimum length is a function of velocity factor and frequency, and is given by:
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where

L = maximum effective length (same units as l)

λ = signal wavelength in free space

k = velocity factor of the antenna in percent

Because velocity factor increases with height (to a point, as mentioned earlier), optimum length is somewhat longer if the antenna height is increased but at the expense of front-to-side ratio. The maximum effective length also increases with the number of wires in the antenna system. For example, for a two-wire Beverage like the bidirectional version the maximum effective length is about 20% longer than the single-wire version. A typical length for single-wire 1.8-MHz Beverage antennas (made of #16 AWG wire and erected 10 feet above ground) is about 500 to 1200 feet for optimum performance on 160 meters and 300 to 600 feet for optimum performance on 80 meters.

Feed Point Transformers for Single-Wire Beverages

The usual concept of SWR is applies to an impedance mismatch at the load end of a feed line. This is not the case here where the signal source is the Beverage antenna, and the feed line termination is the receiver. Impedance matching of the source to the feed line is the most important issue for receiving antennas.

As an example, assume that the ZANT of a particular Beverage is 525 Ω and the terminating resistance is equal to that value. If a 3:1 turns-ratio transformer (a 32 = 9:1 impedance transformer) is used between a 50 Ω feed line and the receiver end of the antenna, the nominal impedance presented to the antenna would be 50 × 9 = 450 Ω. The mismatch of the feed line to the receiver would be 525/450 = 1.27:1, not enough to be concerned about.

Matching transformer T1 in Figure 22.1 is easily constructed as a flux-coupled transformer or as an autotransformer. Small toroidal ferrite cores are best for this application, with those of high permeability (µi = 125 to 5000, type 77 ferrite is recommended for 160 meters) being the easiest to wind (requiring fewest turns) and having the best high-frequency response (because few turns are used).

A 9:1 transformer can be made from a pair of ferrite beads as described on the K9AY website at aytechnologies.com/TechData/9-to-1_XFMR.htm. (Trifilar-wound autotransformers are convenient but do not provide galvanic isolation and have significant distributed capacitance between the primary and secondary windings.) Figure 22.7 shows the basic two-bead design. If a binocular core is available, that simplifies construction. If high-frequency noise or signals are present, additional isolation between primary and secondary can be obtained by using a toroidal core and placing the windings on opposite sides.
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The Two-Wire Beverage

The two-wire antenna shown in Figure 22.8 has the major advantage of having signals from both directions available at the receiver at the flip of a switch between J1 and J2. Also, because there are two wires in the system, greater signal voltages will be produced. (Equal amounts of signal voltage are induced in both wires) The April 2006 QST article “A Cool Beverage Four Pack” by Ward Silver, NØAX, describes a four-directional array created from a pair of two-wire Beverages at right angles.
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A signal from the left direction in Figure 22.8 induces equal voltages in both wires, and common-mode currents flow as a result. The reflection transformer (T3 at the right-hand end of the antenna) then combines the common-mode currents and sends them back down the antenna toward the receiver as a differential-mode signal, using the antenna wires as a balanced open-wire transmission line. This signal is then transformed by T1 to the input impedance of the receiver (50 Ω) at J1.

Signals traveling from right to left also induce equal common-mode voltages in each wire, and they travel toward the receiver end, through T1, and into T2. Signals from this direction are available at J2.

T1 and T2 are standard 9:1 wideband transformers capable of operating from 1.8 to at least 10 MHz. Like any two parallel wires making up a transmission line, the two-wire Beverage has a certain characteristic impedance — we’ll call it Z1 here — depending on the spacing between the two wires and the insulation between them. T3 transforms the terminating resistance needed at the end of the line to Z1. Keep in mind that this terminating resistance is equal to the characteristic impedance ZANT of the Beverage — that is, the impedance of the parallel wires over the images in the ground below. For example, if Z1 of the Beverage wire is 300 Ω (that is, you used TV twin-lead for the two Beverage wires), T3 must transform the balanced 300 Ω to the unbalanced 500 Ω ZANT impedance used to terminate the Beverage.

The design and construction of the reflection transformer used in a two-wire Beverage is more demanding than that for the straightforward matching transformer T1 because the exact value of terminating impedance is more critical for good F/B. See the Receiving Antennas chapter in ON4UN’s Low-Band DXing for details on winding the reflection transformers for a two-wire Beverage.

Another convenient feature of the two-wire Beverage is the ability to steer the nulls off either end of the antenna while receiving in the opposite direction. For instance, if the series RLC network in Figure 22.28 is connected to the transformer output for signals coming from the right and adjusted while signals from the left are being received through the other transformer, interference coming from the right can be partially or completely nulled. The nulls can be steered over a 60° (or more) area off the right-hand end of the antenna.

The two-wire Beverage is typically erected at the same height as a single-wire version. The two wires are at the same height and are spaced uniformly — typically 12 to 18 inches apart for discrete wires. Some amateurs construct two-wire Beverages using “window” ladder-line, twisting the line about three twists per foot for electrical balance and mechanical stability in the wind.

The characteristic impedance ZANT of a Beverage made using two discrete wires with air insulation between them depends on the wire size, spacing and height and is given by:
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where

ZANT = Beverage impedance = desired terminating resistance

S = wire spacing

h = height above ground

d = wire diameter (same units for S, h, and d)

Beverage On Ground (BOG)

A number of low-band DXers have reported improved received signal-to-noise ratios using a Beverage On Ground (BOG). This consists of a wire just a few inches above the ground. BOG performance is significantly degraded if the wire is in direct contact with the ground. Results are mixed as discussed by Guy Olinger, K2AV, in the following excerpt from a discussion on the Topband reflector with input from Frank Donovan, W3LPL: “What is often called a BOG is really a ground-mounted low-velocity-factor receive antenna, which has its own set of rules. The technique of terminating the far end of a wire in what amounts to a characteristic impedance, to dissipate the standing wave on the wire, does not produce an optimum BOG.

“160 meter BOGs longer than 220 feet do not perform well. One can easily model a longer BOG that has a pattern reversal. The various serious quirks of BOGs make them [difficult to use] because their performance is strongly affected by local ground characteristics.

“The BOG’s pattern will also vary with the ground’s water content, which is in turn varying the velocity factor and the best termination strategy. This effect, along with the wire gradually growing down into the grass, can be responsible for the difficulty in obtaining repeatable and satisfactory results.”

CONSTRUCTION Considerations

There are a few basic principles that must be kept in mind when erecting Beverage antennas if optimum performance is to be realized. Start by considering the complete project and plan thoroughly.

1) Choose an antenna length consistent with good performance on the bands you will operate.

Recommended Beverage Lengths:

	160 meters	500-1,200 feet
	80 meters	300-600 feet
	40 meters	200-500 feet


500 to 600 feet provides a good compromise between 160 and 80 meter performance.

2) Keep the antenna as straight and as nearly level as possible over its entire run. Avoid following the terrain under the antenna too closely — keep the antenna level with the average terrain. Variations in height smaller than and extending for less than 1/10 wavelength will have little effect on performance.

3) Either 50 or 75 Ω feed line can be used with little effect on performance. Be sure to weatherproof the transformers, termination connections, and feed line connectors.

4) Use a noninductive resistor for terminating a single-wire Beverage. If you live in an area where lightning is common, use 2 W metal oxide, non-inductive terminating resistors, which can better survive surges due to nearby lightning strikes.

5) Use high-quality insulators for the Beverage wire where it comes into contact with the supports. Plastic insulators designed for electric fences are inexpensive and effective.

6) Keep the Beverage away from parallel conductors such as electric power and telephone lines for a distance of at least 200 feet. Approximately perpendicular conductors, including other Beverages, may be crossed within a few feet with relatively little interaction, but do not cross any conductors that may pose a safety hazard.

7) Run the coaxial feed line to the Beverage so that it is not directly under the span of the wire. This prevents common-mode currents from appearing on the shield of the coax. It is best to install a common-mode choke at the end of the feed line adjacent to its connection to the Beverage. Do not connect the feed line shield to the ground system used by the antenna.

8) If you use elevated radials in your transmitting antenna system, keep your Beverage feed lines well away from them to avoid stray pickup that are likely to disrupt the Beverage’s directivity.

9) If lightning is a problem in your area, add a small spark gap across the terminating resistor. The simplest method is to bypass the resistor with a short piece of heavy wire and cutting the wire in the middle with diagonal or side cutters, creating a small gap with sharp edges. Similar gaps can be created where the antenna wires are connected to an enclosure as shown by W8JI at w8ji.com/lightning_strikes.htm. During lightning season, check the protective components in your system regularly to be sure they are still present and functioning.

22.1.3 Tuned Small Loops

To be considered an electrically small loop, the total length of conductor in the loop must not exceed about 0.085 λ so the current will have the same amplitude and phase in every part of the loop. This results in a bidirectional, figure-eight pattern with deep nulls broadside to the plane of the loop. (See the extensive discussion of small loops in the Loop Antennas chapter for more about the theory of these antennas.) Amateur applications of these loops include direction finding and low-noise directional receiving antennas for 3.5 MHz and below. (See the section on Direction-Finding Antennas later in this chapter.)

Maintaining symmetry creates electrical balance around the loop which is important to preserving the depth of the pattern’s nulls. Balanced loops are not affected noticeably by nearby objects and can be installed indoors or out after being tuned to resonance. Moving them from one place to another does not significantly affect the tuning. Using flexible cable to build small receiving loops will achieve satisfactory results but even better performance and stability result from using semi-rigid 50 or 75 Ω hardline cable. The semi-rigid cable will also maintain loop shape and symmetry better than for flexible cable.

For receiving applications, it is not necessary to match the feed line to the loop, though doing so may enhance the performance somewhat. The builder can use 50- or 75-Ω coax feed line and no difference in performance will be observed.

Propagation Effects on Null Depth

After building a balanced loop you are likely to find it does not approach the theoretical performance in the null depth. This problem may result from propagation effects. Tilting the loop away from a vertical plane may improve performance under some propagation conditions, to account for the vertical angle of arrival. Basically, the loop performs as described above only when the signal is arriving with vertical polarization perpendicular to the axis of rotation of the loop.

At incidence angles other than perpendicular, the position and depth of the nulls deteriorate. Bond explained this issue in his book on direction finding in 1944 along with the math to calculate the performance. The problem can be even further influenced by the fact that if the loop is situated over less than perfectly conductive ground, the wave front will appear to tilt or bend.

Another cause of apparent poor performance in the null depth can be from polarization error. Small loop antennas have no directivity for horizontally polarized signals. If the polarization of the received signal is not completely vertical, the nulls will not be sharp. In fact, for elliptically polarized signals, the loop might appear to have almost no nulls. Mount the loop antenna close to the ground to minimize its susceptibility to horizontally polarized signals. Propagation effects are discussed further in the sections on direction finding.

Siting Effects on Small Loops

The location of the loop has an influence on its performance that at times may become quite noticeable. For ideal performance the loop should be located outdoors and clear of any large conductors, such as metallic downspouts and towers. A loop tuned for VLF reception, when mounted this way, will show good sharp nulls spaced 180° apart if the loop is well-balanced. This is because the major propagation mode at VLF is by ground wave. At frequencies in the HF region, a significant portion of the signal is propagated by sky wave, and nulls are often only partial.

Most hams locate their loop antennas near their operating position. If you choose to locate a small loop indoors, its performance may show nulls of less than the expected depth, and some skewing of the pattern. For precision direction finding there may be some errors associated with wiring, plumbing, and other metallic construction members in the building. Also, a strong local signal may be reradiated from the surrounding conductors so that it cannot be nulled with any positioning of the loop. There appears to be no known method of curing this type of problem. All this should not discourage you from locating a loop indoors; this information is presented here only to give you an idea of some pitfalls. Many hams have reported excellent results with indoor mounted loops, in spite of some of the problems.

Locating a receiving loop in the field of a transmitting antenna may cause a large voltage to appear at the receiver antenna terminals. This may be sufficient to destroy sensitive RF amplifier transistors or front-end protection diodes. This can be solved by disconnecting your loop from the receiver during transmit periods. This can obviously be done automatically with a relay that opens when the transmitter is activated but timed correctly so that even a few milliseconds of transmitted signal cannot enter the receiver.

PROJECT: A RECEIVING LOOP FOR 1.8 MHz

loop of Figure 22.9 has a conductor length of 20 feet. At 1.81 MHz, 20 feet is 0.037 λ. With this style of loop, 0.037 λ is about the maximum practical dimension if you want to tune the element to resonance. This limitation results from the distributed capacitance between the shield and inner conductor of the loop. RG-59 was used for the loop element in this example. The capacitance per foot for this cable is 21 pF, resulting in a total distributed capacitance of 420 pF. An additional 100 pF was needed to resonate the loop at 1.810 MHz.
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Therefore, the approximate inductance of the loop is 15 µH. The effect of the capacitance becomes less pronounced at the higher end of the HF spectrum, provided the same percentage of a wavelength is used in computing the conductor length. The ratio between the distributed capacitance and the lumped capacitance used at the feed point becomes greater at resonance. These facts should be contemplated when scaling the loop to those bands above 1.8 MHz.

There will not be a major difference in the construction requirements of the loop if coaxial cables other than RG-59 are used. The line impedance is not significant with respect to the loop element. Various types of coaxial line exhibit different amounts of capacitance per foot, however, thereby requiring more or less capacitance across the feed point to establish resonance. Remove the shield of the loop coax for one inch directly opposite the feed point. Treat the exposed areas with a sealing compound once this is done. Covering the gap with a non-conductive plastic tube also helps provide mechanical strength at this point.

A supporting structure was fashioned from bamboo poles. The X frame is held together at the center with two U bolts. The loop element is taped to the cross-arms to form a square. You could likely use metal cross arms without seriously degrading the antenna performance. Alternatively, wood can be used for the supporting frame. A wooden or plastic center mast is sufficient to hold a loop made from hardline, even up to several feet in diameter.

An aluminum project box was used at the feed point of the loop to hold the resonating variable capacitor. In this model a 50 to 400-pF compression trimmer was used to establish resonance. You must weatherproof the box for outdoor installations.

The Q of this loop is sufficiently low to allow the operator to peak it for resonance at 1.9 MHz and use it across the entire 160 meter band. The degradation in performance at 1.8 and 2 MHz will be so slight that it will be difficult to discern.

22.1.4 Resistively Loaded Small Loops

Loop receiving antennas with resistive loading are popular because they can provide useful broadband directivity with very simple construction. A wide range of sizes and shapes are seen in practice: the K9AY Loop, flags, and pennants are the most popular because they are simple to build. Rotatable versions of the flag antenna can also be constructed. This section explains the basic theory of how the antennas work and summarizes several types. Construction articles are provided in the online material.

Directivity from Resistive Loading

The shape of the loop is not of primary importance as a wide range of shapes can be successfully used as dictated by mechanical convenience, available supports, etc. What unites this class of antennas is how the normal pattern of a small loop is changed to a cardioid with a single useful null by judiciously adding series resistance into the loop. (An alternative approach is presented in the section describing the K9AY Loop.)

In unloaded small loops (<1/8-wavelength circumference) the current amplitude around the loop is essentially constant with little phase shift. Adding series resistance, the current amplitude remains relatively constant but there is significant phase shift around the loop. The non-uniform phase of the current around the loop changes the radiation pattern. The amount of phase shift is a function of loop inductance and load resistance: the loop is behaving like a series L-R circuit.

We can illustrate this with an example like that shown in Figure 22.10. The source is represented by a circle and the loading resistor by a square. The loop is 14 feet on each side and the frequency is 1.8 MHz, so the width of the loop is about 9.2 degrees. This is the phase delay between the vertical arms for a signal passing transversally across the loop.
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A clockwise current direction convention was used in the model so the current direction in the load wire is the opposite of the source wire, i.e., 180 degrees out of phase in the unloaded loop. The vertical arms of the loop produce a pattern very much like the two-element phased array with the elements 180 degrees out of phase in the Phased Arrays chapter (see the collection of H-plane patterns with φ=180°). Figure 22.11 shows the azimuthal pattern, at 0° elevation in free space without loading.
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Changing the phase relationship between currents in the two arms changes the pattern. To produce a single sharp null in a two-element phased array with equal element currents 14 feet apart, the phase difference would have to be 180 – 9.2 ≈ 171 degrees.

With a load resistance of 675 Ω the pattern has become substantially unidirectional with a 25 dB null off the back (see Figure 22.12). Note however, that the peak gain has fallen from +1.73 dBi to –39.2 dBi. That’s the penalty for loading a small loop to achieve the necessary phase relationship but this is often acceptable for receiving antennas. A preamplifier can be used to recover the signal level, if necessary.
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Figures 22.13 and 22.14 compare the loop current amplitude and phase with and without loading. Adding loading changes the current amplitude around the loop very little but the phase is very different. The feed point phase is 0 degrees, and the load point phase is ≈-13 degrees. Note that this is not very much different from the 9.2° needed in an ordinary two element array. In this example the loop the current amplitudes are not exactly the same and the phase is not constant over the length of on side so the effective phase becomes an average.
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This example was designed for a fixed frequency, 1.8 MHz but one of the attractive features of this family of antennas is that while the current distribution remains quite uniform the current phase changes in a way that tracks the electrical size of the loop maintaining the null over a wide bandwidth. This is an example of crossfire phasing described in the Phased Array chapter.

At 1.8 MHz with a 675 Ω load the input impedance at the feed point is: Zi=709 + j144 Ω. Modeling the loop as a series L-R circuit and calculating the phase shift as arctan(X/R) = arctan (144/709) ≈ 11 degrees of phase shift which is consistent with the earlier discussion. (Arctan is the same as tan-1)

Alternate loop shapes, feed points, and load points

In Figure 22.10 the loop was shown as square and there is nothing special about that. The shape is frequently a rectangle or a triangle, often referred to as “flags”, “pennants,” or “EWE’s.: The shape chosen will affect the optimum value for R. Given the infinite variety of shapes and dimensions R is most practically determined from modeling.

Figure 22.10 showed the load and source located at the midpoint of the vertical arms. For convenience, both the load and feed point can be shifted to the bottom of the loop as shown in Figure 22.15. The optimum value for R will change somewhat and can be determined by modeling.
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There is great flexibility in the location of the lower wire as indicated in Figure 22.16. The lower wire can be elevated above ground, typically eight feet or so, or it can be laid directly on the ground surface or just below. (Note that if the lower wire is directly in contact with or at the surface of the ground, changes in ground conductivity will affect antenna performance.) It is also possible to use ground stakes at either end to complete the loop with ground resistance as with the EWE antennas discussed below. However, the impedance of the ground stakes affects the value for R and is likely to change as soil moisture changes with seasons. An interconnecting ground wire will stabilize the ground impedance.
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PROJECT: EWE ANTENNA

The EWE antenna invented by Floyd Koontz, WA2WVL, combines two short vertical wires and one horizontal wire as shown in Figure 22.17 (see the References and Bibliography). The EWE is essentially a two-element driven array. The antenna receives best in the plane of the array in the direction opposite the termination. The pattern is a broad cardioid with a null in the direction of the terminated “rear” element. The horizontally polarized gain of the antenna is about 20 dB lower than the vertically polarized gain and is directed at a high angle off the side. As with all small loop antennas, the received signal level of an EWE antenna is very low and requires both a common-mode choke on the feed line and a high-gain, low noise figure preamplifier.
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The version in Figure 22.9 is designed to operate from 1.8 to 4.0 MHz with a front-to-back ratio of greater than 25 dB without adjustment. The EWE can be bottom fed as shown in the figure or at the top of the front vertical element. The auto-transformers used in the original article have been changed to isolation transformers with a 3:1 turns ratio. This reduces common-mode noise picked up on the feed line shield. If a separate ground connection is required for the feed line, place the feed line choke between the transformer and the ground connection.

If separate feed lines and transformers are used for each of the vertical elements, a termination resistor can be switched in, opposite to the feed point, to create a reversible pattern. If two of these reversible antennas are positioned at right angles, a four-way receiving antenna system is obtained.

Switching the antenna requires 75 Ω TV-type A/B switches which automatically terminate the unused port in 75 Ω. (See the QST article describing the LF/MF EWE in the next section.) This allows separate receivers to be used on the individual EWE antennas. The 75 Ω impedance is multiplied in the transformer by 9 to create a 675 Ω termination. A two-port 180° combiner makes it possible to obtain a bi-directional pattern aimed between the main lobes of the individual antennas.

PROJECT: LF AND MF REVERSIBLE EWE

This version of the EWE designed by Mike Sapp, WA3TTS, was optimized for weak signal reception on the 2200 and 630 meter bands. It is also useful on the 160 and 80 meter bands with a typical SWR of 1.3:1 throughout its design range. It can be used down into the 30 kHz range, as well. As with other EWE antennas, the dimensions are not critical and can be reduced to fit a small lot with some corresponding reduction in signal capture. The full article, “A Reversible LF and MF EWE Receive Antenna for Small Lots” is included in the online material and includes detailed construction directions and complete descriptions of the specialized components associated with this antenna.

Because the frequency of operation is much lower than most amateur receiving antennas, the impedance transformer and common-mode choke construction use multiple ferrite cores taped together. In addition, special common-mode chokes are used, and careful attention is paid to block common-mode noise and transmit signal pickup on the receive feed lines. See the original article for detailed information about construction of the chokes and transformer.

PROJECT: K9AY LOOP

Described here by its inventor, Gary Breed, K9AY, the K9AY Loop is a hybrid that combines two antenna types. Referring to Figure 22.18, if the termination resistor is zero — a short circuit — the antenna becomes a classic “small loop” (usually defined as less than 0.1 λ diameter). The near-field response of small loops is predominantly to the magnetic field (H-field) component of an electromagnetic wave. Next, with an infinite resistor — an open circuit — the antenna becomes a short, bent monopole. Short monopole antennas respond most strongly to the electric field (E-field) component of an electromagnetic wave. (This is an alternative analysis to the two-vertical approach described previously.)
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In the K9AY Loop, the terminating resistor serves to balance the ratio of the small loop and monopole responses, with energy from the two modes summed at the feed point. When the value of the resistor is adjusted to the optimum value (typically near 400 Ω), there is cancellation of arriving signals in one of the directions in line with the plane of the loop. This cancellation occurs because of the rotational “sense” of the H-field. While the E-field is one-dimensional (amplitude only), the H-field obeys the “right hand rule” that can be visualized as spiral rotation as a wave travels through space. Waves arriving from opposite directions will thus have opposite rotation. From one direction, the E- and H-field contributions are summed at the feed point. But for signals from the opposite direction, the antenna output is the difference of these contributions. (See the References and Bibliography for additional information about the antenna.) This same type of behavior is present in two other devices familiar to hams; a directional coupler such as those used in the familiar Bird wattmeter, and the direction-finding (DF) loop with sense antenna described in the section on Direction-Finding Antennas later in this chapter.

The tradeoff for obtaining a directional pattern with small loop size is low efficiency. With the dimensions given above, the K9AY Loop has a gain of approximately –26 dBi. For comparison, a 1⁄4-wave vertical has a gain near 0 dBi, and a typical one-wavelength Beverage antenna has a gain about –11 dBi. The loop should be used with a good high gain, high dynamic range, low noise figure preamplifier for best results. It is not suitable for transmitting, since most of the RF energy will be absorbed by the resistor.

For the chosen shape of the loop, and with the influence of lossy ground, the resulting null appears at an angle about 45° above the horizon, in line with the plane of the loop and toward the side with the resistor. This is shown in the pattern plots of Figure 22.19.
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As designed, the size is the maximum for 80 meter use. If made larger, the rearward null could not be obtained with just a resistor as the termination. If made smaller, the directional pattern will remain the same, but the signal level will be lower. The voltage (or current) at the feed point is proportional to the area enclosed by the loop. For example, a loop with half-size dimensions will have 1⁄4 the area, and thus, 12 dB lower signal level. A smaller version of the K9AY Loop scaled to the 30 and 40 meter bands was developed by Bob Lombardi, W4ATM. (See the References and Bibliography entry for Lombardi.) K9AY has also done some experimentation with multi-turn versions of the loop as noted in the References and Bibliography.

The model of the antenna uses the MININEC ground option, which assumes perfect ground when calculating impedance. Ground losses are simulated by placing a resistor in the ground connection. A little trial-and-error determined that a resistor in the range of 100 to 150 Ω results in a pattern that matched the free-space model (and on-air behavior, as best as it can be determined). Figure 22.20 is a diagram showing the modeling dimensions and parameters. This model has proven accurate for modeling loops of different sizes and shapes, and for arrays of loops. (K9AY updated his model for the loop in the article “Modeling the K9AY Loop” in the March/April 2015 issue of the National Contest Journal which is included with this book’s online material.)
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Construction

Construction of the K9AY Loop is shown in Figure 22.18. Approximately 85 feet of wire is arranged into a four-sided shape that is almost triangular. This shape was chosen primarily for its mechanical arrangement — it has a single center support approximately 25 feet high, and it can share that support with a second loop installed at right angles (see Figure 22.21).
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Connections are made at the bottom. One end of the loop wire goes to the high impedance side of a 9:1 matching transformer; the other end to a resistor with an optimum value that is typically about 400 Ω. (See the previous section “Feed Point Transformers for Single-Wire Beverages” for more information on the transformer design.) Because the connections to each end are at a central point, it is a simple matter to include a relay at this point to reverse the connections, which reverses the directional pattern of the loop. As noted above, a second loop can be installed. Since its connections are also located in the same place, a switching system with four directions is easily implemented. The ability to switch the pattern to several directions is the primary advantage of the K9AY Loop over other small receiving antenna designs. A schematic diagram of four-direction relay switching is shown in Figure 22.22.
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VE3DO Loop

Figure 22.23 shows the VE3DO loop which functions similarly to the K9AY Loop. The antenna receives in the direction of the side of the loop with the matching transformer. The transformer uses a BN73-202 binocular core. For 50 Ω feed line, use a 3:1 turns ratio and for 75 Ω use a 5:2 turns ratio. Note that the secondary of the transformer connects between one side of the bottom horizontal wire and ground while the terminating resistor connects between the other side of the bottom horizontal wire and ground. The shield of the coax must not be connected to the common ground of the transformer. A feed line choke should be used at the transformer. While a ground is required, a single ground rod is sufficient, supplemented by a few short radials if necessary for poor or dry ground. Lower elevations above ground may increase directivity at the expense of lowering received signal levels.

A preamplifier of 18-20 dB gain with input filtering to reject AM BC band signals is a must. Loops can be reversed, and a pair installed at right angles with a relay system as described for the K9AY Loop. More information about the VE3DO Loop is available at ok1rr.com/index.php/antennas/8-the-ve3do-receiving-loop and in a presentation by K9YC at audiosystemsgroup.com/VE3DO.pdf.

PROJECT: FLAG AND PENNANT ANTENNAS

Jose Mata, EA3VY, and Earl Cunningham, K6SE, developed the pennant and flag receiving antennas in Figure 22.24 which have become popular for the low band DXer. The antennas were developed to eliminate the need for a good ground for predictable low noise directional reception. Their small size makes them practical for those DXers without the room to construct a Beverage or Four-Square antenna. The basic premise for these antennas is to create a hybrid of the small loop pattern and a bent monopole pattern that has useful directivity. (See the previous section on Directivity from Resistive Loading for more information.)An online search for flag and pennant designs will return a large number.
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Pennant and flag antennas have a feed point impedance in the range of 945 Ω (the termination opposite the feed point is also 945 Ω). The flag version shows about 5.5 dB higher signal level than the pennant version. Their directivity is toward the feed point direction and appears cardioidal. The front-to-back ratio is in excess of 35 dB. A simple 16 to 1 toroidal or balun transformer can be used to couple to low impedance coax lines.

The Flag Antenna

While many dimensions can be used for the antenna, constructed as a rectangle, optimized values provide the best directivity over a wide frequency range with a single termination resistor. The standard dimensions developed by EA3VY and K6SE are shown in Figure 22.25: 4.27 meters (14 feet) high by 8.84 meters (29 feet) wide, with a bottom wire height of 2 meters (6 feet) above ground. These dimensions result in an antenna that has excellent characteristics from 7.5 MHz and down. The antenna was designed to be broadband with minimum feed point reactance over a wide frequency range. This requires the termination resistor to be equal to the feed point resistance with the specific values for height and width. This design has a high F/B ratio over any type of soil and at a wide range of heights above ground.
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This configuration has a gain of approximately –28 dBi on 160 meters, –18 dBi on 80 meters, and –10 dBi on 40 meters. The termination resistor is 950 Ω and is opposite the feed point which is in the center of the other vertical section as shown in the figure. The input impedance on 160 meters is 950 Ω with a small reactive component of less than 50 Ω.

Reversible Flag

Mark Connelly, WA1ION, (qsl.net/wa1ion) has modified the flag antenna to be electrically reversed in direction and to allow remote optimization of the termination. In his version 16:1 transformers are put at both the termination and feed point locations and a coax cable is brought from the low impedance winding of both of these into the station. The user can then attach one of these to the receiver and the other to a noninductive potentiometer and adjust the potentiometer so that it is in the range of 55 to 70 Ω to see an impedance at the antenna in the 880 to 1120 Ω range (when the transformer ratio is taken into effect). This allows an in-station switching box to be constructed to allow these receiver and termination connections to be reversed to allow the null to be moved in the opposite direction.

Rotatable Flag

Steve Lawrence, WB6RSE, took the steering solution to the next level and designed a flag antenna that is mechanically rotatable. The article “Rebuilding a Receiving Flag Antenna for 160 Meters” describes a 29-by-14-foot flag with a frame made from telescoping fiberglass poles. The assembly is sturdy enough to be turned with a small rotator. The full article is included in the online material.

Waller Flag

A type of flag array, the Waller Flag (named for Carlos da Silva, N4IS) consists of two small flag antennas in the same plane, connected out of phase by inverting one feed line where the loop signals are combined. The basic design is illustrated in Figure 22.26. The array’s overall dimensions of 26 feet by 16 feet allow it to be rotated — it is approximately the same size as a 4-element 10 meter Yagi. With a gain of –53 dBi, the signal level is very low and requires a 30-40 dB, low-noise preamp. A horizontally polarized version has also been designed but must be mounted well above the ground. More information on this antenna is available in a presentation from the 2011 Dayton Hamvention Antenna Forum at kkn.net/dayton2011/N4ISWallerFlag.pdf and in a 2016 WWROF webinar at wwrof.org/wp-content/uploads/2016/03/WWROF-WEBNAIR-RX-Antennas-for-a-Small-Lot-.pdf.
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Portable Flag

Don Kirk, WD8DSB, has developed a miniature version of the flag antenna for use in direction-finding and RFI tracking. (See Figure 22.27 and the article “Portable Flag Antenna for MF/HF Radio Direction Finding” in the online material.) Measuring 2 by 4 feet, the antenna is small enough to fit in a car and weighs only a few pounds. It maintains a cardioid pattern from 1.8 to 30 MHz with a front-to-back ratio of 12 to 21 dB.
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The Pennant Antenna

Derived from the rectangular flag antenna, the pennant antenna has a triangular shape that resembles a flag pennant. Figure 22.28 shows the optimized dimensions for the pennant antenna for use from 160 through 40 meters. The termination resistor is 900 Ω and can be placed either at the “point” of the triangle or in the center of the vertical section. The feed point is then placed at the opposite location with equivalent results.

Approximate gain on 160 meters is about –34 dBi (about 6 dB less than the flag antenna), –24 dBi on 80 meters, and –16 dBi on 40 meters. Note that the lower gain is proportional to the smaller area enclosed by the pennant compared to the flag: ½ that of the flag. This results in ½ the received voltage and ¼ the received power, which is a difference of –6 dB.

Double Half Delta Loop (DHDL)

George Wallner, AA7JV, developed a variation on the pennant antenna known as the Double Half Delta Loop (DHDL), shown in Figure 22.29. A complete description of the antenna by AA7JV is available at ok1rr.com/index.php/antennas/42-double-half-delta-loop-rx-antenna. An illustration of how the antenna is installed at contest station ED1R was published by Tobias Wellnitz, DH1TW, at dh1tw.de/double-half-delta-loop-dhdl-receiving-antenna. The improvement in RDF over a flag antenna of similar size is about 2.5 dB.
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PROJECT: LIXA DOUBLE LOOP

Jukka Klemola, OH6LI, extended the DHDL as a pair of apex-up triangles to create the LIXA (Linear Inline Target Antenna) shown in Figure 22.30. The additional separation improved the RDF to approximately 10 dB with a maximum gain of -33.5 dBi. The development and configuration for the LIXA antenna is provided along with pattern comparisons to Beverage antennas at wwrof.org/wp-content/uploads/2018/02/Receiving-Antenna-Metrics-With-Examples-v20p.pdf.
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Installation and Operating Notes

Although these notes were originally written with the K9AY Loop in mind, they apply just as well to all small, terminated loops.

Location — Because receiving loops will often be installed where there is limited space, there may be interaction with nearby objects. Other antennas, house wiring, metal siding and gutters, overhead utilities, metal fences and other conductors are likely to distort the pattern and reduce the depth of the null. The key test for proper operation is good front-to-back ratio. If F/B is poor, you will need to identify the problem. It is usually easiest to change the loop location compared to changing the surroundings!

Transmitting Antennas — Proximity to transmitting antennas may result in high RF levels on the loop, sent into the station on the feed line. Your receiver should be protected! Protective devices are available from ham radio dealers, or you can make a simple relay box that disconnects the feed line when transmitting. Operating the relay must be timed properly so that the transmitted signal cannot enter the receiver even for a few milliseconds. It’s best to open both the center conductor and shield connections.

Ground Connection — For loops requiring a connection to or that depend on a ground plane, experience has shown that locations with almost any type of “real dirt” soil only require a single ground rod for proper operation. However, some installations may experience seasonal changes in soil moisture. Desert and saltwater installations will change the behavior, too. It sometimes helps to install additional ground radials to maintain consistent performance. Four or eight short radials are sufficient. Make them the same length and place the first four directly under the loop wires. Radials should extend 10 feet or so beyond the footprint of the loop.

Common-Mode Isolation — While many installations will work just fine with feed line and antenna both connected to the ground rod, it is good practice to provide better isolation to avoid having the feed line shield become part of the antenna. Impedance matching transformers should have separate primary and secondary windings with no direct (galvanic) connection between the winding ground connections, with the antenna side connected to the ground rod.

The feed line may work well “floating,” although another ground rod for the feed line may be wise, especially with long feed lines. Feed lines that are buried or placed directly on the ground will be the least susceptible to common-mode problems. If possible, avoid elevating feed lines above ground (along fences or on posts, for example).

A feed line choke between any ground connection of the feed line and transformer is recommended. Preamps or other electronics should be on the feed line side of the choke. See the K9YC paper on receiving chokes referenced previously for suitable designs.

Lack of directivity — If you don’t see a deep rearward null and you’re sure there is no installation problem, coupling to nearby antennas, towers, and buildings, or common-mode issues with feed line and control lines, or you see obvious changes with the seasons (typically in dry summer or with winter frost), then install some radials to stabilize the ground connection as described in the previous paragraphs.

22.1.5 Multi-Turn Loops for MF and LF

(The following section was contributed by Rudy Severns, N6LF. His full treatment of multi-turn loops, including photographs of suggested construction methods, is included in the online material as “Multi-Turn LF and MF Receiving Loops”.) At HF, single-turn loop receiving antennas usually provide adequate signal output (v) but at MF and especially LF that is not the case because for the same incoming signal strength loop voltage decreases with frequency. Given practical limits on loop diameter the usual solution is to add more turns to get more signal. Initially this works but as turns are added the rate of increase will plateau and then start to fall. For a given diameter there will be a broad optimum number of turns for maximum signal output at a given frequency. Loop diameter and number of turns are key choices for loop design at LF and MF.

Loop Sensitivity

We can get a feeling for the signal output from loops by comparing them to vertical E-probes. How does the open circuit output (v) of a loop compare to a vertical whip for the same incident vertical E-field?

v=E*he

where he is the effective height in meters and E is the field strength in V/m. (See the Dipoles and Monopoles chapter for an explanation of effective height.)

For a simple vertical of physical height h:

he=h/2

For a loop:

he=2πAcN/λ

where Ac is the loop area, N is the number of turns, and λ the wavelength at the operating frequency (fo). For example, if h=20 feet, for the vertical he=10 feet. A 10-turn loop with a diameter of 10' at 475 kHz (where λ=2072'), has he≈9.5'. For the same incident field, we would expect similar output from either antenna. At 137 kHz, he for the whip remains 10 feet but for the loop he=2.75 feet. The loop output will be down ≈–11 dB compared to the whip. That’s one reason 2200 meter loops need to be larger in diameter and/or have more turns than those for 630 meters.

There’s a lot of practical information in equation for loop he. Output voltage, v, is a linear function of N and proportional to the square of the diameter, D. As is shown later, due to self-resonance the maximum useful number of turns is limited but increasing the diameter is very effective. For example, going from D=6 to 8 feet improves the output by ≈5 dB. Increasing D to 10 feet yields another ≈4 dB. Practical examples of D=24-foot loops are given later. Compared to a 6-foot loop, D=24 feet increases output by +24 dB. Loops this large are not needed for 630 meters but can be very useful on 2200 meters.

Measuring Noise Margin (NM)
The simplest way to check NM for a given receiver-antenna combination is to set the receive frequency to a part of the band without signals, turn off the AGC, place an RMS voltmeter on the audio output and disconnect the antenna, using the gain control set the output to a convenient level. Then reconnect the antenna and read the new output level. The difference between the two readings (in dB) is the NM. If a true-RMS meter is not available a normal peak reading meter can be used, usually without too much error.


Loop Output

With very low radiated power limits and very high atmospheric noise levels, reception at LF and MF is often focused on decoding very weak digital signals buried deep in noise. The most basic requirement for a receiving antenna is that, for a given ambient noise level, it provides an output at least 10 dB above the receiver noise floor so that receiver noise is not a limiting factor. This is referred to as the noise margin (NM). In this context the “receiver” includes all of the cabling, matching networks, filters, amplifiers, etc., between the loop output terminals and the receiver input. Atmospheric and local RFI levels vary greatly between location, time of day, and season. At a noisy urban location, a 10 dB NM might be easy but at a quiet rural location with much lower noise significantly more antenna output may be needed. A good rule is to aim for >10 dB of NM at the lowest noise level likely at a given location. A direct measurement of noise margin is not difficult as explained in the sidebar “Measuring Noise Margin”.

Much of the discussion that follows is focused on maximizing loop output, but we need to be careful — there can be too much of a good thing. A 10 dB NM is necessary but 30 – 40 dB is not and may be counterproductive. Besides the desired weak signals buried in noise, there will very likely be strong signals close in frequency and/or very strong lightning crashes with the potential to overdrive the receiver creating distortion which can degrade weak signal reception. W7IUV has proposed a practical compromise, suggesting that while receiving normal noise levels without strong signals present, the input to the receiver should be high enough to show a little activity at the low end of the S-meter range, but no more. This allows the full dynamic range of the receiver to be used, limiting distortion when strong signals appear.

Loop Shapes

There are many possible loop shapes, but the diamond and octagon are the most common. Irregular shapes can be used but symmetric shapes have better pattern nulls. Two winding configurations are in general use:

1) Solenoidal, with all of the turns having the same diameter as an ordinary air-wound inductor.

2) A flat spiral with the turns all in the plane of the loop with progressively decreasing turn diameter, creating a flat inward spiral.

There are tradeoffs between these choices: a flat spiral is simpler and does not need slotted wire support combs at the ends of the support arms. In a solenoidal winding each turn has the same area whereas in a flat spiral the area of each turn decreases, reducing output. Spiral windings tend to have lower Q than solenoidal which also reduces the output. However, when the number of turns and wire spacing are small and the diameter large, the signal reduction with a spiral is modest. Examples of each of these configurations are given later.

Resonant Loops

Over an extended range of frequencies, the impedance measured between the open ends of a loop will have multiple alternating resonances and antiresonances like dipoles. Loops are usually used at frequencies below the lowest resonance, referred to as the self-resonant frequency (fr). Loops may be untuned for broadband use or as an element in a phased array or resonated with a capacitor, Cr, (as in a small, tuned loop) to maximize output at a chosen operating frequency, fo.

A multi-turn loop is simply a coil, and we can express its Q in the usual way:

Q=(2πfLa)/Ra

where La is the loop’s inductance and Ra is the loop’s resistance. The output voltage, with the loop tuned to resonance, will then be:

vo=Ho(NQ)Acf

where H0 is the peak field intensity in A/m, Ac is the area of the coil in square meters, and f is the frequency.

Note that the open-loop voltage is multiplied by the Q. Qs of several hundred are possible, leading to the possibility of a large increase in vo. For example, a Q of 300 would, in theory at least, increase the output by ≈50 dB which is a primary reason for resonating a loop. The real world is not so generous. The equation gives the open circuit output voltage with an infinite impedance load. Most of the time we will want to connect the loop output to the receiver via 50 or 75 Ω cables. The loading can substantially reduce the effective Q depending on how it is connected to the loop.

Besides increasing vo, resonating the loop reduces the bandwidth allowing the loop to act as a filter, improving rejection of out-of-band signals. Using larger wire or increasing the diameter could increase Q further but again we have to be wary of too much of a good thing. There is a downside to narrow bandwidth: the 630 and 2200 meter bands are narrow enough that fixed value for Cr can usually be used but on 160 meters and higher the bands are proportionately much wider so a variable Cr will likely be needed if the loop is used over a significant part these bands.

Loop-to-Feed Line Matching

The impedance of a resonant loop can be very high, typically hundreds of kΩ. How do we effectively couple that to a 50 or 75 Ω feed line? A transformer would need a turns ratio of 100–150:1 which is not practical. A balanced amplifier with high impedance differential inputs and low impedance balanced outputs has been used for impedance conversion but commercial units are not available.

There is another practical problem, the ends of the loop are very sensitive to stray capacitance to a feed line and/or nearby conductors. The feed line connected directly to the loop acts as a simple vertical with its output adding to and overwhelming the loop output. This is an extreme example, but even much smaller couplings can degrade the pattern. Instead of a shunt capacitor across the ends of the coil a series capacitor can be used to resonate the loop. Two possible connections are shown in Figure 22.31A.
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The original high impedance parallel resonance at fr is still present but adding Cr in series has introduced a low impedance series resonance at fo in the range of 5–100 Ω, very suitable for a matching transformer as shown in Figure 22.31B. Typically, the transformer will be a few turns on a small binocular ferrite core. Besides providing matching, the transformer can help to decouple the loop from the feed line. The usual inter-winding capacitance (between the primary and secondary) will be of the order of 10 – 15 pF which is adequate isolation for 630- and 2200-meter loops and may be acceptable for 160 meters. For 80-meter loops this may be too much capacitance. (Note that decoupling requires there be no common connection between the primary and secondary windings, such as to a metallic enclosure.)

Construction Examples

The supporting frame for a loop can be fabricated from inexpensive PVC pipe and fittings. Suitable pipe sizes vary from ½-inch to 1-inch and are available in different wall thickness: thin-wall class 1120 and heavier Schedules 40 and 80. For most loops, 1120 will be lighter and less expensive but still have adequate strength. For smaller loops ½-inch pipe is ok but for 8–12-foot loops, ¾-inch or 1-inch will provide a more durable structure. Alternative materials, such as wood, can also be used. Mechanically, the simplest form is a flat spiral diamond wound on a PVC pipe cross. Octagonal loops are more complicated to fabricate but are usually more robust and provide better performance. In particular the increased number of supports for the wire and the smaller span between supports help to make the loop more resistant to ice damage.

The multi-turn loops typical at LF and MF often need several hundred feet of wire. The wire size is not critical: Anything from #14 to #22 will work. Larger wire diameters yield higher loop Q but in general, #18 or #20 wire works well and is relatively economical. Some of the least expensive wire is intended for buried wire “dog fences” and available in 500-foot rolls. Materials for high-volume applications like dog fencing can be dramatically less expensive than by-the-foot pricing.

22.1.6 Active Antennas and Preamplifiers

The following material is based on the September 2001 QST article, “The AMRAD Active LF Antenna,” by Frank Gentges, KØBRA. (This article is also included with this book’s online material.) A detailed treatment of active whip antennas and several active impedance-conversion circuits was also published by Dr Ulrich Rhode, N1UL, in RF Design (see the References and Bibliography) and he has published an excellent overview presentation, “Electrically Short Antennas” with co-authors Salazar-Palma and Sarkar at synergymwave.com/articles/2016/Antenna_presentation.pdf.

An active antenna is an electrically and physically small antenna combined with an active electronic circuit, such as an amplifier. An active antenna uses a small whip — one that is a fraction of a wavelength long at the desired frequency — connected to an active impedance-conversion circuit. Power loss is not a significant concern for all but the smallest receiving antenna. This allows short verticals to be used in a receiving array rather than much more efficient ¼-wave verticals.

An electrically short whip has a high output impedance. For example, a 1-meter whip at 100 kHz has an input impedance higher than 100 kΩ, mostly capacitive reactance. If such a whip were connected directly to a 50-Ω load, signals would be attenuated more than 80 dB than those from a 50-Ω antenna! Thus, active impedance-conversion is required, usually a high-input-impedance FET-based amplifier.

Signal-to-noise ratio (SNR) is a primary concern for active antennas due to the antenna’s small size. Nevertheless, if the noise contributed by the transistor is less than the noise picked up by the antenna, SNR can be comparable to an optimized passive antenna for the same frequency. Below about 4 MHz, atmospheric and man-made noise dominates the antenna output signal. Above 4 MHz, a circuit using an FET with a noise figure of 1 – 2 dB or less will provide satisfactory results.

The recently opened amateur bands of 630 and 2200 meters can also benefit from active antennas, since full-size antennas are quite large. The active whips described above are useful on these low frequencies. Preamps and impedance converters can make use of op amps and other analog ICs designed for use below 1 MHz. For example, the active antenna project by Robert Dildine, W6SFH (see the References and Bibliography entry for R. Dildine) uses a 1-meter dipole and an op amp signal conditioning circuit. The lower frequency also allows the use of common CAT5 network cable between the antenna package and receiver.

The major challenges to the impedance conversion circuit are nonlinearity and the resulting intermodulation distortion products. Intermodulation products generated in the signal conditioning circuit can create a significant amount of noise and other interference. This is a particularly difficult issue close to transmitting antennas and filters may be required.

Preamplifiers

The professional antenna literature on active receiving antennas focuses on noise, sensitivity, and bandwidth. The newer literature on active integrated antennas is about putting transmit and receive electronics at a single antenna or many antennas in an array. The amateur literature focuses on construction projects that combine antennas and LNAs for reception. Older designs used discrete components. The trend in modern circuit design is modular. A circuit using an op-amp or a gain block is simplest. Candidate devices are Analog Devices ADA4817, Qorvo TQP9M3028, or TriQuint gain blocks, to name a few. Parts can be purchased from Digi-Key and other vendors.

In his paper, W7IUV notes the primary requirements for low-band preamps: The preamp should have sufficient gain to allow use of the typically low-output receiving antennas by most modern transceivers (at least 20 dB). At the same time, the noise figure must be sufficiently low as to not degrade the system noise temperature, which includes the receiver, the antenna, the transmission line, and all the noise sources the antenna sees. In addition, it must be a relatively high-power amplifier so that local AM BC stations and other strong signals on the amateur bands do not cause IMD products to be generated in the preamp.

Bandwidth or frequency response should be determined by the intended use of the preamp. W7IUV’s design is primarily intended to be used for 160 and 80 meters. In his circuit, the operational bandwidth is limited at the high end by the gain-bandwidth product (fT or GBW) of the transistor used and at the low end by the coupling capacitors. In practice, when using a high frequency device like the 2N5109, high-end roll off at around 30 MHz is due to the ferrite core. When using a low frequency device like the DCP68, the high end starts rolling off around 7 MHz.

When a high-level RX antenna such as a long Beverage is used, a broadcast-reject filter will be required ahead of the preamp. In many cases, the preamp doesn’t need the filter and will amplify the broadcast signal, but the radio may overload. To prevent overload, a high-pass filter is required. Simple high-pass filters are available from a variety of vendors. The filters are also easy to build with common parts, usually don’t require any alignment to function properly, and aren’t too sensitive to input and output terminations. A 7th-order Chebychev high-pass, with a 0.1 to 1 dB pass band ripple, will normally be all that’s required to use with this preamp. (A suitable design is provided in W7IUV’s paper.)

Chris Trask, N7ZWY, has published the design of a broadband preamp for active antennas covering 30 kHz to 70 MHz (see the References and Bibliography section for Active Antennas). The input amplifier is a pair of U310 JFETs in cascode followed by a 2N2222/2N2905 cascode. The article is in German, but the schematic is easy to read, including a power-over-feed line circuit.

Another widely used preamplifier design for the lower HF bands was created by Larry Molitor, W7IUV and is described, including schematics and parts lists, in “Low Band High Performance Preamp” at mtmscientific.com/preamp.pdf. (The preamp is also available as a commercial product from MTM Scientific.) An array using the preamp is also described at sites.google.com/site/rxpreamps.

22.1.7 Receive Arrays

Arrays of K9AY Loops

Although the K9AY Loop has useful directivity, its pattern is modest compared to most Beverage antennas. One way to improve performance, while keeping most of the antenna’s limited-space appeal, is to combine two or more of them in an array. One of the simplest arrays is to install two crossed-loop sets with a spacing of 1⁄2-wavelength (140 feet on 80 meters, 270 feet on 160 meters). For simplicity, a phase shift of 0° for broadside operation and 180° for end-fire operation can be used to avoid the need for additional phase shift circuitry — phasing can be accomplished by simply reversing the windings of one matching transformer when the array is in the end-fire mode.

Figure 22.32 compares the radiation patterns of a single loop and the two-elements in line with the loops (end-fire mode, phasing = 180°). The array adds two very deep side nulls to the horizontal pattern and increases the gain by 3 dB. Also, the vertical directivity is enhanced with a deep overhead null. The main forward lobe is narrower than a single loop but remains quite wide.
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Figure 22.33 shows the horizontal pattern for the broadside mode (phase shift = 0°). The main forward lobe is much narrower than a single loop, and good side nulls are present. The vertical pattern is not shown because it is the same shape as a single loop, plus the 3 dB array gain.
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Of course, other arrays with different spacings and phase shifts can be designed. The K9AY Loop is a good candidate for an array element. Its inherent directivity results in performance that is better than the same array using omnidirectional elements such as verticals. The loops also have a low VSWR on the feed line, which simplifies the design of a phasing network. The technique of creating an array of vertical elements by using loops is discussed in the article “Introducing the Shared-Apex Loop Array” by Mark Bauman, KB7GF that is included with this book’s online material.

Pennant Array

WD8DSB has designed a three-element, point-fed pennant array (sites.google.com/site/pennantflagantennas). The antennas have a common feed point with all antenna “points” in the center of the array. A single BN73-202 binocular core transformer is used to match whichever antenna is selected. Two relays are used for antenna switching with a single control line supplying +12/0/–12 V. This same basic switching controller design can be used with any balanced antenna design.

LIRA Array

The LIRA array is composed of LIXAs separated by approximately 25 meters. The 2x LIRA (Linear Inline Receiving Antenna) with a pair of LIXAs has an excellent RDF of 12.1 dB. The 4x LIRA, which is approximately 216 meters long, achieves an RDF of approximately 14.8 dB, similar to two staggered 320-meter long Beverages (see the article “Beverages in Echelon” in the online material). The development and configuration for the LIXA antenna is provided along with pattern comparisons to Beverage antennas at wwrof.org/wp-content/uploads/2018/02/Receiving-Antenna-Metrics-With-Examples-v20p.pdf.

Circle Arrays

“Circle arrays” of three (a triangle array), four (a four-square array) and all the way to nine vertical antennas have become popular, using active whip antennas as described in the previous section. A number of examples can be seen in the Dayton Hamvention Antenna Forum presentations by Lee Strahan, K7TJR, and Mark Bauman, KB7GF, at kkn.net/dayton2014/dayton-2014-antenna-forum.html and in the PowerPoint presentation “Easy to Build Low Band Receiving Antennas for Small and Large Lots” ” by Frank Donovan, W3LPL, from the 2014 Contest University at contestuniversity.com/wp-content/uploads/2022/05/W3LPL-Easy-to-Build-Low-Band-Receiving-Antennas-for-Small-and-Large-Lots-2022.pdf. These designs provide an unprecedented ability to reject noise and improve receive SNR without requiring large pieces of property. The small footprint (electrically small) of these arrays requires careful attention to design and construction detail, however.

The design and construction of an 8-element array was detailed in an exhaustive article by Joel Harrison, W5ZN, and Bob McGwier, N4HY, in the 2010 QEX article “Design, Construction and Evaluation of the Eight Circle Vertical Array for Low Band Receiving” that is included with this book’s online material and shown schematically in Figure 22.34. The issues encountered when designing and building this system apply to smaller systems, as well.
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Dan Maguire, AC6LA, has done some modeling of various circle arrays and published comparative radiation patterns at ac6la.com/adhoc — look for filenames beginning with “8circle.” Dan also provided additional discussion and links to models in his Topband reflector post from 23 Dec 2014 (lists.contesting.com/_topband/2014-12/msg00379.html). Commercial versions of circle arrays are produced from time to time. Currently (late-2022) an 8-circle array for 160 and 80 meters is available as the Hi-Z Antennas 4-8P-LV2-85 from DX Engineering (dxengineering.com). You can also find performance comparisons of circle arrays in the W3LPL presentation at contestuniversity.com/wp-content/uploads/2022/05/W3LPL-Easy-to-Build-Low-Band-Receiving-Antennas-for-Small-and-Large-Lots-2022.pdf.

22.1.8 Chokes for Receiving Antennas

(These few notes are from K9YC’s Mar/Apr 2019 NCJ article, “Chokes and Isolation Transformers for Receiving Antennas,” included in the online material for this chapter. The article is based on K9YC’s paper of the same name which is downloadable from k9yc.com/RXChokesTransformers.pdf. The article and paper include application and design information. ) A feed line behaves as a receiving antenna for noise current, possibly even as a parasitic element of another antenna nearby. If the feed line is coaxial cable, this current flows on the outer surface of the shield; on two-wire feed line, it appears as the difference of currents in the two conductors, which would otherwise be equal and opposite.

The current can then get into the feed line at a termination or directly by the mechanism of transfer impedance. It is particularly important to ensure that common-mode current on the feed line shield is blocked from entering the feed line where it mixes with the desired signal and cannot be removed. Ferrite chokes at the end of the cable can be quite effective against noise ingress from coupling. Do not connect the shield of a receiving antenna feed line to the antenna ground because that will allow common-mode noise or signals to combine with the desired signal.

Transformers provide an alternate means of blocking common-mode current. Carefully wound to minimize capacitance between windings, they add a very small capacitance — and thus a very high impedance — in series with the common-mode circuit. Transformers that are used to carry high power, i.e., for transmitting antennas, usually have bifilar windings, with the primary and secondary wound close together to maximize coupling and minimize loss and excessive heating. Too much capacitance between primary and secondary provides a path for common-mode current; for this reason, bifilar transformer windings should be avoided with receive transformers. The ARRL Handbook and the chapter Receiving Antennas of ON4UN’s Low-Band DXing book are also good sources of more information on winding toroidal transformers.

Effective common-mode chokes are formed by winding multiple turns of a feed line through a suitable ferrite core to form a parallel RLC circuit with a low Q resonance near the operating frequency. In this “near resonance” region, the choke “looks like” a high value of resistance to common-mode current, effectively blocking it. We achieve this by choosing a ferrite mix that’s very lossy in the desired frequency range, and by winding the right number of turns around the right size core to place the resonance near the middle of the desired frequency range.

The lossy core makes the resonance very broad. Q values of 0.5 – 1 are typical of good chokes. The differential circuit (the inside of the coax) doesn’t see the choke (except as the added feed line length needed to wind it). Table 22.2 summarizes K9YC’s choke designs for the 630 meter through 40 meter bands using one twisted pair removed from good quality CAT6 cable. (CAT6 cable consists of four molded twisted-pair wires, each pair forming a high-bandwidth transmission line.)
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Multiple chokes can be placed in series to increase choking impedance and to cover a wider frequency range. For example, 18-21 turns on two #75A cores in series with 27 turns on one #43 core would provide excellent choking from 480 kHz to 10 MHz (including the AM broadcast band).

The cores for the chokes are small toroids, typically about 1-inch OD and 0.3125-inches thick and are identified by their Fair-Rite part numbers. Cores were chosen on the basis of suitability for the frequency ranges and easy availability at low cost. See the referenced articles and online paper for more information about construction and performance of both chokes and transformers.
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22.2 Radio Direction-Finding Antennas

This section describes the antennas and methods suitable for a variety of radio direction finding (RDF) uses from lower HF bands through UHF. Describing RDF methods helps explain the key design features for specific antenna types. Popular RDF antennas and systems used by amateurs are covered here, with a project or referenced article included for each.

RDF is an activity that has been part of amateur radio since its earliest days. Amateurs participate in RDF exercises to develop skills for use in support of public service (see the sidebar), search-and-rescue, competitive events, or simply because it is fun. Performing RDF involves knowledge of propagation, topography, orienteering, antenna systems, and use of portable receiving equipment.

The most common application of RDF for amateurs is hidden transmitter hunting (also known as foxhunting or bunny hunting). Transmitter hunts are often conducted from vehicles as informal events organized by local clubs, while on foot hunts in a park can be a fun activity as part of a club picnic. This is excellent practice for locating sources of RF interference (intentional or otherwise), tracking and recovering balloon and rocket payloads, and other signal-tracking applications. Coordinated efforts by several amateurs with RDF skills can be quite effective in locating transmitters over wide areas. These exercises can involve frequencies from 160 meters into the UHF spectrum. RFI tracking and source identification is discussed in the ARRL Handbook’s chapter on RFI and EMC. The “Noise Loop” — a portable flag antenna for RFI applications — is covered in the MF and HF Receiving Antenna section of this chapter.

Transmitter hunting has also developed into an international competitive sport called Amateur Radio Direction Finding (ARDF), or radio orienteering (see the sidebar). This sport takes place on foot, usually in wooded areas. IARU World Championship events bring together teams representing their IARU societies to compete for individual and team championship titles. Conducted on either 2 meters or 80 meters using small loops or Yagis, ARDF requires competitors to use only a map, magnetic compass, and their RDF receiver to navigate the course. ARDF competitors use integrated receiver/antenna combinations that optimize ergonomics and reduce the amount of gear a competitor must carry. Examples of this type of gear can be found on the Homing In website (homingin.com).

22.2.1 Triangulation and Homing

There are two general approaches to RDF. When the receiving sites are at fixed locations, azimuth bearings are plotted from two or more sites and the approximate location of the transmitter is thus determined by triangulation. When portable or mobile receivers relocate to take multiple bearings from various locations as they approach the transmitter location, this is called homing. Each approach has its own requirements for equipment and accuracy. Transmitter hunters often use a combination of both methods.

Triangulation

It is impossible to pinpoint the whereabouts of a transmitter from a single azimuth bearing. With a directional antenna you can determine the direction of a signal source, but not how far away it is. Triangulation uses bearings taken from multiple locations to locate a signal source.

For fixed location receiving stations, multiple bearings are obtained from two or more different receiving sites. Alternatively, a mobile receiver can take bearings from different locations. The bearings are then plotted on an area map from the site at which it was taken. The approximate location of the transmitter is indicated by the crossing points of the bearing lines.

Errors due to reflections are particularly common at VHF. With just two bearing locations, there is no check on the accuracy of the bearings, and a single bad bearing could cause the bearing lines to not intersect at all. Three bearing lines will usually cross to form a triangle on the map rather than at a single point, with the transmitter somewhere near the triangle. With four bearings, a single bad bearing can be discarded if the remaining three bearings intersect close together. Additional information on the technique of triangulation and much more on RDF techniques may be found at the Homing In website mentioned above.

History of Radio Orienteering
Also known as Amateur Radio Direction Finding (ARDF), radio orienteering got its start shortly after World War II. For the first time, portable tube-type radio technology was widely available on the military surplus market. Its low cost removed a barrier to entry into a new radio activity.
The first descriptions of competitive RDF are from Sweden around 1948. The large size of the receivers and weight of their lead-acid batteries required that the first competitions take place by bicycle or by car. By 1952 the Swedish national society for radio amateurs, SSA, organized the first Swedish RDF Championship.
The popularity of radio orienteering on foot accelerated in the 1970’s with the advent of solid-state technology. The resulting smaller receivers and transmitters could run on smaller, lighter, batteries. The sport spread across national borders. Rules were established and by 1980 the 1st ARDF World Championships were held in Wladyslawowo, Poland, with ten nations in attendance.
Today, radio orienteering spans much of the globe. Organized ARDF competitions can be found in almost every European country, much of Asia, and in Canada, and the United States. World Championships are held biannually. For more information visit arrl.org/ardf.


Bearing accuracy is critical to the usefulness of triangulation used alone, especially when the receiving sites are far from the signal source. A 1-degree offset results in a location error of about 2% of the distance to the transmitter: that is, if the transmitter is 10 miles away, the bearing would miss the target by 0.2 miles. Especially at HF, antennas using nulls are generally preferred because a sharp null provides a more precise bearing than the main (forward) lobe of an antenna. Note that all components of accuracy must be considered: not just the sharpness of the antenna pattern, but the ability of the receiver to detect changes in signal strength, the ability to measure the pointing direction of the antenna, and the accuracy with which a bearing can be plotted on a map.

It is important to note that the directions determined by an RDF receiver can be affected by skew paths (HF) and reflections (VHF and UHF). In addition, signals arriving by skywave can appear to be coming from different azimuths than by ground wave. Avoiding these errors are part of successful RDF.

Homing

Homing is an RDF technique in which participants proceed from a starting point toward the transmitter location. Whether in a vehicle, on foot, or a combination of the two. Bearings are taken in motion or when stopped at intermediate points. Homing is the only technique used in ARDF events.

Because multiple bearings are taken as the hunters approach the transmitter, bearing accuracy isn’t as important for homing as it is for triangulation. If bearings are sufficiently accurate to bring hunters reliably closer to the transmitter, the hunters will eventually arrive at the signal source. In mobile and portable RDF, accuracy of 5 or 10 degrees is adequate. While this might sound large, as the distance to the transmitter is reduced, the resulting distance error also shrinks. Even errors of 15 or 20 degrees can still get you to the transmitter, although not necessarily by the most direct route.

In competitive events where the most common technique is to move progressively toward peak signal, it is more important to be able to take a reading quickly and consistently. With an intermittent transmitter signal, it is useful to be able to follow a compass bearing while the transmitter is off the air, to continue making progress toward the transmitter even when no signal is present.

Bearing accuracy depends on more than just the antenna. It is also affected by the detector type and signal strength indicator. For example, consider a typical 3-element Yagi with a half-power H-plane beamwidth of ±50 degrees (perpendicular to the plane of the elements) or ±32 degrees in the E-plane. With a signal-strength resolution of 1 dB, the beamwidth between display increments is closer to ±20 degrees.

Non-Amateur Uses of RDF
RDF has real-world applications and is a necessary skill in some fields. For example, wildlife biologists have used low-power transmitters attached to birds and other animals to study migration patterns and rely on hams and other volunteers to monitor and track the signals. While many modern tags relay data via cellular phone systems instead, the older beacons around 216 MHz are still in use.
RDF is also useful in air or marine Search and Rescue (SAR) and in law enforcement. “All certified aircraft and marine vessels over 36 feet, or vessels that venture more than 2 nautical miles from shore, are required to have an emergency beacon that transmits on 406 MHz directly to the COSPAS-SARSAT constellation with a unique serial number ID and GPS coordinates, or on the previously used standard frequency of 121.5 MHz.
“As of 2019, the older 121.5 MHz-only beacons are no longer being sold but most aircraft beacons in the US General Aviation fleet, called Emergency Locator Transmitters (ELTs), are still on 121.5 MHz or are dual-band 121.5/406 MHz units. These are currently allowed until replaced.
“Activations of 121.5 MHz beacons must be investigated promptly, no matter the time or the weather. Locating these beacons almost always come down to “old school” RDF-ing, and present many challenges, especially from unconventional propagation. Understanding the underlying physics of electronic theory and radio propagation has helped me immensely in my volunteer service with Civil Air Patrol.”
Maj. Lowell Silver, WW7SAR, Seattle Composite Squadron, Civil Air Patrol, U.S. Air Force Auxiliary


A typical 2-meter mobile FM transceiver with a bar-graph signal strength meter may have an overall range of about 12 dB, often covered in 5 to 7 steps even if the meter appears to have more divisions. The result is a signal strength resolution of about 2 dB per step. If we rotate the antenna to find the directions where the highest bar on the meter just turns on, and where it just turns off again, we can estimate the actual bearing is located at the direction midway between the two. This is often referred to as “eyeball averaging” and provides a more accurate bearing given the relatively small change in signal strength across the peak of the beam.

Audible signal strength indication is commonly used with purpose-built receivers for ARDF. A dc bias on an AM detector might be used to create a threshold effect. Or the signal strength indication voltage might be used to drive an “audio S-meter” — a voltage-controlled oscillator that changes tone pitch with signal strength. It is easier for most people to hear small differences in pitch than variations in audio volume. Pitch can indicate differences in signal strength less than 0.25 dB, or roughly ±10 degrees with a typical 3-element Yagi, and the audio equivalent of “eyeball averaging” can resolve it even more closely.

Antennas for homing have different mechanical requirements, depending on their applications. Often, the same types of beam antennas used for normal two-way communications will work for RDF. If the forward beamwidth is not narrow enough for the RDF application, then an antenna with a deep null may provide a more accurate bearing. In mobile hunts where measurements are made from various stopping points, the antennas (and mounts) must support getting the antenna into and out of the vehicle with minimal effort. For operation while in motion, they must be able to withstand normal driving speeds and be capable of rotation against wind resistance. Rugged design to survive overhanging tree branches and complying with local requirements for allowable height and overhang off the sides of the vehicle are also important.

Antennas hand-carried in ARDF competitions are often made of pieces of steel tape-measure so the elements will bend, then snap back into place when they hit a branch while moving through brush or trees. They also need to be ergonomic and lightweight, so it is comfortable to carry them in a long competition.

22.2.2 Small Loop Antennas

Small loop antennas are popular for HF RDF work due to their size and portability. Several factors must be considered in the design of an RDF loop. The loop must be small in circumference compared with the wavelength. Generally, the conductor length should be less than 0.08λ long. Maximum response from the small loop antenna is in the plane of the loop, with sharp nulls exhibited at right angles to that plane. (A more detailed treatment is presented in the Loop Antennas chapter.)

Decreasing the physical size of a small loop doesn’t affect the pattern. The smaller the loop, however, the lower its efficiency. This is because its aperture samples a smaller section of the wavefront. Thus, if you use loops that are very small in terms of wavelength, you will need preamplifiers to compensate for the reduced efficiency.

Small loop antennas may be either tuned or untuned. Tuned loops typically use a parallel capacitor, and the resulting circuit has a high impedance across the capacitor. Tapping the loop, or adding a coupling loop, will lower the impedance. Depending on the Q of the loop, it may need to be re-tuned to cover more than a narrow frequency range. Untuned loops work well for wideband coverage and exhibit a low impedance.

The theoretical small loop pattern is illustrated in Figure 22.35. When properly balanced, the loop exhibits two nulls 180° apart. Thus, a single null reading with a small loop antenna will not indicate the exact direction toward the transmitter — only the line along which the transmitter lies in two directions from the antenna. Methods of overcoming this ambiguity are discussed later in this section.
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The loop is held vertically so the null is in the horizontal plane at right angles to the loop. It is then rotated to point the pattern null at the signal source. Because the loop is omnidirectional in the vertical plane, it doesn’t work well for RDFing signals arriving at high elevation angles unless it can be rotated in elevation as well as azimuth.

A loop must be balanced electrostatically with respect to ground to obtain the sharpest nulls that provide the most accurate bearings. If unbalanced, the loop will exhibit two modes of operation. One is the mode of a true loop described above, while the other is that of an essentially nondirectional vertical antenna of small dimensions. This second mode is called the antenna effect. The voltages introduced by the two modes are seldom in phase and will distort the pattern of the loop.

Electrostatic balance can be obtained by shielding the loop, as described in this section’s project, “Receiving Loop Antenna for 1.8 MHz.” The shield, represented by the broken lines in the drawing, eliminates the antenna effect. The response of a well-constructed shielded loop is quite close to the ideal pattern shown in Figure 22.35.

On the low-frequency amateur HF bands, the smaller size of multi-turn loops makes them more convenient for portable RDF operation. Such a loop is shown in Figure 22.36. This loop may also be shielded and if the total conductor length remains below 0.08λ, the directional pattern is that of Figure 22.35. A sense element may also be used with a multi-turn loop.
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Small loops can be constructed by winding the loop on a suitable ferrite rod. In that case, the wire is wound into a long, single-layer, thin (solenoidal) coil. The null in the pattern is along the axis of the coil — imagine each turn as a very small loop with the pattern from each turn adding together along the coil. Design of ferrite-core loop antennas is described in the article “Ferrite-Core Loops” included in this book’s online material. Construction examples are described later in this chapter.

22.2.3 Sense Antennas

A small loop antenna pattern has two nulls 180 degrees apart, so ambiguity exists as to which one indicates the true direction toward the transmitter. For example, a single east-west bearing provides no way of determining whether the transmitter lies to the east or west of the receiving location. If bearings are taken from more than one location, the ambiguity may be removed using triangulation, as described previously. However, it is sometimes important to determine the correct direction using readings taken at a single location.

A sense antenna can be added to a small loop antenna to obtain an antenna pattern with a single null and a single maximum. To accomplish that, the sense antenna by itself must have an omnidirectional pattern, and its output must be adjusted to provide the same signal strength as the loop and an appropriate phase relative to that of the loop. The outputs of the loop and sense antennas are combined, with their relative phases adjusted to combine constructively in one of the loop’s peak directions (and therefore destructively in the opposite direction). The result is a cardioid pattern exhibiting only one peak and one null, as shown in Figure 22.37.
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Figure 22.37B shows a circuit for adding a sense antenna to a loop. R1 and L1 are adjusted experimentally during setup for the best null. Because R1 functions as an attenuator, the sense antenna must be long enough to pick up at least as much signal as the loop does. (Alternatively, a preamp can be used on the sense antenna.) L1 adjusts the phase of the signal from the sense antenna. In practice, the null of the cardioid is not as sharp as that of the loop, so the usual measurement procedure is to first switch out the sense antenna and use the loop alone to obtain a precise bearing reading. Then the sense antenna is switched in and another reading is taken to resolve the ambiguity. The peak and null directions of the cardioid pattern are at 90 degrees to the nulls of the loop’s bidirectional pattern.

22.2.4 Adcock Antennas

Perhaps the simplest RDF array is the Adcock antenna shown in Figure 22.38. If two vertical dipoles are mounted in parallel and fed out of phase with equal length feed lines, the signals will cancel perpendicularly to the plane of the two elements, creating a distinct null. For multiband use, the antennas may be fed with open wire lines, carefully trimmed to equal length. This array has a bidirectional null, like that of a loop, but is capable of nulling signals arriving at higher elevation angles as well.
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The radiation pattern of the Adcock is shown in Figure 22.39A. The nulls are in directions broadside to the array and become sharper with greater element spacings. However, with an element spacing greater than 0.75λ, the pattern begins to take on additional nulls in the directions off the ends of the array axis. At a spacing of 1λ the pattern is that of Figure 22.39B, and the array becomes unsuitable for RDF applications.
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Long-Baseline Interferometer

The same principle of the Adcock — parallel elements in a common plane connected out of phase — can be extended to wider spacings for more accuracy. However, because there will be multiple nulls in the pattern, this must be done carefully to ensure that the proper null is used. This is called a long-baseline interferometer. On 2 meters, a spacing of 20 feet can give better than 1-degree accuracy, and 50 feet is a reasonable maximum distance for measuring the angle with hand-held equipment. A more detailed explanation is given in the referenced article by Cowen and Beery.

22.2.5 Beam Antennas

Most types of beam antennas can be used for RDF work, especially at VHF and above where dimensions are more suitable for portable, mobile, or hand-held use. Yagis, quads, phased arrays (like the HB9CV), and log periodics are all popular. Standard antennas used for ham communications are generally adequate, although there may be some specific physical requirements to consider.

For fixed stations, horizontally stacked (side by side) arrays of beam antennas will give the sharpest patterns as the azimuth pattern is narrowed. For mobile hunting, wind drag, and the hazards of overhanging tree branches need to be considered in the mechanical design, as well as local restrictions on how far an antenna can extend past the edge of a vehicle. For vertical polarization, a quad doesn’t extend as far above the roof as a Yagi does. When hunting on foot, weight and ergonomics become more important, along with flexible elements to withstand running through undergrowth.

Common beam antennas are the 3-element Yagi, 2 and 3-element quads, 2-element Moxons, and the 2-element HB9CV. (See the chapter on HF Beam Antennas.) Sample patterns for horizontal and vertical polarization are shown in Figure 22.40. While the 3-element Yagi has slightly more gain and smaller beamwidth, the differences among the patterns are comparatively small, as the minor lobes are relatively well controlled. These antennas are all commonly used for RDF.
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In all cases, the patterns for horizontal polarization are sharper than for vertical polarization. In some cases, for vertical polarization, the rear null may give a better bearing when signals are strong enough, but it is more easily confused by reflections. Otherwise, the peak of the main lobe may be more reliable.

RDF System Calibration and Testing
Like any precision measuring device, RDF systems need to be calibrated for them to provide accurate bearings. Planning and preparation can make system checkout and calibration go more smoothly. "RDF System Calibration and Testing" in the online material discusses how to go about this important process.


22.2.6 Simple Direction-Finding Systems

Watson-Watt RDF System

The Watson-Watt system consists of a pair of Adcock (or loop) antennas at right angles to each other, each feeding one of two matched receivers. The IF outputs are used to drive the horizontal and vertical deflection inputs of an oscilloscope. The patterns of the two antennas are shown in Figure 22.41.
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Basically, one antenna provides a signal proportional to the sine of the bearing, and the other to the cosine: the resulting plot with RF applied draws a line across the display in the direction of the signal. The amplitude of the beam can be modulated by a signal from a sense antenna for a unidirectional display. The perimeter of the display is calibrated in degrees. This provides an instantaneous determination of direction with no moving parts. A standard oscilloscope can be used for the display, or the processing can be done in software. Further information is available from Jasik and by Moell and Curlee (see References and Bibliography).

Amplitude Comparison (Switched Pattern) Systems

Amplitude comparison or switched pattern systems switch back and forth between two different antenna patterns. The indicator is often a zero-center meter that shows the difference in signal strength between the two. The antenna is then rotated until the meter needle is centered, indicating the receiving signal amplitudes are equal. While the meter can be centered when pointing directly toward or away from the source, any small deviation will give a “turn right” or “turn left” indication to bring the antenna to the proper direction. Figure 22.42 shows an example: the meter will be centered only when the transmitter is directly ahead or behind, where the two patterns have the same strength. Otherwise, the direction of the needle will indicate which direction to turn the antenna.
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The switched patterns can be generated by two different antennas or by switching the characteristics of a single antenna. For example, a common VHF implementation uses a 2-element Yagi with each element tuned by the coax feed line length to act as a reflector when the other element is being driven. At HF, the phase of a sense antenna can be switched to change the direction of the cardioid pattern of a loop antenna. It is important that the two patterns be relatively “clean”, so there are only two locations (front and back) where they have the same strength. Further information is available in the reference by Jasik and the book by Moell and Curlee.

22.2.7 Electronic Antenna Rotation

With an array of many fixed elements, beam formation and rotation can be performed electronically by sampling and combining signals from various individual elements in the array. Contingent upon the total number of elements in the system and their physical arrangement, almost any desired antenna pattern can be formed by summing the sampled signals in appropriate amplitude and phase relationships. Delay networks are used for some of the elements before the summation is performed. In addition, attenuators may be used for some elements to develop patterns such as from an array with binomial current distribution.

For the moment, consider just two elements of such an antenna, shown as A and B in Figure 22.43. Also shown is the wavefront of a radio signal arriving from a distant transmitter. As drawn, the wavefront strikes element A first, and must travel somewhat farther before it strikes element B. There is a finite time delay before the wavefront reaches element B.
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The propagation delay may be measured by delaying the signal received at element A before summing it with that from element B. If the two signals are combined directly, the amplitude of the resultant signal will be maximum when the delay for element A exactly equals the propagation delay. This results in an in-phase condition at the summation point. Or if one of the signals is inverted and the two are summed, a null will exist when the element-A delay equals the propagation delay; the signals will combine in a 180° out-of-phase relationship. Either way, once the time delay is known, it may be converted to distance. Then the direction from which the wave is arriving may be determined by trigonometry.

By altering the delay in small increments, the peak of the antenna lobe (or the null) can be steered in azimuth. This is true without regard to the frequency of the incoming wave. Thus, if the delay is less than the period of one RF cycle, the system is not frequency sensitive, other than for the frequency range that may be covered satisfactorily by the array elements themselves. Surface acoustic wave (SAW) devices or lumped-constant networks can be used for delay lines in such systems if the system is used only for receiving. Rolls of coaxial cable of various lengths are used in installations for transmitting. In this case, the lines are considered for the time delay they provide, rather than as simple phasing lines. The difference is that a phasing line is ordinarily designed for a single frequency (or for an amateur band), while a delay line offers essentially the same time delay at all frequencies.

A four-element, electronically rotating RDF antenna system for amateur RDF was described in November 1995 QST (see the References and Bibliography entry for Mallette) and is included with this book’s online material. The system is designed to be used while mobile and is based on time-difference-of-arrival techniques described later in this section.

The Wullenweber antenna, also known as a Circularly Disposed Antenna Array or CDAA (navy-radio.com/frd10.htm), was used until recently by the military for HF direction-finding. A Wullenweber consists of a very large number of elements arranged in a circle, usually outside of (or in front of) a circular reflecting screen. Delay lines and electronic switches create a beam-forming network that can be steered in any direction and with a wide variety of patterns. The Wullenweber design has been replaced by more sophisticated systems that are faster and more accurate, but it is a good example of the basic techniques involved.

22.2.8 TDOA Direction Finder Systems

To understand the principle of time-difference of arrival (TDOA) direction finding, consider identical omnidirectional antennas placed some distance apart, as shown in Figure 22.44. A signal will generally arrive at the antennas at slightly different times simply because each antenna is at a different distance from the signal source.
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The signal received at multiple receiving stations can be compared to determine a difference in the signal’s arrival time. Any time-varying property of the source signal (e.g., modulation it might exhibit) can serve as an identifying marker to correlate the signals and derive the arrival time difference between the antennas.

TDOA systems typically employ multiple receiving stations separated by several kilometers or more. All stations record and forward their received data to a central location for processing. A computer then correlates the data received from each station and uses the results to calculate the time delays. When three or more receiving stations are employed, these systems may derive an accurate location estimate for the signal source, not simply the angle of arrival of the received signal. Even with a low-cost TDOA system, accurate localization results can be obtained as described in the References and Bibliography entry for Scholl.

Switched TDOA Direction Finders

Switched dual-antenna TDOA direction finders operate based on signal phase measurements instead of signal amplitude. By taking advantage of an FM receiver’s ability to detect phase changes, a hand-held FM receiver can be used in a simple but effective radio direction finder for determining the angle of arrival for a received signal. RDF designs using switched TDOA include the classic “Double-Ducky” direction finder and the HANDI-Finder™. All of them work on the principle described below. Both articles are included in this book’s online material and under Geiser and Leskovec in the References and Bibliography.

Dual-antenna TDOA radio direction finders utilize only two receiving antennas. This simple approach makes for easy-to-build designs with small parts counts and low cost. A signal’s phase is the time-varying property that is analyzed to detect the presence of a time delay.

For direct-path signals, the phase of the signal received at the antennas will differ (as illustrated in Figure 22.45), provided that the signal source is not equidistant from the two antennas. Observing no difference in phase, then, is the telltale sign that the signal source lies somewhere along the plane of equidistance between the two receiving antennas.
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Note that although a radio signal’s phase varies with time, it also repeats with each period of a sinusoidal signal. Each sine wave period is identical to the previous ones and to those that follow. Furthermore, each half-period of a sine wave differs from the previous half-period only by its sign, so the magnitude of the phase difference between two waves is identical with a half-period periodicity. Consequently, it is essential to ensure that the two receiving antennas receive the same half period of the signal wavefront. Failure to do that would result in multiple angles of arrival providing identical phase differences between the two antennas. This problem is easily avoided by ensuring that the two receiving antennas are separated by less than one-half the received signal’s wavelength so that d<λ/2, where d is the distance between receiving antennas and λ is the wavelength of the received signal.

Switched TDOA antennas may be separated by an arbitrary distance less than λ/2, but the maximum phase deviation decreases as the antennas are brought closer together. If d is too small, the FM receiver will provide only a weak audio tone signal. Wider antenna separation also improves azimuthal bearing accuracy, so the widest practical separation should be used.

A switched TDOA typically uses an FM receiver to detect phase difference. High-speed RF switches repeatedly connect one antenna and then the other to an FM receiver’s antenna input. The switching is done at an audio rate (e.g., 500 Hz) suitable for the FM receiver to demodulate and send to its speaker. The result is an audio tone from the receiver whenever a signal within its passband is present at both antennas, and there is a detectable phase difference between them. Importantly for radio direction finding, no audio signal will be present (a “tone-null”) when the received signal arrives at both antennas simultaneously and, therefore, at equal phase. The antennas can be rotated in unison to find the tone-null direction and, thus, the bearing direction toward the transmitter.

As described, a dual-antenna TDOA direction finder is bi-directional: its tone nulls occur both toward and away from the signal’s origin. The ambiguity can be resolved using the triangulation direction-finding approach described earlier in this chapter. There is also the option of adding a left/right indication circuit, informing the operator which null is the one toward the signal source. Figure 22.46 illustrates a dual-antenna TDOA direction finder design.
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The vertical antennas can be dipoles, rubber ducks, or whip antennas placed above a ground plane. The feed lines running from each antenna to the antenna switching unit must have identical electrical lengths. The switching unit should connect each antenna to the receiver with a 50% duty cycle at an audio rate that the FM receiver (and the operator) can easily detect. Multiple RF switch devices are typically used to implement a double-throw antenna switch. This system is not intended to be used for transmitting.

Switched dual-antenna TDOA direction finders for VHF frequencies and above can be quite compact and easily carried by hand if the antennas are rigidly mounted together. The antennas are rotated as a unit until a tone-null is achieved, indicating that the source of the signal lies in the plane between the two antennas.

The antenna switching unit uses solid-state switches to achieve an audio switching rate. Integrated circuit RF switches, PIN diodes, or even standard high-speed switching diodes have been used successfully to implement the RF switches. Within the antenna switching unit, a simple audio square-wave generator such as a 555 timer IC drives the switches.

With synchronized sampling of the FM receiver’s output and suitable audio processing to detect the sign of the tone’s amplitude, it is possible to drive a center-scale meter or an LED indicator to display which direction to turn to face the transmitter. Such a left/right indicator removes the 180-degree directional ambiguity and simplifies operation.

Becoming adept at using switched TDOA direction finders requires some practice. Learning to recognize multipath signals’ effects on the audio tone is important for avoiding confusion from the vague tone nulls they can create. The operator should practice with the direction finder to become familiar` with how the switched TDOA behaves under known signal direction, power, and frequency situations. An operator’s skill for recognizing when not to trust the direction finder’s output can be just as important as steering toward the tone null.

Switched Dual-Antenna TDOA Advantages

• Directional accuracy of ±5 degrees under ideal conditions

• Simple to build

• Straightforward to use

• Works especially well for RDFing modulation formats containing a strong carrier component (CW, FM, AM)

• Works best for RDFing while in motion

Switched Dual-Antenna TDOA Disadvantages

• Does not work well for RDFing horizontally polarized signals

• Can be confused by multi-path signals, particularly when stationary

• Modulation on the hunted signal can confuse the operator

• Susceptible to damage if used as a transmitting antenna

• Does not provide antenna gain for hunting weak signals

22.2.9 Doppler Direction Finder Systems

The familiar Doppler effect produces a shift toward a lower frequency when a transmission source and receiver move apart. A shift toward a higher frequency occurs when the source and receiver move toward one another.

Note that the Doppler effect occurs due to the relative motion of the signal source and the receiver so the receiving antenna can be moved to create a Doppler shift. The transmitting antenna need not move. That shift in frequency can then be measured to determine the direction toward the transmitting antenna: the greatest shift upward in frequency will occur when the receiving antenna moves directly toward the source of transmissions, and the greatest downward shift for motion directly away.

The classic explanation of Doppler direction finder operation examines a single vertical receiving antenna moving at a constant rate in a circular path around a central axis. Figure 22.47 shows a 1/4-wavelength vertical antenna in uniform circular motion at a distance R from the axis of rotation. The antenna’s instantaneous velocity toward a distant signal source can be shown to vary sinusoidally:
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V = KRω sin(θ)

where V is the antenna’s component of velocity toward an arriving wavefront, K is a constant chosen to agree with the units used for the other variables, R is the antenna’s distance from the axis of rotation, ω is the antenna’s rotational velocity in degrees/second, and θ is the antenna’s angular position (in degrees). Figure 22.48 illustrates how the velocity toward the transmitting antenna changes sinusoidally as the receiving antenna rotates. Motion away from the transmitted signal is assigned a negative value.
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By carefully selecting the appropriate rotational velocity (ω) and radius (R), a frequency-modulated signal from the rotating antenna can be achieved that is suitable for demodulation by an FM receiver. For example, to obtain an FM modulation frequency of 750 Hz, a rotational velocity of 45,000 RPM (750 revolutions per second) can be selected. To achieve a Doppler-induced frequency deviation of ±1 kHz on a 146 MHz signal, a rotation radius of 50 centimeters can be chosen. In response to a received signal, an attached FM receiver would then produce a 750 Hz audio sine wave at its speaker output.

Determining the azimuth (angle of arrival) for the received signal can be accomplished by detecting the zero-crossing of the detected audio signal and determining its position in time relative to the antenna’s angular motion. Mechanical Doppler systems are impractical to construct, but pseudo-Doppler systems, described next, can provide identical results without physically rotating the antenna.

Pseudo-Doppler Direction Finder

In practice, pseudo-Doppler direction finders (aka, synthetic Dopplers) use three or more stationary antennas spaced equidistantly around a circle, as illustrated in Figure 22.49. Antenna motion is then simulated by switching rapidly between the antennas in a circular pattern using high-speed electronic RF switches. The antenna switching rate is chosen to achieve a simulated rotation rate in the same manner as was done for the mechanical Doppler system described previously. The outputs from the antennas are fed sequentially into an FM receiver.
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Each discrete step between antennas modulates the received signal according to the phase change caused by the different arrival times of the received signal at each antenna position. Just as a switched dual-antenna TDOA direction finder causes phase changes each time the antenna is switched, the pseudo-Doppler induces a phase shift with each step between antennas. Two consecutively switched antenna’s alignment with the arriving wavefront determines the magnitude and sign of each phase step. A pseudo-Doppler generates a discrete horizontal (azimuthal) sweep of phase difference measurements: one for each switch between antennas.

As with dual-antenna TDOA designs, spacing between adjacent pseudo-Doppler antennas must be kept below λ/2 to avoid ambiguity in the measured angle of arrival. As the value of R increases, more antennas must be added to keep adjacent antenna spacing below λ/2. Increasing the number of antennas helps average out any random differences between antennas, thereby reducing the system’s bearing error caused by errors in antenna placement and feed line lengths. However, adding more antennas increases system cost, complexity, and weight. All those factors must be considered when choosing the number of antennas for a pseudo-Doppler design.

Selecting a larger circular radius R increases the area of the sampled wavefront, which should generally result in greater bearing accuracy from a pseudo-Doppler antenna system. The choice for R also determines the minimum number of antennas required to maintain a λ/2 maximum separation between consecutively switched antennas. Those factors, and the total space available for the antenna system, should be considered when choosing the optimum radius of a pseudo-Doppler antenna design.

A pseudo-Doppler’s antenna switching is accomplished using solid-state RF switches configured to isolate all but the active antenna from the FM receiver antenna input. PIN diodes or high-speed switching diodes are typically used to implement the antenna switches. Because the switching diodes are connected directly to the RF signal path of the antennas, strong external signals (including out-of-band signals) generate mixing products that can interfere with the operation of the pseudo-Doppler. This problem can be addressed by installing suitable low-pass or band-pass filters on each antenna.

The FM receiver functioning as the pseudo-Doppler’s detector generates a series of audio pulses, depicted simplistically as rectangular pulses in Figure 22.50, in response to the phase shifts as it switches sequentially through the array of antennas. The audio pulses are then passed through a narrow audio filter centered at the rotational frequency. The audio filter integrates and removes the high frequency “steps” from the pulsed audio, effectively extracting a continuous sinusoidal waveform that is equivalent to the signal from a mechanically rotated system.
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Like a mechanical Doppler, a zero-crossing of the filtered audio signal can be used to determine the angle of arrival for the received signal. Using a zero-crossing is advantageous because changes in audio signal amplitude will not affect the zero-cross position. The bearing direction is determined by comparing the time of the zero-crossing relative to the antenna array’s switching sequence.

A pseudo-Doppler system must be calibrated beforehand using a test signal at a known direction (designated zero degrees). Calibration is needed, in part, because the FM receiver will affect the shape, amplitude, and duration of the detected phase pulses (due primarily to differences in IF filtering), thus altering the phase of the filtered audio sinusoid. But the absolute timing of the zero crossing is unimportant: only its timing relative to the antenna switching sequence determines the displayed bearing direction, and that relative timing is precisely set during calibration.

For mobile use, a metal plate can serve as a ground plane and support platform to hold the antenna array in place, or the antennas can be affixed individually to the metal roof of the vehicle. In either case, the wind load of a pseudo-Doppler array is generally much less than that of a beam antenna, and the system is relatively inconspicuous compared to a beam antenna poking up above the car roof. Pseudo-Doppler antenna arrays designed for VHF use tend to be too large for portable use. However, a pseudo-Doppler built for UHF frequencies and above can be small and light enough to be carried by one person or even by a drone (see the References and Bibliography entry for W. E. Gerhard III). For use at a fixed location, horizontally polarized omnidirectional antennas might be substituted for vertical whips, enhancing the pseudo-Doppler’s ability to RDF horizontally polarized signals.

Pseudo-Dopplers are ideal for tracking down sources of malicious interference to amateur FM repeaters because they are effective at tracking the strong vertically polarized signals that repeater jammers usually transmit. Also, because an accurate bearing direction can be displayed after just a few antenna switching cycles, pseudo-Dopplers can track signals of very short duration: well under 1 second.

Pseudo-Doppler Advantages

• Provides bearing directions even for signals of very short duration (~10 msec)

• Directional resolution as fine as 1 degree

• Directional accuracy of ±5 degrees under ideal conditions

• Simple to use

• Works especially well for RDFing modulation formats containing a strong carrier component (CW, FM, AM)

• Works best for RDFing while in motion

• Stealthier than a beam antenna

• Small wind profile and no moving parts facilitate use at highway speeds

• Interfaces readily to computing devices for enhanced signal analysis or recording

Pseudo-Doppler Disadvantages

• Doesn't work well for RDFing horizontally polarized signals

• Can be confused by multi-path signals, particularly when stationary

• Certain phase-modulated signals may confuse a pseudo-Doppler

• Susceptible to damage if used as a transmitting antenna

• Antennas do not provide gain for hunting weak signals

Project: A Multi-Turn Frame Loop Antenna

The earliest style of receiving loops was the multi-turn frame antenna. Figure 22.36 previously illustrated the details of a practical frame type of loop antenna. This antenna was described in QST for July 1977 (see the references for DeMaw). The circuit in Figure 22.36A is a 5-turn system tuned to resonance by C1. If the layout is symmetrical, good balance should be obtained. L2 helps to achieve this objective by eliminating the need for direct coupling to the feed terminals of L1. If the loop feed were attached in parallel with C1, a common practice, the loop would require a high-impedance balanced feed to prevent imbalance.

L2 can be situated just inside or slightly outside of L1, and a 1-inch separation was used in the original. The receiver or preamplifier can be connected to terminals A and B of L2. C2 controls the amount of coupling between the loop and the preamplifier. The lighter the coupling, the higher is the loop Q, the narrower is the frequency response, and the greater is the gain requirement from the preamplifier. Even with the coupling loop, the feed point impedance is still high: no attempt is made to match the loop impedance to the preamplifier. The impedance can be lowered by reducing the size of L2 relative to L1, and/or using more turns on L1 to change the turns ratio. Making L2 about half the diameter of L1 gives an impedance around 200 Ω.

A supporting frame for the loop of can be constructed of wood, as shown in Figure 22.51. The dimensions given are for a 1.8-MHz frame antenna. For use on 75 or 40 meters, L1 will require fewer turns, or the size of the wooden frame should be made somewhat smaller than that in the figure.
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If electrostatic shielding is desired, the design shown in Figures 22.52 and 22.53 can be used. In this example, the loop conductor and the single-turn coupling loop are made from RG-58 coaxial cable. The number of loop turns should be sufficient to resonate with the tuning capacitor and the effective capacitance between the center conductor and the shield of the coax (which may be several hundred pF) at the operating frequency. Alternatively, just L2 can be shielded, which adds less capacitance. Antenna resonance can be checked by coupling a dip meter to the loop and tuning C1 through its range.
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Project: A Ferrite-Core Loop for 160 Meters

Figures 22.54 and 22.55 show a ferrite rod loop (loopstick antenna). This antenna was also described in July 1977 QST by DeMaw. The article “Ferrite-Core Loop Antennas” analyzes this antenna in more detail, including the effects of rod permeability and winding configuration. The article is available in this book’s online material.
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The winding (L1) has the appropriate number of turns to permit resonance with C1 at the operating frequency. L1 should be spread over approximately 1⁄3 of the core center. Litz wire will yield the best Q on 160 meters, but enameled magnet wire can be used if desired. A layer of electrical tape on the rods is recommended as a covering for the core before adding the wire since ferrite is somewhat abrasive.

L2 functions as a coupling link over the exact center of L1. C1 is a dual-section variable capacitor, although a small differential capacitor might be added in parallel with it to optimize balance. The loop Q is controlled by means of C2, which is a mica-compression trimmer.

Electrostatic shielding of rod loops can be achieved by centering the rod in a U-shaped channel of non-magnetic material such as aluminum, brass, or copper, extending slightly beyond the ends of the rod loop (1 inch is suitable). The open side (top) of the channel can’t be closed, as that would constitute a shorted turn and render the antenna useless. This can be demonstrated by shorting across the center of the channel with a screwdriver blade when the loop is tuned to an incoming signal. The shield-braid gap in a coaxial cable loop antenna is maintained for the same reason.

Figure 22.53 shows the shielded rod loop assembly. This antenna was developed experimentally for 160 meters and uses two 7-inch ferrite rods, glued together end-to-end with epoxy cement. The longer core resulted in improved sensitivity for weak-signal reception. The other items in the photograph were used during the evaluation tests. This loop and the frame loop discussed in the previous section have bidirectional nulls.

Obtaining a Cardioid Pattern

Although the bidirectional pattern of loop antennas can be used effectively in tracking down signal sources by means of triangulation, an essentially unidirectional loop response will help to reduce the time spent finding the fox. Adding a sense antenna to the loop is simple to do, and it will provide the desired cardioid response. The theoretical pattern for this combination was shown previously in Figure 22.37.

Figure 22.56 shows how a sense element signal can be combined with a loop or loopstick antenna. The link from the loop is connected by coaxial cable to the primary of T1, which is a tuned toroidal transformer with a split secondary winding. C3 is adjusted for peak signal response at the frequency of interest (as is C4), then R1 is adjusted for minimum back response of the loop. It will be necessary to readjust C3 and R1 several times to compensate for the interaction of these controls. The adjustments are repeated until no further null depth can be obtained. Tests by the ARRL showed that null depths as great as 40 dB could be obtained with the circuit of Figure 22.50 on 80 meters. A near-field weak signal source was used during the tests. (Because the ratio of the E- and H-field intensities varies in the near field, as well as with height above ground, final adjustment should use a signal source at least 1λ from the transmitter.)
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The greater the null depth, the lower the signal output from the system, so plan to include a preamplifier with 25 to 40 dB of gain. Q1 shown in Figure 22.57 will deliver approximately 15 dB of gain. In the interest of maintaining a good noise figure, even at 1.8 MHz, Q1 should be a low-noise device such as a 2N4416. If more gain is required, the circuit of Figure 22.55 can be used following T2. The sense antenna can be mounted from a few mm to 6 inches from the loop. The vertical whip need not be more than 12 inches long. Some experimenting is necessary in order to obtain the best results. Optimization will also change with the operating frequency of the antenna.
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Project: A Simple Direction-Finding System for 80 Meters

This section gives an overview of the article by the same name in September 2005 QST. (See the referenced article by Hunt.) The full article is included with this book’s online material. The antenna (a multi-turn loop) and receiver are combined into a single package as shown in Figure 22.58. The receiver was designed to hear a 1 W signal from >5 miles away, to have low battery drain and to be lightweight and rugged for competitive RDF use.
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The loop antenna had to be easy to build with readily available parts and be able to withstand hard use in the field. While a ferrite rod would make the loop much smaller, it didn’t meet the project’s objective for parts availability. Threading wires through a piece of polyethylene tubing, then gluing it into a hole in each side of the receiver case, makes a very sturdy and light loop.

The loop itself uses an even number of turns for the main tuned winding, so the center tap can be grounded and the tuning capacitor mounted inside the case. An additional winding serves as a coupling link to the cascode RF stage, which has an input impedance around 1500 Ω. The Q is such that a 100 kHz segment of the 80 meter band can be covered without needing to gang the tuning of the loop with the receiver VFO, although signal strengths are somewhat lower at the ends of the range.

In this case, shielding just the coupling loop (by using miniature coax) provides the same balance benefits as shielding the entire loop. An advantage is reduced capacitance between the tuned winding and the shield, which improves performance and makes it easier to tune. While ideally the shield of the coupling loop would be broken at the top center, having the gap at one end of the loop doesn’t cause any obvious problems in performance.

A separate winding provides coupling for the sense antenna. While previous ferrite-core loops worked well with a 6-inch sense antenna, this loop required a sense antenna over 5 feet tall to get the proper pattern. Instead, a preamp was used to permit a more practical sense antenna length. (An FET would have been a better choice than a bipolar transistor, but the original design was constrained to use more common parts.) Adding more turns, or making the loop larger in diameter, will further increase sensitivity.

Many sense antennas circuits have separate adjustments for phase shift and amplitude, requiring a lot of back-and-forth in the tuning process. Because the required 90-degree phase shift is provided by a transformer in this case (the coupling between the sense link and the main loop), only the amplitude requires adjustment (by adjusting the gain of the preamp on the sense antenna.) That makes it much easier to adjust.

Another issue with some sense antenna circuits is that the output of the loop varies with frequency when the tuning is fixed, and that affects the setting of the sense antenna required to match the amplitude. With this circuit, the sense antenna is coupled through the loop, so any change in amplitude due to changing frequency will affect both at the same time, thereby providing a good null over a wider bandwidth.

Note that the relative amplitudes of the E and H fields are not constant in the near field of the transmitting antenna, and they also vary with height above ground. That affects the signal strengths from the loop and the sense antenna, and hence the depth of the null. Adjusting the sense antenna at a distance of about ١λ from the signal source provides a reasonable balance between near- and far-field performance, and the adjustment should be made at the same height above ground as the antenna will be used.

Project: A Combined Yagi – TDOA VHF Antenna

Switched dual-antenna TDOA direction finders can give sharp bearings, but they lack sensitivity for long-distance work. Yagis are sensitive, but they provide relatively broad bearings. The Oct 1998 QST article by Gillette, “A Fox-Hunting DF Twin ‘Tenna” describes a three-element Yagi antenna that blends both on a single boom to cover both ends of the hunt. Being rigid, the elements of the antenna described in the article make it somewhat impractical for competitive RDF-ing in brushy or wooded areas, but the design provides a starting point for experimentation and modification. The article is included with this book’s online material.

This antenna uses slide switches to configure it as either a Yagi or a single-channel TDOA as shown in Figure 22.59. When used as a TDOA, a GaAs RF microcircuit switches the FM receiver between two matched dipoles at an audio frequency. To make the antenna compact, W9PE used hinged, telescopic whips as the elements; they collapse and fold parallel to the boom for storage.
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To form the TDOA, the two end elements are converted to dipoles and the center element is disabled. The feed line to the receiver is switched from the center element to the RF switch output, and the end elements are connected via feed lines to the RF switch inputs.

If both TDOA coax cables are of equal length (between the antennas and switch) and the two antennas are the same distance from the transmitter (broadside to it), the signals from both antennas will be in phase. No phase difference will be detected when switching from one antenna to the other. If one antenna is a little closer to the transmitter than the other, however, there will be a phase shift when we switch antennas. When the antenna switch is at an audio rate, say 700 Hz, the repeated phase shifts result in a set of 700 Hz modulation that can be heard by the operator as in the preceding switched dual-antenna TDOA description.

Project: A Tape-Measure Element Yagi for 2 Meters

This antenna was designed by WB2HOL while searching for a beam with a good front-to-back ratio to use in hidden transmitter hunts. It exhibits a very clean pattern and is perfect for RDF use. This beam can be constructed using only simple hand tools.

Steel “tape measure” elements fold easily when putting the antenna into a car and yet are self-supporting. They also hold up well while moving through brush. This antenna is not designed for use on a moving vehicle.

Three elements keep the boom of schedule-40 PVC from getting too long. Pipe, crosses, and tees can be found at any hardware store for the boom and element supports. A simple hairpin match consists of a 5-inch length of #14 AWG solid wire bent into a U-shape, with the two legs about 3⁄4 inch apart. This gives a very good match across the 2-meter band with a 1-inch distance between the driven element halves.

The 1-inch-wide tape-measure elements can be cut with a pair of shears, chamfering the ends of the elements. Be careful — the edges are very sharp. Use sandpaper to dull the sharp edges and remove burrs. Electrical tape or conformal coating such as Plasti-Dip on the ends of the elements will protect against getting cut. Wear safety glasses while cutting the elements. See Figure 22.60 for dimensions. Be cautious of the internal spring tension when disassembling the tape measure.
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Wider tape measures will provide stiffer elements or stacking thinner elements. Covering the entire element with heat shrink provides additional stiffness and comes in a variety of colors. A handheld-size receiver can be mounted to the boom of a beam with plastic brackets or hook-and-loop fasteners to further integrate the package.

Scrape or sand the paint off the tape-measure elements where the feed line is attached. Most tape measures have a very durable paint finish designed to stand up to heavy use. Tin the elements before soldering the feed line to the driven element halves, then mount the driven element to the boom.

Two alternative methods can be used to attach the feed line. One method employs ring terminals on the end of the coax. The ring terminals are then secured under self-tapping screws or with 6-32 bolts and nuts into holes drilled in the driven-element halves. However, with this method, you cannot fine-tune the antenna by moving the halves of the driven element in and out.

The simplest method is simply to slide the ends of the feed line under 11⁄2-inch stainless-steel hose clamps and tighten the clamps to hold the ends of the coax against the driven elements on the PVC cross as shown in Figure 22.61.
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This allows fine tuning the driven element for lowest SWR simply by loosening the hose clamps and sliding the halves of the driven element in or out to lengthen or shorten the element. A 1:1 SWR can be achieved with the two elements spaced about 1 inch apart. Figure 22.62 shows the completed antenna. For a lighter antenna, use ½” thin-wall PVC pipe for the antenna, and fiberglass strapping tape to attach the elements rather than hose clamps. A 3D-printer model file for a bracket to mount tape measure or rod elements on ½-inch PVC pipe is available online (see References and Bibliography entry for Boyd). Numerous examples of alternative methods of construction can be found online.
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A balun is not essential for this antenna design when the feed line is routed perpendicularly away from the driven element. But, if desired, 8 turns of the coax feed line can be wound around the boom as shown in the photo, creating a choke to prevent feed line interaction from distorting the antenna pattern. RG-174 coax can be substituted to save weight without significantly increasing losses in the short length of feed line. The coil can be covered with electrical tape or a tennis racket grip to secure the coils to the boom and provide a non-slip handhold. An alternative to the coil approach is to slip several ferrite beads (Amidon FB-43-6301 or similar) over the outside of the coax feed line as close as possible to the feed point.

Note that almost any VHF Yagi can be built using tape measure elements. This design is optimized for a deep rear null, but other designs with higher gain and narrower beamwidth are often used. When modeling Yagis with tape measure elements, the diameter of the equivalent round element is about half of the width of the tape measure element.

Project: A Portable 2 Meter High-Accuracy RDF System

This is a portable RDF system that can be used while parked on a hilltop or other suitable spot. Different modes of operation provide different levels of accuracy, depending on the specific needs.

The equipment is simple: a pair of 3-element Yagis, each with a support mast (PVC pipe or telescoping painter poles), some coaxial cable and a T connector, and a few PVC pipe fittings (see Figure 22.63A).
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If the elements are attached to the boom with clips, they are easier to remove for transport, although this is not a requirement. Other construction methods, as well as most commercial antennas, are suitable, with minor variations in the mounting hardware. The coax cables should be routed perpendicular to the elements off the back of the boom behind the reflector, to prevent distortion of the radiation pattern.

The patterns for three configurations of the system using vertical polarization are shown in Figure 22.63. For a single Yagi (Figure 22.63A), the half-power beamwidth is about 118 degrees with a free-space gain of 7.2 dBi. When the second antenna is added with 48” spacing using a PVC crossbar (Figure 22.63B), the gain increases to 10.6 dBi and the half-power beamwidth narrows to 47 degrees. This gives higher accuracy and more gain for weak signals. Wider spacings result in a narrower beamwidth, but increased side lobes. Exact gain and beamwidth values will depend on the specific antennas used, but these are representative.

Inverting one antenna at the same spacing, as shown in Figure 22.63C, creates a deep forward null and strong forward lobes at 41 degrees on either side. The lobes make it possible to resolve the 180-degree ambiguity of an Adcock system, while providing a narrow null for taking a bearing. In this configuration, the system can give better than 5-degree resolution, depending on the signal strength and receiver sensitivity.

By mounting the two antennas on separate supports and extending the cables, they can be used as a long-baseline interferometer with up to 50-foot spacing. This requires more space and time but is capable of very accurate bearings when used with a surveyor’s sighting compass having ½-degree resolution.

Project: A Simple Mobile Mast Mount

This mounting method in Figure 22.64 makes it relatively easy to install a rotatable antenna mast for transmitter hunting in many types of vehicles. The primary requirement is that the window glass tapers inwards at the top of the window, and there is a metal section between the top of the window glass and the top of the door, which can still be opened. Specific details and dimensions will need to be determined for each vehicle. (Other mounting methods are described in the book by Moell and Curlee listed in the References and Bibliography.)
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There are two parts to the mount: a base attached to the inside of the door, to support the weight of the mast and the antenna and act as a pivot; and a top bushing or sleeve to take most of the horizontal force due to wind resistance while driving.

The top sleeve can be a short piece of any sort of plastic pipe or tubing with an inside diameter that allows the mast to rotate inside it. The sleeve needs to be stiff and firm enough for the mast to pass through it and rotate smoothly inside it. A short piece of larger PVC pipe, or a straight coupler, works well. It must be secured to the top of the door so it can’t slip backwards. Tie-wraps, nylon straps, or duct tape have all been used. When the door is closed, the additional pressure of the door weather stripping will help hold the mast in place. Depending on the size of the antenna and vehicle speed, the forces at this point can be high due to the sideways pressure on the mast from wind drag on the antenna.

The base portion needs to be positioned so that the mast is (nearly) vertical and at a convenient location for the operator to turn it. Often this is determined by the configuration of the inside door handle or arm rest, or whatever else is available as an attachment. If the arm rest has a hole in it or there is a map pocket, the mount can be inserted into it or a bracket can be used. Again, this must be customized for each vehicle, but Figure 22.64B suggests an idea.

The socket at the bottom of the mast can be a PVC pipe cap, with a short piece of pipe if needed. A metal washer inside the socket, or a rounded wooden plug in the bottom of the mast lubricated with candle wax, makes the mast easier to turn.

Besides being able to open the door with the antenna mounted, this method also permits rolling the window up part way. A piece of clear acrylic or polycarbonate sheet can be cut to fit the remaining gap in the window with a slot for the mast. Some sort of rain shield on the mast can help to keep rain from running down the mast and into the car.

PVC masts may require reinforcement with a dowel or mop handle inside, depending on the size of the antenna array. The mast should also have an indicator on the mast for which way the antenna is pointing. A screw or nail stuck through the mast allows the operator to determine direction by feel. Be sure to align the antenna and mast direction indicator.
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For more information on direction finding, see Radio Orienteering-The ARDF Handbook by Bob Titterington, G3ORY, David Williams, M3WDD and David Deane, G3ZOI and Transmitter Hunting: Radio Direction Finding Simplified, by Joe Moell, KØOV, and Thomas Curlee, WB6UZZ. These books are available from your local dealer or can be ordered directly from ARRL (arrl.org/shop).

22.3 Amateur Radio Astronomy Antennas

The title of this section could be read in two ways: does this section apply to amateur radio operators doing astronomy or to those who are amateurs at radio astronomy? It applies to both! This section will list several radio astronomy applications and then give a summary description of antennas that are used for them. The material here is extracted from a much more extensive document in the online material, “Antennas for Radio Astronomy,” developed by authors affiliated with the Society of Amateur Radio Astronomers (SARA: radio-astronomy.org). It includes a complete list of references for the material in this section.

In 1937 Grote Reber, W9GZF, become very interested in radio discoveries by Karl Jansky and, capitalizing on his amateur radio know-how, built his own radio telescope consisting of a parabolic dish of 31-foot (9.5 meters) in diameter in his backyard and was able to publish a series of articles in the Astrophysical Journal. In 1944, Reber developed a contour radio map of the sky, with brighter areas indicating richer radio sources, the brightest being the center of the Milky Way: radio astronomy was born!

Today, scientifically minded radio amateurs are involved in a number of astronomical and space weather programs. Some, including the popular Solar Eclipse QSO Parties and Eclipse and Frequency Measurement Festivals are coordinated through the HamSCI collective at hamsci.org. Other programs, such as HAARP (haarp.gi.alaska.edu), utilize radio amateurs to make observations and submit measurements. Amateurs observe and measure numerous solar and geophysical phenomena. The Radio Jove Project (radiojove.gsfc.nasa.gov) involves solar and planetary astronomy. Beyond the solar system, amateurs observe pulsars, Fast Radio Bursts, interstellar hydrogen emissions, and more. Each area places different requirements on the antennas and antenna systems.

The following amateur radio astronomers contributed to this section: Peter East; Wolfgang Herrmann; Dan Layne, ADØCY; Richard Marsden; Eduard Mol; Mario Natali, IØNAA; Steve Olney, VK2XV; Charles Osborne, K4CSO; Jonathan Pettingale; Alex Pettit, KK4VB; Bruce Randall, NT4RT; Whitham Reeve; Richard Russel, ACØUB; Chip Sufitchi, N2YO; Chuck Higgins; Dave Typinski, AJ4CO; and Ray Uberecken, AAØL.

Excellent introductions to radio astronomy can be found at the SARA YouTube channel maintained by Rich Russel, ACØUB, given by Ed Harfmann (youtu.be/AOgvjRXnins) and Dr. Wolfgang Herrmann (youtu.be/8j1bVpC6M94).

This section refers to Yagi, dish, and horn antennas which are described in this book’s chapter VHF, UHF, and Microwave Antennas.

22.3.1 Overview and Theory

This sub-section was contributed by Mario Natali, IØNAA.

Radio astronomical sources can be broadly classified into two categories; thermal and nonthermal.

Thermal radiation is obtained when a black body is heated and is governed by Planck’s law. The peak emission frequency depends on the temperature.

Most of the nonthermal radiation is either synchrotron radiation or Bremsstrahlung radiation, produced by a sudden slowing down or deflection of charged particles (especially electrons) passing through matter in the vicinity of the strong electric fields of atomic nuclei.

Even if radio astronomical sources can have very different mechanisms of emissions, all of them are very weak sources of radio waves and have power flux densities many orders of magnitude below those we are familiar with.

SIGNAL STRENGTH

Most cosmic radio sources generate broadband signals and thus the power received depends on the total receiver bandwidth (Total Power). This fact, connected with the need to be able to compare measures performed with antennas with different area of captures, pushed radio astronomers to use a dedicated unit of measure to specify cosmic sources signal strength. This unit is the “Jansky” (abbreviated Jy) and was named after Karl G. Jansky.

The Jy is a unit of measure of power per unit bandwidth per unit area:
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The –26 exponent indicates the radiation must be extremely weak. Expressed as text, 1 jansky is equal to one-hundredth of one-trillionth of a trillionth of a watt per square meter per hertz!

The Jy compares with the well-known dBm (decibels above 1 mW). As an example, EME operation routinely deals with very weak signals. A typical EME signal on 1296 MHz, after a 2000 W EIRP (63 dBm) transmitted signal is reflected from the Moon, incurring a 270 dB path loss, is received with a strength of –207 dBm. If the receiving antenna has an aperture of λ2/4π and a 3000 Hz bandwidth, the –207 dBm signal is equivalent to about 2,500 Jy. Only the Sun exceeds 2500 Jy at 1400 MHz all other “strong” sources are below 2000 Jy. The strongest pulsars have a signal strength of 1 Jy, and all the others are in the range of milli Jy and micro-Jy! Thus, the receiving antenna is quite important!

RECEIVED NOISE

The analysis of thermal noise in the system will help us in understanding the concept of antenna temperature, which is a common way of comparing noise levels for receiving antenna systems. In a resistor at a certain temperature the so-called thermal noise is due to the random motion of electrons. (For a more complete discussion, see the expanded version of this section in the online material and the article “Noise In Receiving Systems” from the ARRL Handbook.)

The thermal noise voltage effective value is:
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where

k = Boltzmann constant (1.38 × 10–23 J/K)

T = Temperature in Kelvin

B = Bandwidth (Hz)

R = Resistance (Ω)

Therefore, the power generated will be:
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Thus, P (noise power) is proportional to T (temperature) and the term equivalent temperature can be used to quantify the noise.

In radio astronomy the equivalent noise temperature of an antenna that observes a non-polarized noise source at temperature Tsrc depends on the ratio between the solid angles of the source and of the antenna as shown in Figure 22.65. The equation that links all the parameters is:
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Note that the symbol Ω is a solid angle and not resistance.

Now we have all the elements to measure the noise power from a cosmic source and we will use the Y-factor method of specifying noise power levels. This is done by measuring noise when pointing the antenna alternately to a reference source (usually a cold sky area) and to the source:
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where

PON = Noise power when pointing the antenna to the source

POFF = Noise power when pointing the antenna to a cold sky area

We can now write the formula for noise power as YT from the source entirely in terms of temperatures:
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where

Tsrc = Antenna equivalent temperature while pointing cosmic source to be analyzed

Tsys = Receiving system total noise temperature

Tsky = Antenna equivalent temperature while pointing at a cold sky area (this factor can be neglected most of the time)

Y can also be expressed in dB as 10 log10 YT.

PREDICTING SOURCE DETECTABILITY

MURMUR (i0naa.altervista.org/index.php) is one of several programs that can help in predicting what cosmic sources are detectable with a certain set-up. It has the capability to predict the expected signal strength of strong cosmic sources such as the Sun, Moon, Cassiopeia A, Cygnus A, Taurus A, Sagittarius A, Virgo A and Quasar 3C273.

Inputs to MURMUR include the basic characteristics of the antenna and of the receiving system and, based on those inputs, shows predictions of Pulsar detectability, and expected Y-factor noise of several noise sources. Figure 22.66 shows a typical main screen of MURMUR.
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22.3.2 Solar Radio Emissions and Aurora Radio Reflections

This subsection was contributed by Whitham D. Reeve.

Solar Radio Emissions

Solar radio emissions are a component of space weather and have a very wide frequency spectrum; however, depending on the intervening ionosphere’s condition, the emissions are blocked by the ionosphere below around 15 MHz. The blockage can occur at lower or higher frequencies, but observations as low as 5 MHz are very rare at most locations on Earth.

Solar radio emissions are more intense at lower frequencies, so HF and low-VHF antennas are the best types for solar observations. Specific frequency bands have been set aside for radio astronomy purposes and observers may wish to try listening to the Sun in the center of those bands shown in Table 22.3. However, above around 85 MHz interference from terrestrial transmitters, such as FM and TV broadcast transmitters and mobile telephone systems, becomes a serious impediment to observations of wideband emissions.
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The ideal antenna for solar radio observations is a wideband, steerable, dual-polarized, directional beam antenna operating from 10 to 85 MHz. A rotator for elevation and azimuth may be used to track the Sun but a fixed antenna pointed south may be used in a drift-scan mode in which the Sun crosses the antenna beam each day as Earth rotates. The drift-scan mode works best with antennas that have relative wide horizontal and vertical beamwidths. At higher latitudes, the antenna could be made adjustable in elevation to compensate for the Sun’s elevation as the seasons change, but this may not be necessary if the antenna’s vertical beamwidth is large enough to encompass the Sun’s year-around elevation changes.

Most solar radio emissions are unpolarized, but some are characterized by significant right or left circular polarization. A linear polarized antenna may be used for most observations but, if polarization is important to the observer, circular polarized antennas are needed. Circular polarizations may be derived from linear crossed-dipoles or crossed multielement antennas with suitable coupling components such as a quadrature coupler.

High gain antennas are not usually necessary at the lower frequencies because solar radio emissions can be quite intense, rising 30 to 40 dB above the HF background noise during strong solar flares. However, solar radio emissions at VHF and higher are relatively weak except for an occasional strong flare. For observations in the UHF band, antenna arrays will improve observations success.

Because of their wideband nature, Log Periodic Dipole Array (LPDA) antennas work quite well for receiving solar radio emissions in linear polarization. See Figure 22.67 and 22.68 for examples of LPDAs used for radio astronomy. The gain of typical LPDA antennas is modest, on the order of 6 to 8 dB when well clear of the ground and up to 5 to 6 dB higher when within several wavelengths of the ground. Two identical LPDA antennas installed with cross polarization (for example, one vertical and the other horizontal) and coupled with a quadrature coupler may be used to receive circular polarized emissions. See the chapter Frequency-Independent Antennas for more information on LPDAs.
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The Long Wavelength Array (LWA) antenna in Figure 22.69 is an omnidirectional, tied-fork, active cross-dipole antenna with an operating frequency range of about 5 to above 100 MHz that also works quite well for receiving solar radio emissions. Because of FM broadcast transmitter interference, the antenna usually is not used above 85 MHz. The LWA antenna has the advantage of being ground mounted, so no tower or elevated structure is needed. It can be configured for circular polarizations by connecting the output from each dipole through a broadband quadrature coupler. The peak gain of the LWA antenna is about 8 dB over moderate ground; the antenna pattern is mushroom-shaped with a vertical 3 dB beamwidth of approximately 100°.
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Simple half-wavelength dipole antennas, folded dipoles and many other configurations of wire antennas work well for observing relatively narrow bandwidths in the HF band. The dipole should be cut for a consistently quiet frequency above 15 MHz found by experimentation. A frequency between 20 and 25 MHz with a half-wavelength from 7.5 to 6.0 meters, is a good starting point at many locations. The axis of the dipole should be oriented east-west.

If observations of weaker solar radio emissions are desired at VHF and above, where there are many more weak emissions than strong ones, a low noise amplifier is recommended at the antenna to improve the system noise performance. For example, the Front-End Electronics (FEE) circuitry used in the LWA antenna has an approximately 2.7 dB noise figure and 35 dB gain. The high gain allows the FEE to set the noise figure of the antenna-receiver system and ensures that the antenna does not limit system sensitivity. Because of the FEE’s high gain, attenuators are generally needed at the receiver RF input to prevent overdriving the receiver, something that needs to be considered for any amplified antenna system. Low noise amplifiers are almost always used with LPDA antennas that operate in the VHF band. More information about the LWA is available at reeve.com/RadioScience/Antennas/ActiveCrossed-Dipole/LWA_Antenna.htm.

Aurora Radio Reflections

Aurora radio reflections are an interesting phenomenon that involves propagation of a signal from a transmitter to an active aurora region where the signal is reflected towards a receiver, a form of bistatic radar. The incident path usually is along a narrow northerly azimuth with the reflection path along a similarly narrow southerly azimuth. (The aurora is discussed in more detail in the Propagation of Radio Waves chapter.)

Aurora radio reflections have been observed over wide frequency ranges from HF to UHF. Observers at latitudes above about 50° have a better chance of observing aurora radio reflections during modest geomagnetic disturbances but stronger storms move the aurora to lower latitudes, which allows the reflections to be detected by lower-latitude observers.

The reflections take place in the E region at altitudes of approximately 100 to 120 km. Except in the HF band, line-of-site propagation is required between the transmitter and reflection region and between the reflection region and the receiver. Distances of 500 to 1000 km or more from the receiver to the reflection point are typical. Because of the long distances involved, an antenna that works well at low elevation angles is best.

The ideal antenna for aurora radio reflections is a linear polarized, narrowband, narrow beamwidth antenna, such as a single multielement Yagi antenna or Yagi array. Crossed-Yagi antennas setup for circular polarization also may be used. The same antennas used for solar radio observations discussed above have been used successfully for observations of aurora radio reflections in the HF band. Because of their relatively low gain, single dipole antennas and similar wire antennas may not work well for aurora radio observations.

If observations of the phenomenon, and not communications, are the only goal, omnidirectional radio beacon transmitters can be monitored for reflections with a directional receive antenna pointed northward. However, the beacon transmitter and receiver stations should be approximately along a north-south line for best results. Spectrum observations are best made with very narrow post-detection (audio) bandwidths on the order of below 50 to around 200 Hz. Software used for observing meteor trail reflections also works for aurora radio reflections.

22.3.3 Active Antenna for HF Radio Astronomy

This subsection was contributed by Bruce Randall, NT4RT.

An active antenna is an antenna where an active part of the receiver (an amplifier) is an integral part of the antenna itself. (Active antennas are also discussed in this chapter’s section on MF and HF Receiving Antennas.) The Long Wavelength Array (LWA) described in the previous sub-section on Solar Radio Emissions is a good example of an active antenna for radio astronomy at 20 to 80 MHz. One of these antennas occupies a 2.5-meter diameter circle on the ground and is about 1.5 meters tall. The Murchison Widefield Array (MWA) covers 70 to 300 MHz in a manner similar to the LWA. This sub-section describes a prototype active antenna that is used for observations between 15 and 40 MHz.

Horizontal polarization is generally more appropriate for radio astronomy. A vertical polarization antenna close to the ground has a strong response at the horizon and a null overhead. A horizontal polarized antenna has the opposite. HF sky wave signals arrive at low angles, so the null at the horizon helps reduce this interference and atmospheric static. The path through the ionosphere for radio astronomy signals is unobstructed at the high angles where the horizontal polarization performs the best. This subsection is focused on antennas for use between 15 MHz and 40 MHz.

A receiving short dipole or monopole probe much shorter than a wavelength (<< λ) has a capacitive source impedance with a very low series resistive part. A preamplifier that has very high capacitive input impedance is needed. The length and diameter of the elements set the impedance. This source impedance and the preamp make a voltage divider that loses some signal level. The dipole source impedance should be lower (more capacitance), and the preamp impedance should be higher (less capacitance) for the lowest loss. (A detailed analysis of the preamp requirements and circuits is presented in “Antennas for Radio Astronomy” which is available in the online material.)

The dipole elements used are each 0.6 meter long for a total length of 1.2 meters. They are made of US “1/2 inch” electrical conduit which is 18 mm outside diameter. This conduit is also sold as “1/2-inch EMT” It is supported by a frame of PVC plumbing pipe. Figure 22.70 shows the 18 mm tubing and the PVC plumbing pipe. Notice PVC pipe is lashed to a camera tripod for testing. The figure shows how the prototype preamp assembly is attached to the dipole. A more substantial mounting and a weatherproof box are needed for unattended observations. The cable to the building where the SDR and computer are located is about 30 meters of low loss 75 Ω RG11 coaxial cable.
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Figure 22.71A shows the active antenna system consisting of the antenna equivalent circuit, a filter, and FET amplifier input impedance. Because these active antennas cover a very wide range of frequencies, preamp overload could be a problem if a broadcast site is close by. A filter is needed to limit input signal strength in the AM broadcast band and above 54 MHz where TV and FM broadcast stations are located.
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Each half of the dipole is treated as a separate antenna and combined in a differential circuit as shown in Figure 22.71B. The preamplifier modules used for prototype evaluation are self-contained commercial “mini-whip” units purchased online. The output of the modules, labeled “MWEB” in Figure 22.71C, are combined in the differential input circuit shown in Figure 22.71C. The output of the MMIC buffer amplifier then drives the RG-11 feed line to the receiver.

22.3.4 Sudden Ionospheric Disturbances

This subsection was contributed by Jonathan Pettingale and Richard Marsden.

Sudden Ionospheric Disturbances (SIDs) are caused by X-rays and extreme ultraviolet radiation (EUV) from solar flares. (See the Propagation of Radio Waves chapter for more information on SIDs and related phenomena.) The effects are measured by tracking changes in the signal strength of Very Low Frequency (VLF) radio transmissions as they are reflected from the ionosphere. The VLF signals come from transmitters used to communicate with submarines and are of constant power. The received signal strength of these VLF waves changes as the flares affect the ionosphere by adding extra ionization — thus changing where the VLF waves are reflected in the ionosphere. Continuously tracking the received signal strength of the sources allows changes to be detected and hence the effects of the solar flares to be detected.

The transmitter stations are usually very large, covering many kilometers. since the wavelength of the frequency being transmitted, typically 10 to 50 kHz, is about 6 to 30 kilometers. A suitable antenna for observing SIDs is a wire-loop antenna. There is no standard size or shape of antenna. The loop does not need to be built to precise dimensional specifications and exact tolerances. A loop antenna can be built using easily acquired parts and supplies. (Frame-type loops are discussed in the previous sections of this chapter.) A small (1 meter wide) antenna with lots of loops of wire or a large antenna (2 or more meters wide) with fewer loops of wire is satisfactory. Typical loop antennas for receiving SIDs are shown in Figure 22.72.
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Typical signals received from VLF transmitters are on the order of ~0.1 millivolts. Receiving signal strength can be improved by increasing the number of turns or enlarging the size of the loop. As the number of turns increases, the distributed capacitance also increases, which lowers the resonant frequency. Also, when the number of turns increases, the resistance of the wire also increases, causing the amplitude of the signal to drop. A tuning circuit can also be added, to tune the loop to the frequency of interest.

A suitable receiver for the loop antenna is a computer sound card. A preamplifier is required due to the low voltage from the antenna. A commercially available antenna and preamp with software for data analysis is available from the Society of Amateur Radio Astronomers (SARA) under their SuperSID program. Instructions for building a SuperSID antenna can be found at solar-center.stanford.edu/SID/docs/SID_Antenna.pdf.

An example of signals received during an M-class solar flare are shown in Figure 22.73. The transmitting stations were located in Maine (NAA), Washington (NLK), and North Dakota (NML). The receiver and antenna were location in Wichita Falls, Texas.
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22.3.5 Meteor Detection

This sub-section was written by Chip Sufitchi, N2YO.

Meteor echoes are signal received after reflecting from an ionized meteor trail. (See the Propagation of Radio Waves chapter for information on meteor scatter propagation.) The reflected signals are from a powerful transmitter in a VHF band (ideally a tower broadcasting analog TV on channels 2-5) located far enough away that direct signals are not received but within range of a meteor scatter reflection. A standard VHF TV antenna is used for receiving the signals.

The meteor detector at livemeteors.com is located in the Washington, DC metropolitan area. The 4-element receiving Yagi antenna shown in Figure 22.74 is aimed at a TV tower in Toronto, Canada broadcasting analog TV on channel 2 around 55.24 MHz. Another transmitter on channel 3 analog TV, around 61.260 MHz, is located near Timmins, Ontario. The receiver is an RTL-SDR and the display software is SDR#. Live streaming can be watched at livemeteors.com and on YouTube Live.
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The full system consists of a 5-element VHF Yagi antenna pointing to Ontario, a VHF TV preamplifier, and 50 feet of 75 Ω RG-6 coaxial cable to the RTL-SDR receiver. Any preamplifier with a noise figure of 1 dB or less will work. The system uses Radio-SkyPipe as a “strip chart” style recording program to capture meteor detections. The program runs in server mode so that other Radio-SkyPipe users can connect remotely to the system and receive information in real time.

The strength of the signal will vary according to the distance from transmitter and the power of the transmitter. For the low VHF channels (2-6), the antenna should provide a good match between 54 and 88 MHz. A 70 MHz (4-meter band in Europe) Yagi will work for these channels. A simple dipole with adjustable telescopic arms will receive meteor echoes even without a preamplifier. The dipole, RTL/SDR, and a laptop make a good portable solution to provide demonstrations or use the system in the field.

22.3.6 Radio Jupiter Project

This sub-section was contributed by Chuck Higgins and Dave Typinski, AJ4CO.

Because of a strong magnetic field, energetic radiation belts, and a rich environment of plasma, Jupiter emits a broad spectrum of radio emissions from below 1 kHz to above 300 GHz. Called Jovian decameter (DAM) emission, the range occurs from 3 MHz to 39.5 MHz having a peak spectral power at about 10 MHz. The lower limit on observations from ground-based observatories is generally above 15 MHz due to attenuation by the Earth’s ionosphere. NASA’s Radio JOVE Project (radiojove.gsfc.nasa.gov) was created to encourage students and amateur scientists to receive and study these emissions with their own easy to construct radio telescopes.

Jovian DAM is most often emitted from points along the plasma flux tube within the Jovian magnetic field that connects Jupiter and its satellite Io. Common spectral features in Jovian radio emissions include frequency envelopes, spectral arc structures, L-bursts, S-bursts, N events, and modulation lanes. These features depend both on the frequency and the Io/non-Io source parameters. An excellent observation of a Jovian Io-B is shown in Figure 22.75.
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Due to increasing ionospheric absorption “cutting off” signals below 15 MHz, and due to the Jupiter emission signal strength decreasing above 24 MHz, the optimal frequency range for ground-based Jupiter observations is from 18 to 22 MHz. Therefore, antennas designed for a center frequency near 20 MHz (wavelength = 15 m) are ideal for Jupiter, and beneficially, also work very well to observe solar radio emissions. A single half-wave wire dipole antenna is a simple and inexpensive antenna to detect the strongest Jupiter radio signals. Other antennas that work well include a 2-element Moxon, a 2- or 3-element Yagi, quads, log periodics, helixes, and polarimeters.

For a 20 MHz dipole, the tip-to-tip length is 23.4 ft (7.1 m). To achieve an antenna beaming pattern (i.e., maximum gain) pointing upward, the dipole is mounted horizontally a quarter wavelength (λ/4) above the ground. The added benefit of a horizontal dipole with an upward-pointing beam is that it is less sensitive to terrestrial interference, most of which comes from the horizon. The λ/4 height is optimal to account for reflected waves off the ground adding together in phase (constructive interference). The ground acts like a reflector to radio waves if the conductivity of the soil is of good quality; a moist, rich soil is very good quality. Changing the height of the dipole antenna will change the beam pattern. For example, a dipole located a half wavelength (λ/2) above ground will cause a null overhead and a split beam 30° above the horizon.

To detect weaker radio emissions Radio JOVE developed an antenna array using two dipole antennas to achieve almost twice the gain of a single dipole as shown in Figure 22.76. Without a phasing cable, the two antennas produce an overhead beam, somewhat narrower than that of a single dipole alone. It is an important principle of antennas that the higher the gain the narrower will be the antenna beam. The power combiner adds the two signals together and since they are in-phase with one another the resulting signal sent to the receiver is twice that of a single dipole alone.
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The array pattern can be steered to the proper elevation with a phasing cable as shown in the figure. By delaying the signal from the south dipole by the proper amount of time, the waves from each antenna will arrive in-phase at the combiner. The correct amount of delay depends on the location where the array will be erected. (See the Radio JOVE website for more information.)

Jupiter’s DAM radio emissions are highly circularly polarized. A crossed-Yagi or crossed log periodic antenna gives the ability to detect right-hand (RCP) and left-hand circular (LCP) polarization. A square array of four dipoles can be made into a polarimeter (an instrument that shows RCP and LCP signals separately) by combining the signals from the four dipoles using a hybrid ring.

SDR receivers with a wide bandwidth can be matched with wideband antennas to create a radio spectrograph displaying frequency-time data as in Figure 22.75. The advantage is that spectral information about the radio emitter leads to a much better understanding of the physics behind the radio wave generation and propagation. These multifrequency radios can be matched with wideband antennas providing excellent spectral coverage of Jupiter or solar radio emissions. Wire dipoles allow for 3-4 MHz of bandwidth, so an excellent spectrograph can be made of an SDR radio and a dual dipole antenna (see the Radio JOVE 2.0 system). For wider bandwidths, a terminated folded dipole (TFD) square array can provide excellent spectral coverage and polarization. However, adding polarization and beam steering to wideband systems makes them a bit more complicated and expensive.

22.3.7 Hydrogen 21-cm Line

This sub-section was contributed by Charles Osborne, K4CSO.

Neutral hydrogen (H1) is one of the most abundant elements in the universe. H1 emits a signal on 1420.4057 MHz that is found in every direction. Because it is such an abundant element, by mapping where its emission signal is found, we also learn the location of many cosmic sources and structures. This sub-section contains descriptions of several antenna systems used to receive the neutral hydrogen signal, including several dishes and feed systems.

Drift Scanning

Radio astronomers use techniques not unlike optical astronomers, taking time exposure pictures. In radio this involves averaging sometimes hundreds of thousands of measurements to reduce the random noise, gradually exposing the hydrogen signal at more and more distance. The simplest technique called drift scanning just allows the sky to move in front of a dish fixed pointed at a particular elevation corresponding to declination. The sky is moving by at 15° per hour, so integration times longer than a few minutes begins to smear out details.

By detecting the various spiral arms of the Milky Way galaxy one can gradually improve the system performance until we are seeing just beyond the galactic center at 30,000 to 40,000 light years. (By comparison, moonbounce is a distance of 500,000 miles, which is only 2.6 light seconds.)

More advanced amateur radio astronomers use tracking antennas to follow a portion of the sky sometimes for many hours. Larger systems can detect objects millions of light years away by integration for hours instead of minutes. The challenges and rewards come from building system electronics stable and sensitive enough to make measurements over hours that can be added in software to achieve the desired accuracy and sensitivity.

Project: Horn and 3.7-meter Parabolic Dish System

The horn antenna in Figure 22.77 is a Standard Gain Horn (SGH) normally used to compare gains on an antenna range. Its gain is 16.05 dBi. The horn dimensions are 26.25” × 20.33” at the mouth. The horn is 22” deep where it enters the 3.25” × 6.5” ID waveguide section with a length is 8”. The probe is placed 2.22” from the back wall short centered on the wide dimension of the waveguide. The horn is approximately equivalent to a 24” dish giving a beamwidth of 26 degrees. It can detect hydrogen emissions from strong sources like the galactic center near the constellation of Sagittarius.
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The parabolic dish in the background of Figure 22.77 is a GigaSat FA-370 with a focal length of 54 inches, resulting in a 0.375 focus to diameter ratio (F/D) at prime focus. It has an estimated 31.5 dBi gain, 4.3-degree beam width (11 dB Sun noise at a solar flux index of 124).

The feed is a Septum Polarized (circular polarized for 1296 EME TX/RX) based on an OK1DFC design (ok1dfc.com/eme/Technic/septum/W1GHZanalysis.pdf). The feed is 6 × 6 × 24-inch square aluminum with an 18-inch diameter x 3-inch deep cake pan for the scalar choke ring. Positioning the choke ring fore and aft a few centimeters from the throat of the horn helps match the feed beamwidth to the angle needed for the dish focal length to get the best signal to noise ratio. Moving it forward on the feed narrows the feed beamwidth. Pulling it back widens the feed beamwidth.

The dish uses an Ocean Server OS5000 3axis magnetometer for pointing readout. Positioning is elevation over azimuth driven by 18VDC cordless drill motors with jackscrews for elevation and a chain drive for azimuth control.

The RF receive chain consists of:

LNA: SAWBird+H1 40 dB gain with 0.6 dB NF (noise figure)

Feedline: 100 feet RG-214 ( -15dB loss)

PostAmp: NoElec LaNA 16 dB gain with 1 dB NF

Receiver: RTL-SDR.com V3 

Software: SDR#

Antenna analysis was conducted on the horn and dish antennas with the results shown in Table 22.4.
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Results show the SDR# screen with the H1 detection of the galactic Milky Way plane. Multiple spiral arms are seen. Emissions are also Doppler shifted. The peaks below 1420.405 MHz are red-shifted lower in frequency because that material is receding from us at up to 100 km/sec. The other peak above 1420.405 is blue-shifted higher in frequency because it is moving toward us at similar speeds.

Project: Parabolic Dish Reflector and Loop Feed Choke Ringed Reflector

This sub-section was contributed by Alex Pettit, KK4VB and is partially derived from the work of Rastislav Galuscak, OM6AA.

One of the more easily observed radio frequency structures is RF radiation at 21 centimeters from the large neutral hydrogen clouds within the Milky Way. Although not a trivial task, shape, intensity, and velocity quantitative measurements can be performed with parabolic reflectors as small as 1 meter in diameter.

A 31-page document by OM6AA (om6aa.eu/Loop_Feed_with_enhanced_performance.pdf) describes a 23 cm/13 cm dish loop feed system in sufficient detail to scale to 21 cm radio telescope reception. It consists of a soldered assembly of copper PC board base, lathe turned feed-through, and sheet brass choke ring. It is time consuming to construct but performed extremely well. The dimensions and the constructed model are shown in Figure 22.78A and B.
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KK4VB experimented with more off-the-shelf items to derive an antenna matching size and performance of the OM6AA design and found an easily constructed alternative (see Figure 22.63C) with a total parts cost of approximately $25. Operational tests have shown its performance equal to the more complex copper/brass OM6AA antenna. Construction details and instructions are given in the document “Antennas for Radio Astronomy” in the online material.

With this feed system mounted to a 1-meter diameter reflector and the appropriate electronics and software, you can make measurements of signal strength and plot regions of neutral hydrogen clouds within the Milky Way such as in Figure 22.79.
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Project: Hydrogen Line Beginner’s Telescope

This sub-section was contributed by Michiel Klaasen.

The hardware of the telescope (receiving antenna) consists of an obsolete satellite TV dish, and a paint bucket. The electronic components are a low-cost preamplifier, a satellite inline amplifier used as a power inserter, and an RTL-SDR receiver. The preamplifier could be replaced by also an inline amplifier.

Figure 22.80A shows the completed telescope. Complete instructions are available in "Antennas for Radio Astronomy" in the online material. An example of a 5-minute integrated sample is shown in Figure 22.80B. By using the drift scanning method and adjusting the telescope elevation a map of the sky at 21 cm wavelengths can be made by this modest instrument.
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Another simple system is described in the online IEEE Spectrum article, “Build your own radio telescope: Track the movement of the Milky Way” by David Schneider at (ieeexplore.ieee.org/document/8847581) The author describes the use of aluminum flashing and a rectangular solvent can to build 1420 MHz horn antenna, including placement of the coaxial transition probe. An inexpensive SDR “dongle” and HPSDR software are used as the receiver.

22.3.8 Pulsar Detection

This sub-section was created from material contributed by Mario Natali, IØNAA; Peter East; Steve Olney, VK2XV; Wolfgang Herrmann; Ray Uberecken, AAØL; and Dan Layne, ADØCY.

Pulsars, whose name is originated from the contraction of the two words “PULSating StAR”, are a special class of so-called “neutron stars” that are created by a catastrophic stellar supernova. They have physical dimensions of a few tens of kilometers and are characterized not only by the extraordinary compactness, but also by extremely powerful magnetic and gravitational fields. They have a high rate of rotation on their own axis with very short periods ranging from a few milliseconds to a few seconds. Pulsars have very stable periods and can be used as celestial clocks. Pulse intensities vary widely, partly due to scintillation from scattering in the ionized interstellar medium.

The combination of these factors produces many effects and what interests us is that they emit a rotating beam of radio waves that extends to a large part of the spectrum and that is more intense at lower frequencies. These rotating beams are received as very accurately timed pulses with repetition rates of milliseconds to several seconds.

With the advent of SDR technology, detecting a known pulsar is now within the reach of amateur radio astronomers. For example, B0329+54, the brightest pulsar in the northern hemisphere, can be detected using RTL-SDRs with a 3-meter dish or a twin-Yagi. Accurate tracking is required due to extended integration times. For fainter pulsars a larger dish and wider bandwidth SDR is needed.

Pulse period-matched synchronous integration or period-folding of the detected signal is the most effective technique in recovering a true pulsar from galactic and receiver noise. The main characteristics are very accurate pulse timing, broadband noise transmission with much more power at low frequencies; the energy scintillates and is dispersed in frequency due to electron interaction along the interstellar path. It is not easy for amateurs to detect and recognize. The typical system requirements over the frequency range 300 MHz to 1400 MHz are a few square meters of antenna aperture, a few MHz up to 50 MHz of RF bandwidth, a few hours of data integration, a system noise temperature around or below 100 K and, not the least, a low-RFI environment.

Pulsar Detection with DSP

Pulsars are very weak radio sources and for amateur radio astronomers it is almost impossible to detect even the strongest one in real time. The approach used is to record the signal and use specialized techniques of DSP in order to increase the signal-to-noise (S/N) ratio (or SNR) to be able to detect the pulses.

The DSP technique used is called “folding”; this process can be understood by imagining that the signal is recorded on a continuous paper strip. Capitalizing on the fact that we know from the literature the frequency of the pulsar under investigation we fold the paper in small pieces of the length of the pulsar period (see Figure 22.81). By repeating this “folding” operation we allow the small contributions of the pulsars signals to add together until the pulses emerge from the background noise. Since the background noise is random, it is reduced by the process of adding the data together.

[image: ]

The process to sample and record the signal must be done with extreme stability and precision to allow the post-recording “folding” process to work properly. The sampling preci-sion starts from the receiver that must be very stable (a GPSDO or lock to a rubidium standard) and continues with preprocessing and recording that requires a PC with adequate processing power. The minimum requirement for processing up to 20 MHz bandwidth data is an I5 with clock frequency > 3 GHz, quad core, and fast USB, while for 50 MHz bandwidth an I7 with clock frequency > 4 GHz is required. The data is then stored as files on a hard drive.

Once the file is recorded, it must be processed and converted to a “filter bank” (.fil) format in order to be ready to go through the analysis session that starts with determination of the exact pulsar period (frequency). This task is performed with a program called TEMPO that uses geographical coordinates of the observation site to calculate the exact data that will be used in the subsequent phase. The final analysis is performed with a suite of programs called PRESTO (PulsaR Exploration and Search TOolkit) that will tell us if we were able to detect the pulsar. Figure 22.82 shows a typical output screen from a PRESTO analysis.
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The detection of pulsars is viewed as a major achievement by many in Citizen Scientist Radio Astronomy circles. Despite the difficulty, there are many examples of successful pulsar detection by citizen scientists which comply with the scientific method and, as such, are good sources of information.

Antennas for Pulsar Detection – An Example

The following paragraphs describe the antenna system used for the first amateur detection (by VK2XV) of a pulsar “glitch” in which its period abruptly changes. While antennas up to very large dishes are used to detect pulsars by amateurs, this example shows that meaningful measurements can be made using antenna systems similar to those used for amateur satellite and moonbounce operation.

At the Hawkesbury Radio Astronomy (HawkRAO) two antenna configurations have been used for Vela pulsar observation. A 2-by-2 Yagi array is currently used to make Vela pulsar observations. This pulsar passes almost directly overhead and so the best type of antenna to build up sufficient aperture in the restricted space available at the observatory is a long Yagi — not common at professional observatories — but common for amateur radio stations. The Vela Pulsar also has the highest signal strength at 430 MHz of any pulsar.

The Vela pulsar signal is almost completely polarized, with linear polarization being the dominant mode. This means there is the potential for the pulsar signal and a linearly-polarized receiving antenna to be cross-polarized, resulting in loss in received signal level. The last stage of the signal’s journey through the ionosphere introduces a variable amount of polarization twist due to Faraday rotation. Therefore, any attempt at alignment of a linear-polarized antenna to be coincident to that fixed orientation in space of the Vela pulsar signal is made ineffective by this last variable “twist”. To avoid the effects of an unknown polarization orientation for the incoming Vela signal it was decided to utilize a circularly polarized antenna - which responds to linearly polarized signals from all orientations.

The selected M2 436CP42UG antenna boom length is about 5.7 meters long and has 42 elements. Circular polarization is produced by introducing a 1/4 λ physical offset between two crossed Yagis with the notional vertical polarized Yagi placed forward relative to the horizontal polarized Yagi. The initial successful detection of Vela Pulsar signals was achieved by using drift scanning with this single Yagi antenna mounted vertically as shown in Figure 22.83A. Later, the antenna was expanded to a 2-by-2 array of the same antenna.
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22.3.9 Masers

This sub-section was contributed by Eduard Mol.

A maser (Microwave Amplification by Stimulation of Electromagnetic Radiation: en.wikipedia.org/wiki/Maser) operates at radio frequencies similarly to a laser. Astrophysical masers (en.wikipedia.org/wiki/Astrophysical_maser) occur naturally, for example, in interstellar molecular clouds. The frequencies at which these natural masers operate are referred to as “lines” for their single-signal emissions.

Water masers emit an amplified spectral line of water at 22.235 GHz. They are commonly found in star forming regions and in the gas envelopes of evolved stars. Water masers are among the brightest sources in the sky at microwave frequencies: the flux densities of the strongest water masers often exceed 10000 Jansky. Water masers are also highly variable, with spectral components often changing in flux density and velocity over timescales of weeks to years. One of the most exciting aspects of water masers is their flaring behavior: occasionally, a spectral component in a water maser may become several times stronger and fade away again over the course of a few months or even weeks. The variability and flaring behavior of water masers makes them interesting targets for long-term observing programs, especially with amateurs supplementing professional observatories.

Several astronomical objects with strong water maser signals and a project for receiving the 22 GHz signal are described in the online document “Antennas for Radio Astronomy.” Maser signals produced by OH (hydroxyl) on 1665 MHz and CH3OH (alcohol) on 12.18 GHz can also be received and measured by amateurs.

Receiving maser emissions requires a dish for the frequency of the maser with accurate pointing and tracking. Figure 22.84 shows a high-quality, solid 1-meter dish mounted on an HEQ5 telescope mount, used for receiving maser signals from interstellar water molecules.
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As of April 2023, eight water maser sources have been successfully observed with this setup: W49, W51, W3-IRS5, Orion KL, W75, Cepheus A, G34.403+0.232, and NML Cygni. Most of these sources are associated with major star forming complexes, except for NML Cygni which is a red giant star. The strongest two sources, W51 and W49, were observed nearly every month for over a year in order to detect variability and flaring. The results of the W49 observing program are summarized in the previously referenced online document.

These observations show it is possible to detect several of the strongest water maser sources with a dish as small as 1 meter and off-the-shelf equipment. Furthermore, by doing monthly observations, their variability has been successfully observed. Despite the technical challenges and limitations, the observation of water masers with small dishes presents new and interesting opportunities for radio astronomy enthusiasts.


Chapter 23

Transmission Lines

23.1 Basic Theory of Transmission Lines

The connecting link between a source of ac power, such as a transmitter, and a load, such as an antenna, is a transmission line, feeder or feed line. Its purpose is to carry the power from one place to another and to do it as efficiently as possible. That is, the ratio of the power transferred by the line to the power lost in or from it should be as large as the circumstances permit. This is the goal, whether the ac power is RF or low-frequency ac utility power.

23.1.1 Current Flow in Long Lines

The simplest transmission line is a pair of parallel conductors, so we will develop our theory based on that model. In Figure 23.1, imagine that the connection between the battery and the two wires is made instantaneously and then broken. During the time the wires are in contact with the battery terminals, electrons in wire 1 will be attracted to the positive battery terminal and an equal number of electrons in wire 2 will be repelled from the negative terminal. This happens only near the battery terminals at first, because electromagnetic waves do not travel at infinite speed. Some time does elapse before the currents flow at the more extreme parts of the wires. By ordinary standards, the elapsed time is very short. Because the speed of wave travel along the wires may approach the speed of light at 300,000,000 meters per second, it becomes necessary to measure time in millionths of a second (microseconds, µs).
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For example, suppose that the contact with the battery is so short that it can be measured in a very small fraction of a microsecond. Then the “pulse” of current that flows at the battery terminals during this time can be represented by the vertical line in Figure 23.2. At the speed of light this pulse travels 30 meters along the line in 0.1 µs, 60 meters in 0.2 µs, 90 meters in 0.3 µs, and so on, as far as the line reaches.
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The current does not exist all along the wires; it is only present at the point that the pulse has reached in its travel. At this point it is present in both wires, with the electrons moving in one direction in one wire and in the other direction in the other wire. If the line is infinitely long and has no resistance (or other cause of energy loss), the pulse will travel undiminished forever.

By extending the example of Figure 23.2, it is not hard to see that if, instead of one pulse, a whole series of them were started on the line at equal time intervals, the pulses would travel along the line with the same time and distance spacing between them, each pulse independent of the others. In fact, each pulse could even have a different amplitude if the battery voltage were varied between pulses. Furthermore, the pulses could be so closely spaced that they touched each other, in which case current would be present everywhere along the line simultaneously.

It follows from this that an alternating voltage applied to the line would give rise to the sort of current flow shown in Figure 23.3. If the frequency of the ac voltage is 10,000,000 hertz or 10 MHz, each cycle occupies 0.1 ms, so a complete cycle of current will be present along each 30 meters of line. This is a distance of one wavelength. Any currents at points B and D on the two conductors occur one cycle later in time than the currents at A and C. Put another way, the currents initiated at A and C do not appear at B and D, one wavelength away, until the applied voltage has gone through a complete cycle.
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Because the applied voltage is always changing, the currents at A and C change in proportion. The current a short distance away from A and C — for instance, at X and Y — is not the same as the current at A and C. This is because the current at X and Y was caused by a value of voltage that occurred slightly earlier in the cycle. This situation holds true all along the line; at any instant the current anywhere along the line from A to B and C to D is different from the current at any other point on that section of the line.

The remaining series of drawings in Figure 23.3 shows how the instantaneous currents might be distributed if we could take snapshots of them at intervals of 1⁄4 cycle. The current travels out from the input end of the line in waves. At any given point on the line, the current goes through its complete range of ac values in one cycle, just as it does at the input end. Therefore (if there are no losses) an ammeter inserted in either conductor reads exactly the same current at any point along the line, because the ammeter averages the current over a whole cycle. (The phases of the currents at any two separate points are different, but the ammeter cannot show phase.)

23.1.2 Velocity of Propagation

In the example above it was assumed that energy travels along the line at the velocity of light. The actual velocity is very close to that of light only in lines in which the insulation between conductors is air. The presence of dielectrics other than air reduces the velocity.

Current flows at the speed of light only in a vacuum, although the speed in air is close to that in a vacuum. Therefore, the time required for a signal of a given frequency to travel down a length of practical transmission line is longer than the time required for the same signal to travel the same distance in free space. Because of this propagation delay, 360° of a given wave exists in a physically shorter distance on a given transmission line than in free space. The exact delay for a given transmission line is a function of the properties of the line, mainly the dielectric constant of the insulating material between the conductors. This delay is expressed in terms of the speed of light (either as a percentage or a decimal fraction), and is referred to as velocity factor (VF). The velocity factor is related to the dielectric constant (ε) by
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The wavelength in a practical line is always shorter than the wavelength in free space, which has a dielectric constant ε = 1.0. Whenever reference is made to a line as being a half wavelength or quarter wavelength long (λ/2 or λ/4), it is understood that what is meant by this is the electrical length of the line. The physical length corresponding to an electrical wavelength on a given line is given by
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where

f = frequency in MHz

VF = velocity factor

Values of VF for several common types of lines are given later in this chapter. The actual VF of a given cable varies slightly from one production run or manufacturer to another, even though the cables may have exactly the same specifications.

As we shall see later, a quarter-wavelength line is frequently used as an impedance transformer, and so it is convenient to calculate the length of a quarter-wave line directly by
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It is important to note that Equation 1 is based on some simplifying assumptions about the cable and the frequency of use. The VF of any transmission line is not constant — it varies with frequency although a nominal VF is given in cable specifications. At the lowest audio frequencies, VF is quite a bit lower than the nominal value, rising rapidly throughout the audio spectrum and continuing to increase through the radio spectrum until it reaches a nearly constant value in the VHF range. It is this constant value that is computed by simple equations for VF that don’t take frequency into account. The nominal VF and other characteristics of many types of lines, both coax and twin lead, are shown in Table 23.1 later in this chapter. (Excerpted from Jim Brown, K9YC’s “A Ham's Guide to RFI, Ferrites, Baluns, and Audio Interfacing” at k9yc.com/publish.htm which has more information.)
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For most cables, VF at 2 MHz is typically 1-2% lower than the nominal value. In other words, an actual transmission line is 1-2% longer electrically than using the nominal value that the simplified equation for VF predicts. Because of this change, the physical length of a stub for the lower frequency bands will be 1-2% shorter than predicted from the specified value. Figure 23.4 illustrates the behavior of both VF and loss for a typical coaxial cable.
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Always measure the actual VF of cables at the frequency of use before calculating electrical lengths for stubs or other length-sensitive uses. This is generally not an issue at amateur frequencies (except for the 2200 meter band) but should be considered if coax or twisted-pair lines are used for software-defined radio applications at low frequencies. (See “Transmission Lines at Audio Frequencies and a Bit of History” by Jim Brown, K9YC, in the References and Bibliography.)

But Why 50 Ohms?
Coaxial cable burst on the scene as ham radio re-booted after World War II and the 50 Ω characteristic impedance of RG-8 became the de facto standard from then on. But why 50 Ω? The answer comes from Volume 9 of the MIT Radiation Lab Series, Microwave Transmission Circuits, by George L. Ragan, published in 1948. (web.mit.edu/klund/www/books/radlab.html) On page 147, after several pages deriving the optimum geometries, Ragan writes, “Obvious economy both in test equipment and in design work can be achieved if a single impedance can be chosen as a compromise standard. It has been found convenient to adopt 50 ohms as an impedance level offering a satisfactory compromise.” His Table 4.2 shows the relative loss and power-handling capability loss of 50 Ω air- and polyethylene-insulated lines. The latter achieves better than 50% of the optimum value based either on wavelength or outer conductor size, including 100% of the optimum attenuation. Thus, 50 Ω was selected based on available types and sizes of materials to give good (but mostly not best) performance for both power and loss. (Thanks to Gene Pentecost, W4IMT, for researching this question.)


23.1.3 Characteristic Impedance

A perfectly lossless transmission line may be represented by a whole series of small inductors and capacitors connected in an infinitely long line, as shown in Figure 23.4A. (We first consider this special case because we need not consider how the line is terminated at its end, since there is no end.)

Each inductor in Figure 23.4A represents the inductance of a very short section of one wire and each capacitor represents the capacitance between two such short sections. The inductance and capacitance values per unit of line depend on the size of the conductors and the spacing between them. Each series inductor acts to limit the rate at which current can charge the following shunt capacitor, and in so doing establishes a very important property of a transmission line: its surge impedance, more commonly known as its characteristic impedance. This is usually abbreviated as Z0,
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where L and C are the inductance and capacitance per unit length of line. The characteristic impedance of an air-insulated parallel-conductor line, neglecting the effect of the insulating spacers, is given by (3B)
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where

Z0 = characteristic impedance

S = center to center distance between the conductors

d = diameter of conductors in the same units as S

When S[image: ]d, the approximation Z0 = 276 log10 (2S/d) may be used but for S < 2d gives values that are significantly higher than the correct value, such as is often the case when wires are twisted together to form a transmission line for impedance transformers.

The characteristic impedance of an air-insulated coaxial line is given by (3C)
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where

Z0 = characteristic impedance

b = inside diameter of outer conductors

a = outside diameter of inner conductor (in same units as b).

It does not matter what units are used for S, d, a or b, as long as they are the same units. A line with closely spaced, large conductors will have a low characteristic impedance, while one with widely spaced, small conductors will have a relatively high characteristic impedance. Practical open-wire lines exhibit characteristic impedances ranging from about 200 to 800 W, while coax cables have Z0 values between 25 to 100 W. Except in special instances, coax used in Amateur Radio has an impedance of 50 or 75 W.

All practical transmission lines exhibit some power loss. These losses occur in the resistance that is inherent in the conductors that make up the line, and from leakage currents flowing in the dielectric material between the conductors. We’ll next consider what happens when a real transmission line, which is not infinitely long, is terminated in an actual load impedance, such as an antenna.

It should be noted that Z0 also varies with frequency and below VHF is complex — thatis, not a pure resistance, and is slightly capacitive. The TLW program (Transmission Line for Windows by N6BV), included in this book's online material, provides Z0 data for most commonly used cables, and can plot voltage and current along the line. These plots clearly show standing waves on a line at 2 MHz when the termination is only resistive. The mismatch is small and the effect on attenuation is insignificant, but it clearly shows up in carefully made measurements of long cable lengths over a range of frequencies as a small ripple in attenuation values.

The simplified calculations given in this section make simplifying assumptions about conductor and insulation characteristics that give useful values at MF through low VHF. At lower and higher frequencies the actual values become significantly different.

23.1.4 Terminated Lines

The value of the characteristic impedance is equal to [image: ] in a perfect line — that is, one in which the conductors have no resistance and there is no leakage between them — where L and C are the inductance and capacitance, respectively, per unit length of line. The inductance decreases with increasing conductor diameter, and the capacitance decreases with increasing spacing between the conductors. Hence a line with closely spaced large conductors has relatively low characteristic impedance, while one with widely spaced thin conductors has high impedance. Practical values of Z0 for parallel-conductor lines range from about 200 to 800 Ω. Typical coaxial lines have characteristic impedances from 30 to 100 Ω. Physical constraints on practical wire diameters and spacings limit Z0 values to these ranges.

In the earlier discussion of current traveling along a transmission line, we assumed that the line was infinitely long. Practical lines have a definite length, and they are terminated in a load at the output or load end (the end to which the power is delivered). In Figure 23.5, if the load is a pure resistance of a value equal to the characteristic impedance of a perfect, lossless line, the current traveling along the line to the load finds that the load simply “looks like” more transmission line of the same characteristic impedance.
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The reason for this can be more easily understood by considering it from another viewpoint. Along a transmission line, power is transferred successively from one elementary section in Figure 23.4 to the next. When the line is infinitely long, this power transfer goes on in one direction — away from the source of power.

From the standpoint of Section B, Figure 23.4, for instance, the power transferred to section C has simply disappeared in C. As far as section B is concerned, it makes no difference whether C has absorbed the power itself or has transferred it along to more transmission line. Consequently, if we substitute a load for section C that has the same electrical characteristics as the transmission line, section B will transfer power into it just as if it were more transmission line. A pure resistance equal to the characteristic impedance of C, which is also the characteristic impedance of the line, meets this condition. It absorbs all the power just as the infinitely long line absorbs all the power transferred by section B.

Matched Lines

A line terminated in a load equal to the complex characteristic line impedance is said to be matched. In a matched transmission line, power is transferred outward along the line from the source until it reaches the load, where it is completely absorbed. Thus with either the infinitely long line or its matched counterpart, the impedance presented to the source of power (the line-input impedance) is the same regardless of the line length. It is simply equal to the characteristic impedance of the line. The current in such a line is equal to the applied voltage divided by the characteristic impedance, and the power put into it is E2/Z0 or I2Z0, by Ohm’s law.

Mismatched Lines

Now take the case where the terminating load is not equal to Z0, as in Figure 23.6. The load no longer looks like more line to the section of line immediately adjacent. Such a line is said to be mismatched. The more the load impedance differs from Z0, the greater the mismatch. The power reaching the load is not totally absorbed, as it was when the load was equal to Z0, because the load requires a voltage to current ratio that is different from the one traveling along the line. The result is that the load absorbs only part of the power reaching it (the incident power); the remainder acts as though it had bounced off a wall and starts back along the line toward the source. This is known as reflected power, and the greater the mismatch, the larger the percentage of the incident power that is reflected. In the extreme case where the load is zero (a short circuit) or infinity (an open circuit), all of the power reaching the end of the line is reflected back toward the source.
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Whenever there is a mismatch, power is transferred in both directions along the line. The voltage to current ratio is the same for the reflected power as for the incident power, because this ratio is determined by the Z0 of the line. The voltage and current travel along the line in both directions in the same wave motion shown in Figure 23.3. If the source of power is an ac generator, the incident (outgoing) voltage and the reflected (returning) voltage are simultaneously present all along the line. The actual voltage at any point along the line is the vector sum of the two components, taking into account the phases of each component. The same is true of the current.

The effect of the incident and reflected components on the behavior of the line can be understood more readily by considering first the two limiting cases — the short-circuited line and the open-circuited line. If the line is short-circuited as in Figure 23.6B, the voltage at the end must be zero. Thus the incident voltage must disappear suddenly at the short. It can do this only if the reflected voltage is opposite in phase and of the same amplitude. This is shown by the vectors in Figure 23.7. The current, however, does not disappear in the short circuit. In fact, the incident current flows through the short and in addition, there is the reflected component in phase of the same amplitude as the incident current.
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Voltage and Current Vectors
The vector arrows in Figures 23.7 and 23.8 are used to illustrate how incident and reflected voltage and current combine. The length of the vector from its head (dot) to the end (arrowhead) represent the amplitude of the voltage or current. The direction of the vector represents phase with 0 degrees being straight up and 180 degrees being straight down. For more information on vectors, phasors, and other math topics, see the entry for "Radio Mathematics" online at arrl.org/arrl-antenna-book-reference.
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The reflected voltage and current must have the same amplitudes as the incident voltage and current, because no power is dissipated in the short circuit; all the power starts back toward the source. Reversing the phase of either the current or voltage (but not both) reverses the direction of power flow. In the short-circuited case the phase of the voltage is reversed on reflection, but the phase of the current is not.

If the line is open-circuited (Figure 23.6C) the current must be zero at the end of the line. In this case the reflected current is 180° out of phase with the incident current and has the same amplitude. By reasoning similar to that used in the short-circuited case, the reflected voltage must be in phase with the incident voltage, and must have the same amplitude. Vectors for the open-circuited case are shown in Figure 23.8.

Where there is a finite value of resistance (or a combination of resistance and reactance) at the end of the line, as in Figure 23.6A, only part of the power reaching the end of the line is reflected. That is, the reflected voltage and current are smaller than the incident voltage and current. If R is less than Z0, the reflected and incident voltage are 180° out of phase, just as in the case of the short-circuited line, but the amplitudes are not equal because all of the voltage does not disappear at R. Similarly, if R is greater than Z0, the reflected and incident currents are 180° out of phase (as they were in the open-circuited line), but all of the current does not appear in R. The amplitudes of the two components are therefore not equal. These two cases are shown in Figure 23.9. Note that the resultant current and voltage are in phase in R, because R is a pure resistance.
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Non-Resistive Terminations

In most of the preceding discussions, we considered loads containing only resistance. Furthermore, our transmission line was considered to be lossless. Such a resistive load will consume some, if not all, of the power that has been transferred along the line. However, a non-resistive load such as a pure reactance can also terminate a length of line. Such terminations, of course, will consume no power, but will reflect all of the energy arriving at the end of the line. In this case the theoretical SWR (covered later) in the line will be infinite, but in practice, losses in the line will limit the SWR to some finite value at line positions back toward the source.

At first you might think there is little or no point in terminating a line with a non-resistive load. In a later section we shall examine this in more detail, but the value of input impedance depends on the value of the load impedance, on the length of the line, the losses in a practical line, and on the characteristic impedance of the line. There are times when a line terminated in a non-resistive load can be used to advantage, such as in phasing or matching applications. Remote switching of reactive terminations on sections of line can be used to reverse the beam heading of an antenna array, for example. The point of this brief discussion is that a line need not always be terminated in a load that will consume power.

23.2 Practical Transmission Lines

Transmission lines consisting of two parallel conductors as in Figure 23.10, parts E, F, and G are called open- or parallel-wire lines, parallel-conductor lines or two-wire lines. The specific styles shown here are called twin-lead (E), ladder line (F), and window line (G). Current flowing on one conductor is balanced by an equal-and-opposite current flowing on the other conductor. In almost all cases, both conductors have an equal impedance to the system’s ground reference and so these are referred to as balanced lines.
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A second general type of line construction called coaxial cable or coax (pronounced “KOH-ax”) or concentric line is shown in Figures 23.10A, B, C, and D. In coax, one of the conductors is tube-shaped and encloses the other conductor. Current flowing on the inner conductor is balanced by an equal current flowing in the opposite direction on the inside surface of the outer conductor. Because of skin effect, the current on the inner surface of the outer conductor does not penetrate far enough to appear on the outside surface. In fact, the total electromagnetic field outside the coaxial line (as a result of currents flowing on the conductors inside) is always zero, because the outer conductor acts as a shield at radio frequencies, reducing radiation from coax to nearly zero. The separation between the inner conductor and the outer conductor is therefore unimportant from the standpoint of reducing radiation. (This is not true at very low frequencies where the skin depth is greater than the shield thickness and at microwave frequencies where openings in the braided shield of flexible coax becomes significant with respect to a wavelength.)

A third general type of transmission line is the waveguide which is not shown here. Waveguides are discussed in the chapter VHF, UHF, and Microwave Antenna Systems.

The equations presented in the preceding and following sections make some simplifying assumptions, particularly concerning loss and the complex characteristics impedance and propagation constant. A fully general treatment is provided in the paper “Voltage, Current, Power, and Loss Equations for General Transmission Lines” by Steve Stearns, K6OIK, which is included in the online material.

Common-Mode and Differential-Mode Current

It is important to recognize the two types of currents that may flow in and on transmission lines: differential-mode (DM) and common-mode (CM). Figure 23.11 shows DM and CM current for typical unshielded paired conductors at A and a coaxial line at B.
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DM signals are what we often think of as “balanced” in that the signal consists of identical currents flowing in opposite directions along two closely-matched paths, neither of which is connected directly to ground or a grounded enclosure. CM signals flow equally on all conductors of a multi-conductor cable or on the common (shield) conductor of a coaxial or shielded cable.

Taking a close look at Figure 23.11B, you can see that a single cable can support both DM and CM signals at the same time. In fact, at RF the outside of a braided or foil shield is electrically independent from the inside because the skin effect restricts ac current flow to the exterior surfaces of a conductor. At frequencies above 1 MHz, current penetrates copper or aluminum less than 0.1 mm.

CM current is often caused by the conductors acting as an antenna and picking up a transmitted signal. It can also result from signals being present on a ground conductor or enclosure or the signal can leak from an enclosure. As discussed in the next section, CM current can be converted to a DM signal by the cable’s transfer impedance. CM current also radiates a signal just as current on an antenna does.

Every practical line will have some inherent loss, partly because of the resistance of the conductors, partly because power is consumed in the dielectric used for insulating the conductors, and partly because in many cases a small amount of power escapes from the line by radiation.

Line Radiation and Transfer Impedance

At RF, every conductor that has appreciable length compared with the wavelength in use radiates power — every conductor is an antenna. Special care must be used, therefore, to minimize radiation from the conductors used in RF transmission lines. Without such care, the power radiated by the line may be much larger than that which is lost in the resistance of conductors and dielectrics (insulating materials). Power loss in resistance is inescapable, at least to a degree, but loss by radiation is largely avoidable.

Radiation loss from differential-mode signals carried by transmission lines can be prevented by using two conductors arranged and operated so the electromagnetic field from one is balanced everywhere by an equal and opposite field from the other. In such a case, the resultant field is zero everywhere in space — there is no radiation from the line. This requires that the spacing between the conductors making up the line be very small compared with the wavelength of the energy flowing in the line. Through the UHF range, the transmission lines used by amateurs satisfy this requirement with plenty of margin and line radiation is not significant.

Figure 23.3 shows two parallel conductors having currents I1 and I2 flowing in opposite directions. If the current I1 at point Y on the upper conductor has the same amplitude as the current I2 at the corresponding point X on the lower conductor, the fields set up by the two currents are equal in magnitude. Because the two currents are flowing in opposite directions, the field from I1 at Y is 180° out of phase with the field from I2 at X. However, it takes a measurable interval of time for the field from X to travel to Y.

If I1 and I2 are alternating currents, the phase of the field from I1 at Y changes in such a time interval, so at the instant the field from X reaches Y, the two fields at Y are not exactly 180° out of phase. The two fields are exactly 180° out of phase at every point in space only when the two conductors occupy the same space — an obviously impossible condition if they are to remain separate conductors.

The best that can be done is to make the two fields cancel each other as completely as possible. This can be achieved by keeping the distance d between the two conductors small enough so the time interval during which the field from X is moving to Y is a very small part of a cycle. When this is the case, the phase difference between the two fields at any given point is so close to 180° that cancellation is nearly complete.

Practical values of d (the separation between the two conductors) are determined by the physical limitations of line construction. A separation that meets the condition of being “very small” at one frequency may be quite large at another. For example, if d is 6 inches, the phase difference between the two fields at Y is only a fraction of a degree if the frequency is 3.5 MHz. This is because a distance of 6 inches is such a small fraction of a wavelength (1 λ = 281 feet) at 3.5 MHz. But at 144 MHz, the phase difference is 26°, and at 420 MHz, it is 77°. In neither of these cases could the two fields be considered to “cancel” each other. Conductor separation must be very small in comparison with the wavelength used; it should never exceed 1% of the wavelength, and smaller separations are desirable.

Common-mode current flowing on the outside of a coaxial line’s shield can also create differential-mode signals inside the line due to transfer impedance. (See the referenced entry for Jim Brown, K9YC on “A Ham’s Guide to RFI, Ferrites, Baluns, and Audio Interfacing” and by Brown and Bill Whitlock on “Common-Mode to Differential-Mode Conversion in Shielded Twisted-Pair Cables (Shield-Current-Induced Noise)”.) From Brown’s paper, transfer impedance is defined as ratio of the differential voltage induced inside the cable to common-mode current on the shield. Its units are ohms, a low value is better, and the lower limit is the resistance of the shield at the frequency of interest. The overall quality, percent coverage, and uniformity of the shield also contribute to the transfer impedance — a less dense braid or a shield with poor uniformity raise the transfer impedance, causing more noise to couple by this method. Transfer impedance varies with frequency and its effect is significant below a few MHz, particularly for inexpensive audio cables used in consumer equipment.

23.2.1 Attenuation

Matched-Line Losses

The most important causes of transmission line loss for amateurs are conductor and dielectric losses. Power lost in a transmission line is not directly proportional to the line length, but varies logarithmically with the length. That is, if 10% of the input power is lost in a section of line of certain length, 10% of the remaining power will be lost in the next section of the same length, and so on. For this reason it is customary to express line losses in terms of decibels per unit length, since the decibel is a unit of logarithmic ratios. Calculations are very simple because the total loss in a line is found by multiplying the decibel loss per unit length by the total length of the line.

The power lost in a matched line (that is, where the load is equal to the characteristic impedance of the line) is called matched-line loss. Matched-line loss is usually expressed in decibels per 100 feet. It is necessary to specify the frequency for which the loss applies, because the loss does vary with frequency.

Conductor and dielectric loss both increase as the operating frequency is increased, but not in the same way. This, together with the fact that the relative amount of each type of loss depends on the actual construction of the line, makes it impossible to give a specific relationship between loss and frequency that will apply to all types of lines.

One relationship that does apply is that for lines made of the same materials (for example, copper and solid polyethylene) higher impedance lines will have lower losses. This is because the current is lower in a higher impedance line, reducing resistive (I2R) losses.

In practice, when selecting a feed line, each type of line must be considered individually. Actual loss values for practical lines are given in a later section of this chapter along with a discussion of how to select a feed line.

One effect of matched-line loss in a real transmission line is that the characteristic impedance, Z0, becomes complex, with a non-zero reactive component X0. Thus,
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where
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the matched-line attenuation, in nepers per unit length. (Nepers are a unitless non-logarithmic radio and 1 neper = 8.686 dB.)

[image: ], the phase constant in radians/unit length.

The reactive portion of the complex characteristic impedance is always capacitive (that is, its sign is negative) and the value of X0 is usually small compared to the resistive portion R0.

23.2.2 Reflection Coefficient

The ratio of the reflected voltage at a given point on a transmission line to the incident voltage is called the voltage reflection coefficient. The voltage reflection coefficient is also equal to the ratio of the incident and reflected currents. Thus
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where

ρ = reflection coefficient

Er = reflected voltage

Ef = forward (incident) voltage

Ir = reflected current

If = forward (incident) current

The reflection coefficient is determined by the relationship between the line Z0 and the actual load at the terminated end of the line. In most cases, the actual load is not entirely resistive — that is, the load is a complex impedance, consisting of a resistance in series with a reactance, as is the complex characteristic impedance of the transmission line.

The reflection coefficient is thus a complex quantity, having both amplitude and phase, and is generally designated by the Greek letter ρ (rho), or sometimes as Γ (Gamma). The relationship between Ra (the load resistance), Xa (the load reactance), Z0 (the complex line characteristic impedance, whose real part is R0 and whose reactive part is X0) and the complex reflection coefficient ρ is

Coaxial Feed Line Loss Coefficients
High-precision calculations of loss in coaxial feed lines require three constants, K0, K1, and K2, which are specified by manufacturers for each type of cable. You may encounter these coefficients in online calculators and other tools for determining feed line characteristics, loss, and so on.
• K0 is associated with the dc resistance of the conductors and does not vary with frequency.
• K1 is associated with the skin effect of the conductors which varies in proportion to the square root of frequency.
• K2 is associated with the dielectric loss which varies directly with frequency.
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For high-quality, low-loss transmission lines at low frequencies, the characteristic impedance Z0 is almost completely resistive, meaning that Z0 ≅ R0 and X0 ≅ 0. The magnitude of the complex reflection coefficient in Eq 6 then simplifies to:
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For example, if the characteristic impedance of a coaxial line at a low operating frequency is 50 Ω and the load impedance is 120 Ω in series with a capacitive reactance of –90 Ω, the magnitude of the reflection coefficient is
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Note that the vertical bars on each side of ρ mean the magnitude of rho. If Ra in Eq 7 is equal to R0 and if Xa is 0, the reflection coefficient, ρ, also is 0. This represents a matched condition, where all the energy in the incident wave is transferred to the load. On the other hand, if Ra is 0, meaning that the load has no real resistive part, the reflection coefficient is 1.0, regardless of the value of R0. This means that all the forward power is reflected, since the load is completely reactive. As we shall see later on, the concept of reflection coefficient is a very useful one to evaluate the impedance seen looking into the input of a mismatched transmission line.

Another representation of the reflection coefficient concept is the return loss, which is the reflection coefficient expressed in dB.
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For example, a reflection coefficient of 0.593 is a return loss of –20 log (0.593) = 4.5 dB. (Note that some texts express return loss as negative numbers, but most define it as positive.)

23.2.3 Standing Waves

As might be expected, reflection cannot occur at the load without some effect on the voltages and currents all along the line. To keep things simple for a while longer, let us continue to consider only resistive loads, without any reactance. The conclusions we shall reach are valid for transmission lines terminated in complex impedances as well.

The effects are most simply shown by vector diagrams. Figure 23.12 is an example where the terminating resistance R is less than Z0. The voltage and current vectors at R are shown in the reference position; they correspond with the vectors in Figure 23.9A, turned 90°. Back along the line from R toward the power source, the incident vectors, E1 and I1, lead the vectors at the load according to their position along the line measured in electrical degrees. (The corresponding distances in fractions of a wavelength are also shown.) The vectors representing reflected voltage and current, E2 and I2, successively lag the same vectors at the load.
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This lag is the natural consequence of the direction in which the incident and reflected components are traveling, together with the fact that it takes time for power to be transferred along the line. The resultant voltage E and current I at each of these positions is shown as a dotted arrow. Although the incident and reflected components maintain their respective amplitudes (the reflected component is shown at half the incident-component amplitude in this drawing), their phase relationships vary with position along the line. The phase shift causes both the amplitude and phase of the resultants to vary with position on the line.

If the amplitude variations (disregarding phase) of the resultant voltage and current are plotted against position along the line, graphs like those of Figure 23.13A will result. If we could go along the line with a voltmeter and ammeter measuring the current and voltage at each point, plotting the collected data would give curves like these. In contrast, if the load matched the Z0 of the line, similar measurements along the line would show that the voltage is the same everywhere (and similarly for the current). The mismatch between load and line is responsible for the variations in amplitude which, because of their stationary, wave-like appearance, are called standing waves.
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Visualizing Transmission Line Action
Equations and vector diagrams can be hard to imagine as actual waves so it is very helpful to have a visual presentation of what’s actually going on “in there.” Although old, the video “Similarities in Wave Behavior” uses a simple counter-top apparatus, the Shive Wave Machine, to show basic transmission line mechanics. Concepts such as reflection, absorption, and SWR, are illustrated using a minimum of simple math. You can find it on the YouTube AT&T Archives channel at youtube.com/@ATTTechChannel. To demonstrate waves and fields in coaxial lines and waveguides see the paper “Visualizing Microwaves” by Paul Wade, W1GHZ, that is included in the online material. It shows how to set up simple demonstrations of waves in transmission lines. Finally, Lecher lines (an open-wire feed line used for measurements) can also be used to demonstrate wave behavior in transmission lines at UHF using simple equipment. (hackaday.com/2017/02/07/using-a-lecher-line-to-measure-high-frequency)


Some general conclusions can be drawn from inspection of the standing-wave curves: At a position 180° (λ/2) from the load, the voltage and current have the same values they do at the load. At a position 90° from the load, the voltage and current are “inverted.” That is, if the voltage is lowest and current highest at the load (when R is less than Z0), then 90° from the load the voltage reaches its highest value. The current reaches its lowest value at the same point. In the case where R is greater than Z0, so the voltage is highest and the current lowest at the load, the voltage is lowest and the current is highest 90° from the load.

Note that the conditions at the 90° point also exist at the 270° point (3λ/4). If the graph were continued on toward the source of power it would be found that this duplication occurs at every point that is an odd multiple of 90º (odd multiple of λ/4) from the load. Similarly, the voltage and current are the same at every point that is a multiple of 180° (any multiple of λ/2) away from the load.

Standing-Wave Ratio

The ratio of the maximum voltage (resulting from the interaction of incident and reflected voltages along the line) to the minimum voltage — that is, the ratio of Emax to Emin in Figure 23.13A, is defined as the voltage standing-wave ratio (VSWR) or simply standing-wave ratio (SWR).
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The ratio of the maximum current to the minimum current is the same as the VSWR, so either current or voltage can be measured to determine the standing-wave ratio. The standing-wave ratio is an index of many of the properties of a mismatched line. It can be measured with fairly simple equipment, so it is a convenient quantity to use in making calculations on line performance.

The SWR is related to the magnitude of the complex reflection coefficient by
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and conversely the reflection coefficient magnitude may be defined from a measurement of SWR as
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We may also express the reflection coefficient in terms of forward and reflected power, quantities which can be easily measured using a directional RF wattmeter. The reflection coefficient may be computed as
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where

Pr = power in the reflected wave

Pf = power in the forward wave.

From Eq 11, SWR is related to the forward and reflected power by
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Figure 23.14 converts Eq 13 into a convenient nomograph. In the simple case where the load contains no reactance, the SWR is numerically equal to the ratio between the load resistance R and the characteristic impedance of the line. When R is greater than Z0,
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When R is less than Z0,
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(The smaller quantity is always used in the denominator of the fraction so the ratio will be a number greater than 1).

It is important to note that in a lossless transmission line, SWR does not change with length of the line or along the line. While the values of voltage and current do change along the line, the ratio of their maximum and minimum values does not. The value of SWR shown by typical amateur SWR measuring instruments may change with line length but that can result from a number of causes; inaccuracy of the voltage or current sensing circuits, common-mode current on the outside of a coaxial feed line shield, and signals from a nearby transmitter upsetting the voltage or current measurement being the most common reasons.

Flat Lines

As discussed earlier, all the power that is transferred along a transmission line is absorbed in the load if that load is a resistance value equal to the Z0 of the line. In this case, the line is said to be perfectly matched. None of the power is reflected back toward the source. As a result, no standing waves of current or voltage will be developed along the line. For a line operating in this condition, the waveforms drawn in Figure 23.13A become straight lines, representing the voltage and current delivered by the source. The voltage along the line is constant, so the minimum value is the same as the maximum value. The voltage standing-wave ratio is therefore 1:1. Because a plot of the voltage standing wave is a straight line, the matched line is also said to be flat.

23.2.4 Additional Power Loss Due to SWR

The power lost in a given line is least when the line is terminated in a resistance equal to its characteristic impedance, and as stated previously, that is called the matched-line loss. There is however an additional loss that increases with an increase in the SWR. (Modern transmitters will also reduce output power to protect the solid-state output devices from the higher voltages and currents caused by elevated SWR but this is not power lost in the feed line.)

SWR and Resonance
It is a common misunderstanding that for a transmission line connected to an antenna, minimum SWR occurs when the antenna is resonant. In a general sense, this is not true — minimum SWR occurs when the magnitude of the load’s reflection coefficient, |ρ|, is at a minimum (see Eq 7). Viewing the load impedance on a Smith chart as in Figure 23.A, the value of |ρ| is represented by the distance from the origin (center) to the point representing the load impedance. (The Smith chart is explored in the PDF supplement, “The Smith Chart” and the RSGB Radcom article, “Demystifying the Smith Chart or How to train your antenna” by Michael Tola, K3MT, that are included in the online material.)
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As the frequency changes, the impedance of an antenna changes. The example in Figure 23.A shows points A, B and C — three plausible load impedances for an antenna at different frequencies. Point O is the origin. The antenna is resonant at both A and C since the points are on the X=0 line through the middle of the chart. At point A the impedance is 0.2 + j0 or 10 Ω in a 50-Ω system and C represents 4.0 + j0 Ω or 200 Ω. The magnitude of ρ at A is 0.67 and the SWR = 5:1. The magnitude of ρ at C is 0.6 and the SWR = 4:1. Point B represents the normalized load impedance 0.8 + j0.8, which is 40 + j40 Ω in a 50-Ω system. The magnitude of ρ at B is 0.42 and the SWR = 2.44. Even though the load impedance at B is reactive (nonresonant) the SWR is lower than at either of the two resonant points at A and C.


Additional loss in the line occurs because the effective values of both current and voltage become greater on lines with standing waves. The increase in effective current raises the ohmic losses (I2R) in the conductors, and the increase in effective voltage increases the losses in the dielectric (E2/R). (The nature of feed line loss is discussed at length in Reflections by W2DU — see the referenced entries for M. W. Maxwell.)

The increased loss caused by an SWR greater than 1:1 may or may not be serious. If the SWR at the load is not greater than 2:1, the additional loss caused by the standing waves, as compared with the loss when the line is perfectly matched, does not amount to more than about 1⁄2 dB, even on very long lines. One-half dB is an undetectable change in signal strength. Therefore, it can be said that, from a practical standpoint in the HF bands, an SWR of 2:1 or less is every bit as good as a perfect match, so far as additional losses due to SWR are concerned.

As is illustrated by the examples of a 100-foot-long doublet and a 66-foot-long Inverted V at the beginning of the chapter on Transmission Line System Techniques, both non-resonant antennas that are in widespread use on HF, the impedance mismatch and SWR can be quite high. In such cases, losses in even modest lengths of feed line can be unacceptably high. (See the online article “Multiband Operation with Open-wire Line” by George Cutsogeorge, W2VJN, with this book’s online material.)

Above 30 MHz, in the VHF and especially the UHF range, where low receiver noise figures are essential for effective weak-signal work, matched-line losses for commonly available types of coax can be relatively high. This means that even a slight mismatch may become a concern regarding overall transmission line losses. At UHF one-half dB of additional loss may be considered intolerable!

The total loss in a line, including matched-line and the additional loss due to standing waves may be calculated from Eq 16 below for moderate levels of SWR (less than 20:1).
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	(16)


where

a = 10 0.1 ML = matched-line loss ratio

ML = the matched-line loss in dB for the particular length of line

|r| = the reflection coefficient at the load, calculated as in Eq 7

and reflected power is assumed to be re-reflected at the source. Thus, the additional loss caused by the standing waves is calculated from:

Additional Loss (dB) = Total Loss – ML (17)

For example, RG-213 coax at 14.2 MHz is rated at 0.795 dB of matched-line loss per 100 feet. A 150-foot length of RG-213 would have an overall matched-line loss of

(0.795/100) ×150 = 1.193 dB

Thus, if the SWR at the load end of the RG-213 is 4:1,
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and the total line loss
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The additional loss due to the SWR of 4:1 is 2.12 – 1.19 = 0.93 dB. Figure 23.15A is a graph of additional loss versus SWR. Figure 23.15B is a nomograph equivalent to Figure 23.15A. Figure 23.15C is an alternative graph that shows the fraction of input power actually delivered to the load for a given source SWR and line Matched Loss (ML).
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23.2.5 Line Voltages and Currents

It is often desirable to know the maximum voltages and currents that are developed in a line operating with standing waves. (We’ll cover the determination of the exact voltages and currents along a transmission line later.) The voltage maximum may be calculated from the equations below, and the other values determined from the result.

The following equation is the standard for calculating peak RMS voltage as a function of SWR at the load:
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where

Emax = voltage maximum along the line in the presence of standing waves

P = power delivered by the source to the line input in watts

Z0 = characteristic impedance of the line in ohms

SWR = SWR at the load

For example, if P = 100 W in a 50 Ω line with an SWR of 4:1,
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The value of Emax for an infinite SWR is twice the incident voltage according to this equation. Strictly speaking, this value of Emax only applies near the load in the case of lines with appreciable losses. However, the resultant values are the maximum possible that can exist along the line under normal circumstances. For this reason the value is useful as a rule-of-thumb in determining whether or not a particular line can operate safely with a given SWR. Voltage ratings for various cable types are given in a later section.

Figure 23.16 shows the peak ratio of current or voltage, in the presence of standing waves, to the current or voltage that would exist with the same power in a perfectly matched line. As with Eq 18 and related calculations, the curve literally applies only near the load.
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An alternate calculation applies if P is the net input power, which on a directional wattmeter equals Pfwd – Prefl, and none of the reflected power is absorbed by the source (such as a transmitter’s output stage) or by line loss. In such a case, power is continually “pumped” into the line. If the termination is infinite, such as for a short or open, power is only dissipated by line loss and voltage can become very high.
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An alternate equation provided by Bob Zavrel, W7SX, is:
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If Pfwd – Prefl = 100 W of power is applied to the same 50-Ω line with an SWR at the load of 4:1, using equation 18b the maximum voltage is:
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In practice, when SWR is very high, line losses and transmitter output amplifier protection circuitry limit the peak line voltage caused by standing waves to a lower value.

Regardless of which equation is used, from Eq 9, Emin, the minimum voltage along the line equals Emax/SWR. The maximum current may be found by using Ohm’s law. Imax = Emax/Z0. The minimum current equals Imax/SWR.

The voltages determined in the various forms of Eq 18 are RMS values — that is, the voltages that would be measured with an ordinary RF voltmeter. If voltage breakdown is a consideration, the value from Eq 18 should be converted to an instantaneous peak voltage by multiplying by 1.414 and by 2.828 to find the instantaneous peak-to-peak voltage.

23.2.6 Input Impedance

The effects of incident and reflected voltage and current along a mismatched transmission line can be difficult to envision, particularly when the load at the end of the transmission line is not purely resistive, and when the line is not perfectly lossless.

If we can put aside for a moment all the complexities of reflections, SWR and line losses, a transmission line can simply be considered to be an impedance transformer. A certain value of load impedance, consisting of a resistance and reactance, at the end of a particular transmission line is transformed into another value of impedance at the input of the line. The amount of transformation is determined by the electrical length of the line, its characteristic impedance, and by the losses inherent in the line. The input impedance of a real, lossy transmission line is computed using the following equation, called the Transmission Line Equation, which uses the hyperbolic cosine and sine functions.
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where

Zin= complex impedance at input of line

ZL = complex load impedance at end of line = Ra ± j Xa

Z0 = characteristic impedance of line = R0 − j X0

 = physical length of line

γ = complex loss coefficient = α + j β

α = matched-line loss attenuation constant, in nepers/unit length (1 neper = 8.686 dB; cables are rated in dB/100 ft)

β = phase constant of line in radians/unit length (related to physical length of line  by the fact that 2π radians = one wavelength, and by Eq 2)

[image: ] for  in feet

VF = velocity factor

For example, assume that a half-wave dipole terminates a 50-foot long piece of RG-213 coax. This dipole is assumed to have an impedance of 43 + j 30 Ω at 7.15 MHz, and its velocity factor is 0.66. The matched-line loss at 7.15 MHz is 0.54 dB/100 feet, and the characteristic impedance Z0 for this type of cable at this frequency is 50 − j 0.45 Ω. Using Eq 19, we compute the impedance at the input of the line as 65.8 + j 32.0 Ω.

Solving this equation manually is quite tedious, but it may be solved using a traditional paper Smith chart or a computer program. (The PDF file “The Smith Chart” explains how to use the chart and is available with this book’s online material.) SimSmith by AE6TY (ae6ty.com/Smith_Charts.html) is available for free download and there are several on-line calculators available if you search for “smith chart calculator” on the Internet. TLW (Transmission Line for Windows) is an ARRL program that performs this transformation, but without Smith chart graphics. TLW is available with this book’s online material.

One caution should be noted when using any of these computational tools to calculate the impedance at the input of a mismatched transmission line — the velocity factor of practical transmission lines can vary significantly between manufacturing runs of the same type of cable. For highest accuracy, you should measure the velocity factor of a particular length of cable before using it to compute the impedance at the end of the cable. See the chapter Antenna and Transmission Line Measurements for details on measurements of line characteristics.

Input SWR and Line Loss

If the line is not perfectly matched to the load the loss in the line reduces the amount of reflected power that returns to the source end of the line. This makes SWR appear lower at the source (transmitter) end of the line than it is at the load (antenna) end of the line. The longer the line or the higher the loss, the more power is dissipated as heat and the lower the input SWR. In fact, a long (many wavelengths) lossy transmission line can be used as a dummy load at VHF and higher frequencies.

A nomograph is given in Figure 23.17 that relates load SWR, line attenuation, and load SWR. If you know any two of those three parameters, place a ruler between those two points and read the third from the intersection of the ruler with the scale for the unknown parameter.
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Series and Parallel Equivalent Circuits

Once the series-form impedance RS ± j XS at the input of a particular line has been determined, either by measurement or by computation, you may wish to determine the equivalent parallel circuit RP || ± j XP, which is equivalent to the series form only at a single frequency. (|| is an abbreviation for “in parallel with.”) The equivalent parallel circuit is often useful when designing a matching circuit (such as an antenna tuner, for example) to transform the impedance at the input of the cable to another impedance. The following equations are used to make the transformation from series to parallel and from parallel to series. See Figure 23.18.
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and
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The individual values in the parallel circuit are not the same as those in the series circuit (although the overall result is the same, but only at one frequency), but are related to the series-circuit values by these equations. For example, let us continue the example in the section above, where the impedance at the input of the 50 feet of RG-213 at 7.15 MHz is 65.8 + j 32.0 Ω. The equivalent parallel circuit at 7.15 MHz is
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If we were to put 100 W of power into this parallel equivalent circuit, the voltage across the parallel components would be
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Thus, the current through the inductive part of the parallel circuit would be
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Highly Reactive Loads

When highly reactive loads are used with practical transmission lines, especially coax lines, the overall loss can reach staggering levels. For example, a popular multiband antenna is a 100-foot long center-fed dipole located some 50 feet over average ground. At 1.83 MHz, such an antenna will exhibit a feed-point impedance of 4.5 − j 1673 Ω, according to the analysis program EZNEC. The high value of capacitive reactance indicates that the antenna is extremely short electrically — after all, a half-wave dipole at 1.83 MHz is almost 270 feet long, compared to this 100 foot long antenna. If an amateur attempts to feed such a multiband antenna directly with 100 feet of RG-213 50-Ω coaxial cable, the SWR at the antenna terminals would be (using the TLW program from this book’s online material) 1740:1. An SWR of more than 1700 to one is a very high level of SWR indeed! At 1.83 MHz the matched-line loss of 100 feet of the RG-213 coax by itself is only 0.26 dB. However, the total line loss due to this extreme level of SWR is 26 dB.

This means that if 100 W is fed into the input of this line, the amount of power at the antenna is reduced to only 0.25 W. Admittedly this is an extreme case. It is more likely that an amateur would feed such a multiband antenna with open-wire ladder or window line than coaxial cable. The matched-line loss characteristics for 450-Ω window open-wire line are far better than coax, but the SWR at the end of this line is still 793:1, resulting in an overall loss of 8.9 dB. Even for low-loss open-wire line, the total loss is significant because of the extreme SWR.

This means that only about 13% of the power from the transmitter is getting to the antenna, and although this is not very desirable, it is a lot better than the losses in coax cable feeding the same antenna. However, at a transmitter power level of 1500 W, the maximum voltage in a typical antenna tuner used to match this line impedance is almost 9200V with the open-wire line, a level which will certainly cause arcing or burning inside. (As a small compensation for all the loss in coax under this extreme condition, so much power is lost that the voltages present in the antenna tuner are not excessive.) Keep in mind also that an antenna tuner can lose significant power in internal losses for very high impedance levels, even if it has sufficient range to match such impedances in the first place.

Clearly, it would be far better to use a longer antenna at this 160 meter frequency. Another alternative would be to resonate a short antenna with loading coils (at the antenna). Either strategy would help avoid excessive feed line loss, even with low-loss line.

23.2.7 Special Cases

Beside the primary purpose of transporting power from one point to another, transmission lines have properties that are useful in a variety of ways. One such special case is a line an exact multiple of λ/4 (90°) long. As shown earlier, such a line will have a purely resistive input impedance when the termination is a pure resistance. Also, short-circuited or open-circuited lines can be used in place of conventional inductors and capacitors since such lines have an input impedance that is substantially a pure reactance when the line losses are low. (An alternate way of explaining the interesting behavior of transmission lines — “My Feedline Tunes My Antenna!” by Byron Goodman, W1DX — is included with this book’s online material. Originally published in 1956, this classic QST article is still useful today.)

The Half-Wavelength Line

When the line length is a multiple of 180° (that is, a multiple of λ/2), the input resistance is equal to the load resistance, regardless of the line Z0. As a matter of fact, a line an exact multiple of λ/2 in length (disregarding line losses) simply repeats, at its input or sending end, whatever impedance exists at its output or receiving end. It does not matter whether the impedance at the receiving end is resistive, reactive, or a combination of both. Sections of line having such length can be added or removed without changing any of the operating conditions, at least when the losses in the line itself are negligible.

Impedance Transformation with Quarter-Wave Lines

The input impedance of a line an odd multiple of λ/4 long is
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where Zi is the input impedance and ZL is the load impedance. If ZL is a pure resistance, Zi will also be a pure resistance. Rearranging this equation gives
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This means that if we have two values of impedance that we wish to “match,” we can do so if we connect them together by a λ/4 transmission line having a characteristic impedance equal to the square root of their product.

A λ/4 line is, in effect, a transformer, and in fact is often referred to as a quarter-wave transformer. It is frequently used as such in antenna work when it is desired, for example, to transform the impedance of an antenna to a new value that will match a given transmission line. This subject is considered in greater detail in the Transmission Line System Techniques chapter section “Quarter-Wave Transformers.”

Lines as Circuit Elements

Two types of non-resistive line terminations are quite useful — short and open circuits. The impedance of the short-circuit termination is 0 + j0, and the impedance of the open-circuit termination is infinite. Such terminations are used in stub matching as described in the Transmission Line System Techniques chapter. Applications of line sections as circuit elements in connection with antenna and transmission-line systems are discussed in later chapters.

An open- or short-circuited line does not deliver any power to a load, and for that reason is not, strictly speaking a “transmission” line. However, the fact that a line of the proper length has inductive reactance makes it possible to substitute the line for a coil in an ordinary circuit. Likewise, another line of appropriate length having capacitive reactance can be substituted for a capacitor.

Sections of lines used as circuit elements are usually λ/4 or shorter. The desired type of reactance (inductive or capacitive) or the desired type of resonance (series or parallel) is obtained by shorting or opening the far end of the line. The circuit equivalents of various types of line sections are shown in Figure 23.19. Longer lengths of line are not necessary since any value of impedance available from a particular type of feed line is attainable in λ/4 or less.
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When a line section is used as a reactance, the amount of reactance is determined by the characteristic impedance and the electrical length of the line. The type of reactance exhibited at the input terminals of a line of given length depends on whether it is open- or short-circuited at the far end.

The equivalent lumped value for any inductor or capacitor may be determined with the aid of the Smith chart or the Transmission Line Equation, Eq 19. Line losses may be taken into account if desired, as explained for Eq 19. In the case of a line having no losses, and to a close approximation when the losses are small, the inductive reactance of a short- circuited line less than λ/4 in length is

XL in Ω = Z0 tan  (24)

where  is the length of the line in electrical degrees and Z0 is the characteristic impedance of the line.

The capacitive reactance of an open-circuited line less than λ/4 in length is

XC in Ω = Z0 cot  (25)

Lengths of line that are exact multiples of λ/4 have the properties of resonant circuits. With an open-circuit termination, the input impedance of the line acts like a series-resonant circuit. With a short-circuit termination, the line input simulates a parallel-resonant circuit. The effective Q of such linear resonant circuits is very high if the line losses, both in resistance and by radiation, are kept down. This can be done without much difficulty, particularly in coaxial lines, if air insulation is used between the conductors. Air-insulated open-wire lines are likewise very good at frequencies for which the conductor spacing is very small in terms of wavelength.

23.2.8 Voltage and Current Along a Line

The voltage and current along a transmission line will vary in a predictable manner, whether that line is matched or mismatched at its load end. (The voltage and current along a matched line vary because of loss in the line.) Eq 26 below describes the voltage at point , while Eq 27 describes the current at point , each as a function of the voltage at the input of the line.
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where γ = complex loss coefficient used in Eq 19, and cosh and sinh are the hyperbolic cosine and sine functions. The load end of the transmission line is, by definition, at a length of .

A useful identity for working with the cosh-1 or acosh function encountered in transmission line calculations is:
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The inverse hyperbolic cosine (cosh) is sometimes accessed on calculators by using the INV (inverse) key before COSH.

The power at the input and the output of a transmission line may be calculated using Eq 28 and Eq 29 below.
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where Gin and Gload are the admittance at the input (the real part of 1/Zin) and the admittance at the load (the real part of 1/Zload) ends respectively of the line. Zin is calculated using Eq 19 for a length of .

The power loss in the transmission line in dB is:
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	(30)


23.2.9 Magnetic Fields and Twisted Pair Lines

(From K9YC’s tutorial, “A Ham’s Guide to RFI, Ferrites, Baluns, and Audio Interfacing” at k9yc.com/publish.htm.) A coaxial cable shield prevents electric field (capacitive) coupling, but it has little effect on magnetic fields (that is, inductive coupling). This is true at low frequencies because cable shields are not made of magnetic material. It is true at high frequencies because of imperfections in the shield that decrease the uniformity of current flow on the shield.

A transmission line does reject magnetic fields, but it does this by virtue of the mutual coupling between the conductors that causes the current and voltage induced in them by an external field to be equal and opposite, so they cancel at the input circuit to which the cable is connected. The degree of this equality depends on the coupling coefficient k, which is typically on the order of 0.7 for a closely spaced twisted pair. An ideal coaxial cable, however, has a coupling coefficient of 1 above the cutoff frequency of the shield (see below). So, the shield of a coaxial cable is not a magnetic shield, it is an electric shield. Magnetic noise rejection is the result of mutual coupling between the center conductor and the shield, not because of shielding.

Another important fact explains why coaxial cables don’t reject magnetically coupled low frequency hum and buzz. Cables don’t exhibit mutual coupling at frequencies where the resistance of the conductor is greater than its inductive reactance. The low frequency at which this transition occurs is called the shield cutoff frequency. For most cables, this is between about 1 kHz (coax with a heavy double copper braid shield) and 20 kHz (coax with a foil/drain shield).

Twisting works to reject noise from the magnetic field because it causes the voltage induced in the two conductors to be more nearly equal. It also reduces electric field coupling in balanced circuits. In general, the “tighter” the twist, the more equal the induced voltage will be to the highest frequency. That’s because any interfering field will vary with position based on the wavelength of the field.

To understand how twisting rejects magnetic noise, consider an interfering source such as a transformer with a two-conductor cable running past it. If the cable is not twisted, one conductor will be closer to the source, so more noise will be coupled to it than the other conductor. If the conductors are twisted, one conductor will be closer at one point along the cable, but one half twist further along the cable, the other conductor will be closer. The difference in spacing between the conductors may not sound like it should cause much difference in level, but if we need 100 dB of cancellation, the two voltages must be equal within .0001%, a very small margin of error. Balancing the noise voltage that is induced in each conductor keeps it a common-mode voltage and prevents it from becoming a differential-mode signal in the cable which would interfere with the desired signal.

For example, when using software to transform antenna measurements made in the station to the actual impedance at the feed point, the variability of VF must be applied to data for antennas for the lower bands (14 MHz and below). AC6LA’s free Zplots utility software (ac6la.com/zplots1.html) plots VF, Z0, and attenuation versus frequency from measurements of a known length of a transmission made with the far end open and again with the far end shorted.

Figure 23.20 is a plot of VF and attenuation computed by ZPlots from such measurements on a 176-foot length of RG-11 cable with a #14 AWG solid copper center conductor, a foam dielectric, and a copper braid shield. This behavior and general curve shape are typical of all transmission lines as predicted by fundamental transmission line equations. Exact values for each line will differ based on their physical dimensions and their dielectric.
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23.3 Feed Line Construction and Operating Characteristics

The two basic types of transmission lines, parallel conductor and coaxial, can be constructed in a variety of forms. Both types can be divided into two classes, (1) those in which the majority of the insulation between the conductors is air, where only the minimum of solid dielectric necessary for mechanical support is used, and (2) those in which the conductors are embedded in and separated by a solid dielectric. The first variety (air-insulated) has the lowest loss per unit length, because there is no power loss in dry air if the voltage between conductors is below the level at which corona forms. At the maximum power permitted for amateur transmitters, it is seldom necessary to consider corona unless the SWR on the line is very high.

Transmission lines in which the conductors are separated by a flexible dielectric have a number of advantages over the air-insulated type. They are less bulky, weigh less in comparable types and maintain more uniform spacing between conductors. They are also generally easier to install, and are neater in appearance. Both parallel conductor and coaxial lines are available with flexible insulation.

The chief disadvantage of such lines is that the power loss per unit length is greater than in air-insulated lines. Power is lost in heating of the dielectric, and if the heating is great enough (as it may be with high power and a high SWR) the line may break down mechanically and electrically.

23.3.1 Air-Insulated Lines

Figure 23.21 shows four different types of air-insulated transmission lines. The two-wire and coaxial lines are common in amateur use. The four-wire line is most common at high-power commercial and military installations. The single-wire line is useful in some types of point-to-point construction.
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The characteristic impedance of an air-insulated parallel conductor line, neglecting the effect of the spacers, is given by
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	(31A)


where

Z0 = characteristic impedance in ohms

ε = relative permittivity of insulating medium (1 for dry air)

S = center-to-center distance between conductors

d = outer diameter of conductor (in the same units as S)

An approximation that can be used when S >> d and ε=1 is:
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The error of the approximation becomes significant for S/d < 3.

For single-wire lines, similar formulas are used with the same caveat about errors for 2h/d < 3:
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Impedances for two-wire lines using common sizes of conductors over a range of spacings are given in Figure 23.22.
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At very close spacings, such as for the parallel-wire lines used for winding chokes and baluns, the exact formula should be used. Figure 23.23 shows the difference in calculated values for very close spacings.
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Four-Wire Lines

Another parallel conductor line that is useful in some applications is the four-wire line (Figure 23.21C). In cross section, the conductors of the four-wire line are at the corners of a square. Spacings are on the same order as those used in two-wire lines. The conductors at opposite corners of the square are connected to operate in parallel. This type of line has a lower characteristic impedance than the simple two-wire type. Also, because of the more symmetrical construction, it has better electrical balance to ground and other objects that are close to the line. The spacers for a four-wire line may be discs of insulating material, X-shaped members, etc.

Air-Insulated Coaxial Lines

In air-insulated coaxial lines (Figure 23.21D), a considerable proportion of the insulation between conductors may actually be a solid dielectric, because the separation between the inner and outer conductors must be constant. This is particularly likely to be true in small diameter lines. The inner conductor, usually a solid copper wire, is supported at the center of the copper tubing outer conductor by insulating beads or a helically wound strip of insulating material. The beads are usually a ceramic such as isolantite or Steatite, and the wire is generally crimped on each side of each bead to prevent the beads from sliding. The material of which the beads are made, and the number of beads per unit length of line, will affect the characteristic impedance of the line. The greater the number of beads in a given length, the lower the characteristic impedance compared with the value obtained with air insulation only. Teflon is ordinarily used as a helically wound support for the center conductor. A tighter helical winding lowers the characteristic impedance.

The presence of the solid dielectric also increases the losses in the line. On the whole, however, a coaxial line of this type tends to have lower actual loss, at frequencies up to about 100 MHz, than any other line construction, provided the air inside the line can be kept dry. This usually means that air-tight seals must be used at the ends of the line and at every joint. The characteristic impedance of an air-insulated coaxial line is given by
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	(32)


where

Z0 = characteristic impedance in ohms

D = inside diameter of outer conductor

d = outside diameter of inner conductor (in same units as D)

Values for typical conductor sizes are graphed in Figure 23.24. The equation and the graph for coaxial lines are approximately correct for lines in which bead spacers are used, provided the beads are not too closely spaced.
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23.3.2 Parallel-Conductor Lines

For common twin-lead (see Figure 23.10E) the conductors are stranded wire equivalent to #20 AWG in cross-sectional area, and are molded in the edges of a polyethylene ribbon about 1⁄2-inch wide that keeps the wires spaced a constant amount away from each other. The effective dielectric is partly solid and partly air, and the presence of the solid dielectric lowers the characteristic impedance of the line as compared with the same conductors in air. The resulting impedance is approximately 300 Ω. This type of feed line is most commonly used for TV and broadcast FM receiving antennas.

Because part of the field between the conductors exists outside the solid dielectric, dirt and moisture on the surface of the ribbon tend to change the characteristic impedance of the line. The operation of the line is therefore affected by weather conditions. The effect will not be very serious in a line terminated in its characteristic impedance, but if there is a considerable mismatch, a small change in Z0 may cause wide fluctuations of the input impedance. Weather effects can be minimized by cleaning the line occasionally and giving it a thin coating of a water repellent material such as silicone grease or car wax.

To overcome the effects of weather on the characteristic impedance and attenuation of ribbon type line, another type of twin-lead is made using an oval polyethylene tube with an air core or a foamed dielectric core. The conductors are molded diametrically opposite each other in the walls. This increases the leakage path across the dielectric surface. Also, much of the electric field between the conductors is in the hollow (or foam-filled) center of the tube. This type of line is fairly impervious to weather effects. Care should be used when installing it, however, so any moisture that condenses on the inside with changes in temperature and humidity can drain out at the bottom end of the tube and not be trapped in one section. This type of line is made in two conductor sizes (with different tube diameters), one for receiving applications and the other for transmitting.

Ladder line as shown in Figure 23.10F is one of the oldest forms of transmission lines used by amateur. Although once used nearly exclusively, such homemade lines are enjoying a renaissance of sorts because of their high efficiency and low cost. A typical construction technique is shown in Figure 23.25. The two wires are supported a fixed distance apart by means of insulating spacers. Spacers may be made from material such as polycarbonate, phenolic, polystyrene, or ABS plastics. Ceramic spacers such as isolantite or Steatite are also used and may be found on the surplus market or at flea markets. Several vendors also sell spacers designed specifically for building open-wire line. The spacer length varies from 2 to 6 inches. Smaller spacings are desirable at higher frequencies (28 MHz and above) so radiation from the transmission line is minimized.

[image: ]

Spacers must be used at small enough intervals along the line to keep the two wires from moving appreciably with respect to each other. For amateur purposes, lines using this construction ordinarily have #12 AWG or #14 AWG conductors (such as THHN wire used for house wiring and discussed in the chapter Antenna Materials and Construction), and the characteristic impedance is between 500 to 600 Ω.

Where an air-insulated line with still lower characteristic impedance is needed, metal tubing from 1⁄4 to 1⁄2-inch diameter is frequently used. With the larger conductor diameter and relatively close spacing, it is possible to build a line having a characteristic impedance as low as about 200 Ω. This construction technique is principally used for λ/4 matching transformers at the higher frequencies and for use with log-periodic dipole arrays having feed point impedances near 200 Ω.

A third type of commercial parallel-line is so-called window line, illustrated in Figure 23.10G. This is a variation of twin-lead construction, except that windows are cut in the polyethylene insulation at regular intervals. This reduces weight of the line, and also breaks up the amount of surface area where dirt, dust and moisture can accumulate. Such window line is commonly available with a nominal characteristic impedance of 450 Ω, although actual impedance varies from about 390 to 450 Ω. A conductor spacing of about 1 inch is used in the 450-Ω line with a conductor size of about #18 AWG. The impedances of such lines are somewhat lower than given by Figure 23.22 for the same conductor size and spacing, because of the effect of the dielectric constant of the spacer material used. The attenuation is quite low and lines of this type are entirely satisfactory for transmitting applications at amateur power levels.

23.3.3 Coaxial Cables

Coaxial cable is available in flexible and semi-flexible varieties. The fundamental design is the same in all types, as shown in Figure 23.10. The outer diameter varies from 0.06 inch to over 5 inches. Power handling capability and cable size are directly proportional, as larger dielectric thickness and larger conductor sizes can handle higher voltages and currents. Generally, losses decrease as cable diameter increases. The extent to which this is true is dependent on the properties of the insulating material.

Some coaxial cables have stranded wire center conductors while others use a solid copper conductor. Similarly, the outer conductor (shield) may be a single layer of copper braid, a double layer of braid (more effective shielding), solid aluminum (hardline and Heliax), aluminum foil or aluminized mylar, or a combination of these.

Voltage, Power and Loss Specifications

Selection of the correct coaxial cable for a particular application is not a casual matter. Not only is the attenuation loss of significance, but breakdown and heating (voltage and power) also need to be considered. If a cable were lossless, the power handling capability would be limited only by the breakdown voltage. There are two types of power ratings: peak power and average power. The peak power rating is limited by a voltage breakdown between the inner and outer conductors and is independent of frequency. The average power rating is governed by the safe long-term operating temperature of the dielectric material and decreases as the frequency increases. Excessive RF operating voltage in a coaxial cable can cause noise generation, dielectric damage and eventual breakdown between the conductors.

The power handling capability and loss characteristics of coaxial cable depend largely on the dielectric material between the conductors and the size of the conductors. The commonly used cables and many of their properties are listed in Table 23.1. The pertinent characteristics of unmarked coaxial cables can be determined from the equations in Table 23.2. The most common impedance values are 50, 75 and 95 Ω. However, impedances from 25 to 125 Ω are available in special types of manufactured line. The 25-Ω cable (miniature) is used extensively in magnetic-core broadband transformers.
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In practical coaxial cables the copper and dielectric losses, rather than breakdown voltage, limit the maximum power than can be accommodated. If 1000 W is applied to a cable having a loss of 3 dB, only 500 W is delivered to the load. The remaining 500 W must be dissipated in the cable. The dielectric and outer jacket are good thermal insulators, which prevent the conductors from efficiently transferring the heat to free air. As a result the cable can heat up, softening the plastic insulation and allowing the geometry of the conductors and the characteristic impedance to change or even short-circuit. Many amateur transmitter duty cycles are so low that substantial overload is permissible on current peaks so long as the SWR is relatively low, such as less than 2:1. Figure 23.26 is a graph of the matched-line attenuation characteristics versus frequency for the most popular lines
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A cable with a solid dielectric will handle higher power than a cable with a foam dielectric. RG-8/U with a solid dielectric will handle 5000 V maximum while the same cable with foam dielectric only has a 600 V rating. In addition, heating of the center conductor from cable loss can soften the center insulation. (See the following section on Center Conductor Migration.)

As the operating frequency increases, the power-handling capability of a cable decreases because of increasing conductor loss (skin effect) and dielectric loss. RG-58 with foam dielectric has a breakdown rating of only 300 V, yet it can handle substantially more power than its ordinary solid dielectric counterpart because of the lower losses. Normally, the loss is inconsequential (except as it affects power handling capability) below 10 MHz in amateur applications. This is true unless extremely long runs of cable are used.

In general, full legal amateur power can be safely applied to inexpensive RG-58 coax in the bands below 10 MHz. RG-8 and similar cables can withstand full amateur power through the VHF spectrum, but connectors must be carefully chosen in these applications. Connector choice is discussed in a later section.

As inexpensive RG-6-type cables gain wider use for receiving antennas, cable loss on the MF and LF bands becomes more important, particularly with copper-clad steel (CCS) center conductors. These cables are designed for use at VHF and higher frequencies, so the copper plating on the center conductor may be extremely thin. This increases resistive loss on the lower frequency bands and may also cause problems if dc power is supplied through the cable. Be particularly wary of surplus or off-brand cable that is intended for TV and data use. It is recommended that a long run of the cable be tested for loss and resistance before being placed into service. Cable with a solid-copper center conductor is more expensive but avoids low-frequency and resistance problems.

RG-8, RG-213 and Type Cables
The most common coax used for amateur applications is RG-8/U — a 50-Ω cable approximately 0.4 inch in diameter, with solid or foamed polyethylene center insulation, and capable of handling full legal power. A close second to RG-8/U is RG-213/U, also a 50-Ω cable and nearly identical. The two cable types are almost identical as seen in Table 23.1, but RG-213/U is slightly lossier than RG-8.
Many amateurs are unaware that RG-8/U is an obsolete military specification designation, meaning that the part number RG-8/U does not confer any particular level of quality or performance on the cable. RG-213/U, on the other hand, is a current military designation that can only be used for cables manufactured to the military specification for that cable, both for materials as well as manufacturing processes. This results in a more consistent product.
It is also common for manufacturers to add “type” after a military specification label, such as “RG-8 Type” or “RG-213 Type”. This means that the cable has much the same performance characteristics as the “non-type” cable but is not guaranteed to meet that higher level of performance.
Should you decide to use RG-8/U or a “type” cable, read the specifications carefully. The shield coverage (the percentage of the center insulator covered by the copper braid shield) should be from 95 to 97% for a high-quality cable. You should not be able to easily see the center insulation through holes in the shield.
Another advantage of RG-213/U is that the jacket is made from non-contaminating PVC and many types of RG-213/U are rated for direct burial.


Deterioration

Deterioration of coaxial cable is most commonly caused by water or moisture infiltration which causes corrosion of the shield, dramatically increasing its losses. This usually occurs at the ends of cables where connectors are installed or the cable is separated into two conductors for attachment to an antenna.

Exposure of the inner insulating material to moisture and chemicals over time contaminates the center insulation and increases cable losses. Newer types of foam-dielectric cables are less prone to contamination than are older types of solid-polyethylene insulated cables.

Impregnated cables, such as Times Wire LMR-400-DB, are immune to water and chemical damage, and may be buried if desired. They also have a self-healing property that is valuable when rodents chew into the line. Cable loss should be checked at least every two years if the cable has been outdoors or buried. See the section on testing transmission lines.

The outer insulating jacket of the cable (usually PVC) is used solely as protection from dirt, moisture and chemicals. (The jacket’s only electrical function is compressing the shield braid to keep the strands in good contact with each other.) If the jacket is breached, it generally leads to corrosion of the shield and contamination of the center insulation, again causing high losses.

The ultra-violet (UV) radiation in sunlight causes a chemical reaction in standard PVC jacket material that causes the plastic to break down into products that migrate from the jacket into the braid and center insulation, degrading the electrical properties of both. If your cable will be exposed to strong sunlight, use a cable with a non-contaminating jacket.

Cable Capacitance

The capacitance between the conductors of coaxial cable varies with the impedance and dielectric constant of the line. Therefore, the lower the impedance, the higher the capacitance per foot, because the conductor spacing is decreased. Capacitance also increases with dielectric constant.

Bending Radius

A normal amateur installation will create bends and turns in the feed line run. It is common to wind coax into a coil to form a common-mode RF choke or to store excess cable. Bending coax is acceptable as long as the minimum bending radius is not violated. A typical minimum bending radius is a multiple of the coax diameter. For example, a common minimum bending radius specification for RG-8 is 4 inches, which is a multiple of 8 (1⁄2 inch OD × 8). Coax with more rigid shield materials such as hardline or Heliax will have a larger minimum bending radius.

If the cable will be subjected to regular flexing, such as if it is attached to a rotating antenna, use a cable with a stranded center conductor. When repeatedly bent or flexed, solid center conductors will develop metal fatigue and break.

Miniature and sub-miniature TFE-insulated cables such as RG-400 are often used for winding choke baluns. The cable is wound around a toroid core or rod, usually with a turn radius several times smaller than the minimum specified. There are few reports of failure from this practice in both commercial and home-made chokes. While no specification is available, the consensus of experienced antenna system builders is that if the power carried by the cable is well below its maximum rating, not at an elevated temperature, and not repeatedly flexed, smaller radius bends do not lead to failure of this type of cable.

Center Conductor Migration

The most common center insulation materials are solid polyethylene (PE), extended or “foamed” polyethylene (FPE), and solid Teflon (TFE). Teflon dielectric coax is usually trouble-free and often used at VHF and UHF frequencies due to its low loss characteristics.

Foam polyethylene dielectric coax is used extensively on the HF bands. RG-8X and RG-11/U (Belden 8213) are examples found in many stations. An unfortunate property of the foam dielectric coax is a lack of mechanical stability under some conditions. The center conductor in foam coax can migrate toward the shield causing an “impedance bump,” or worse, a center conductor-to-shield short.

Several user-created conditions can lead to foam coax developing a short circuit. (Problems associated with center conductor migration are also addressed in the material on wound-coax chokes and baluns in the Transmission Line System Techniques chapter.) A major culprit is bending or coiling foam coax with a tight radius. For example, RF choke baluns are often made by wrapping several turns of coax into a tight bundle with a tight radius. Coaxial cable stubs are also wrapped into a coil of small radius to keep them small overall and out of the way. Coax is sometimes coiled up just to use up extra length. These practices are all potential trouble.

An additive factor is the self-heating caused by the cable’s loss — a direct function of the amount of power applied and SWR. RG-8X is not rated for 1500 W, but lots of amateurs use it successfully at that power level. RG-8X gets warm to the touch at 1500 W. Increasing internal temperature softens the foam which facilitates center conductor migration. Tight radius bends taken together with heating are a recipe for an eventual short circuit. Tightly coiled baluns used outdoors receive solar heating in addition to self-heating and a tight bend radius. A balun made and used this way has a very high probability of shorting out over time, particularly when used at high power.

To avoid center conductor migration: don’t use sharp bends, particularly at high power. Use solid dielectric coax to make tightly coiled coaxial baluns and if stubs must be coiled up, use solid dielectric coax for those too. Use up spare foam coax length by laying it flat on the floor and avoiding sharp radius turns or bends.

Paralleled Lines

In order to obtain feed lines with intermediate or unusual characteristic impedances, identical lengths of line with Z0 can be connected in parallel. The resulting characteristic impedance, ZCOMB = Z0 / N, where N is the number of lines in parallel. For example, to create a section of line with Z0 = 37.5 Ω, two sections of 75 Ω RG-11 or RG-59 can be connected in parallel to create a λ/4 matching section for a 25 Ω load. Paralleled cables have the same loss as a single cable would with an equal degree of mismatch.

Either coaxial or parallel-conductor lines may be combined in parallel. When using paralleled coaxial lines, if standard connectors and adaptors are not used and lines are spliced together, precautions must be taken to maintain shielding at the junctions or RF chokes must be placed on the line to block noise currents on the shield from entering the line and to prevent signals from inside the line escaping to flow on the outside of the shield. If parallel-conductor lines are combined they must be kept well apart (at least one line width) to avoid coupling between the lines.

Splicing Window Line
In keeping with the amateur ethic of re-use, feed lines are often spliced. While connectors can be installed on coaxial line to join sections, that luxury is not available for the common window line. The ARRL's take on splicing window line is included in the online material from “The Doctor Is In” column in QST.


Waveguide and Microwave Cable
Rigid waveguide is used above 1 GHz and is uncommon below 10 GHz in amateur installations. Amateurs use special low-loss coaxial cables for short runs, along with special connectors such as the SMA family and others developed for consumer use in mobile networks and other microwave systems. The special techniques for working with these transmission lines at microwave frequencies are introduced in the chapter on VHF, UHF, and Microwave Antenna Systems. See the article “Microwave Plumbing” in this book’s online material.
Other useful references include the RSGB’s International Microwave Handbook and the ARRL’s UHF/Microwave Experimenter’s Manual, which is out of print but available used (see the References and Bibliography). In addition, QST’s “Microwavelengths” column by Paul Wade, W1GHZ, often often contains information about working with transmission lines above 1 GHz.


Shielded Balanced Lines

Shielded balanced lines made from parallel coaxial cables have several advantages over open-wire lines. They can be buried and they can be routed through metal buildings or inside metal piping the same as for single coaxial lines. The outer surface of the shields can pick up noise and common-mode signals just as for single coaxial lines, as well.

The shields are connected together (see Figure 23.27A), and the two inner conductors constitute the balanced line. At the input, the coaxial shields should be connected to chassis ground; at the output (the antenna side), they are joined but left floating. (See the previous section’s caution about blocking shield current at the open end of the cable.)
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The characteristic impedance of a balanced shielded line is twice that of each single line — as if they were in series. Shielded balanced lines having impedances of 140 or 100 Ω can be constructed from two equal lengths of 70-Ω or 50-Ω cable (RG-59 or RG-58 would be satisfactory for amateur power levels). Paralleled RG-63 (125-Ω) cable would make a balanced transmission line more in accord with traditional 300-Ω twin-lead feed line (Z0 = 250 Ω). Note that the losses for these shielded types of balanced lines will generally be higher than those for classic open-wire lines.

A high power, low-loss, low-impedance 70-Ω (or 50-Ω) balanced line can be constructed from four coaxial cables as in Figure 23.27B. The characteristic impedance of each pair of cables is one-half that of the single lines as described in the previous section. The net result is that the overall characteristic impedance is that of a single cable. Again, the shields are all connected together. The center conductors of the two sets of coaxial cables that are connected in parallel provide the balanced feed.

23.4 RF Connectors

There are many different types of RF connectors for coaxial cable, but the three most common for amateur use are the UHF, Type N and BNC families. Type F connectors are becoming popular for use with receiving antennas and low-loss RG-6 coaxial cable. Type SMA connectors are commonly found on hand-held transceivers and microwave equipment. The type of connector used for a specific job depends on the size of the cable, the frequency of operation and the power levels involved.

If the connector is to be exposed to the weather, select a waterproof design such as Type N or take care to thoroughly waterproof the connector as discussed in the chapter Building Antenna Systems and Towers.

23.4.1 UHF Connectors

The so-called UHF connector (the series name is not related to frequency) is found on most HF and some VHF equipment. PL-259 is another name for the UHF male, and the female is also known as the SO-239. These connectors are rated for full legal amateur power at HF and can be used through VHF without concerns. Above the 70 cm band, the connectors are poor for UHF work because of variable impedance and inconsistent insulator characteristics of different brands. PL-259 connectors are designed to fit RG-8 and RG-11 size cable (0.405-inch OD). Adapters are available for use with smaller RG-58, RG-59 and RG-8X size cable. UHF connectors are not weatherproof.

Figure 23.28 shows how to install the solder type of PL-259 on RG-8 cable. Note that this is only one of many different methods hams have developed to attach these popular connectors. The key to any successful solder-based method is to have a large soldering gun or iron that can heat the connector body quickly and thoroughly without melting the center insulation from having to apply heat for a long time. For soldered connectors, do not pay attention to suggestions that it is sufficient to capture braid in the connector threads or between the connector body and adaptors. Such an installation will inevitably fail and presents a poor connection on VHF and UHF bands from the outset. If you don’t want to solder a PL-259, use good-quality crimp connectors with the proper installation tools.
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Proper preparation of the cable end is the key to success. Follow these simple steps. Measure back about 3⁄4-inch from the cable end and slightly score the outer jacket around its circumference. With a sharp knife, cut through the outer jacket, through the braid, and through the dielectric — almost to the center conductor. Be careful not to score the center conductor. Cutting through all outer layers at once keeps the braid from separating. (Using a coax stripping tool with preset blade depth makes this and subsequent trimming steps much easier.)

Pull the severed outer jacket, braid and dielectric off the end of the cable as one piece. Inspect the area around the cut, looking for any strands of braid hanging loose and snip them off. There won’t be any if your knife was sharp enough. Next, score the outer jacket about 5⁄16-inch back from the first cut. Cut through the jacket lightly; do not score the braid. This step takes practice. If you score the braid, start again. Remove the outer jacket.

Tin the exposed braid and center conductor, but apply the solder sparingly and avoid melting the dielectric. Slide the coupling ring onto the cable. Screw the connector body onto the cable. If you prepared the cable to the right dimensions, the center conductor will protrude through the center pin, the braid will show through the solder holes, and the body will actually thread onto the outer cable jacket. A very small amount of lubricant on the cable jacket will help the threading process.

Solder the braid through the solder holes. Solder through all four holes; poor connection to the braid is the most common form of PL-259 failure. A good connection between connector and braid is just as important as that between the center conductor and connector. Use a large soldering iron for this job. With practice, you’ll learn how much heat to use. If you use too little heat, the solder will bead up, not really flowing onto the connector body. If you use too much heat, the dielectric will melt, letting the braid and center conductor touch. Most PL-259s are nickel plated, but silver-plated connectors are much easier to solder and only slightly more expensive.

Solder the center conductor to the center pin. The solder should flow on the inside, not the outside, of the center pin. If you wait until the connector body cools off from soldering the braid, you’ll have less trouble with the dielectric melting. Trim the center conductor to be even with the end of the center pin. Use a small file to round the end, removing any solder that built up on the outer surface of the center pin. Use a sharp knife, very fine sandpaper or steel wool to remove any solder flux from the outer surface of the center pin. Screw the coupling ring onto the body, and you’re finished.

Figure 23.29 shows how to install a PL-259 connector on RG-58 or RG-59 cable. An adapter is used for the smaller cable with standard RG-8 size PL-259s. (UG-175 for RG-58 and UG-176 for RG-59) Prepare the cable as shown. Once the braid is prepared, screw the adapter into the PL-259 shell and finish the job as you would a PL-259 on RG-8 cable.

[image: ]

Figure 23.30 shows the instructions and dimensions for crimp-on UHF connectors that fit all common sizes of coaxial cable.
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While amateurs have been reluctant to adopt crimp-on connectors, the availability of good quality connectors and inexpensive crimping tools make crimp technology a good choice, even for connectors used outside. Soldering the center conductor after crimping in the connector tip is optional. The crimping process is illustrated in the article “Installing Coax Crimp Connectors” by Dino Papas, KLØS, that is included with the online material.

23.4.2 Other RF Connectors

BNC Connectors

The BNC connectors illustrated in Figure 23.31 are popular for low power levels at VHF and UHF. They accept RG-58 and RG-59 cable and are available for cable mounting in both male and female versions. Several different styles are available, so be sure to use the dimensions for the type you have. Follow the installation instructions carefully. If you prepare the cable to the wrong dimensions, the center pin will not seat properly with connectors of the opposite gender. Sharp scissors are a big help for trimming the braid evenly. Crimp-on BNC connectors are also available, with a large number of variations, including a twist-on version. A guide to installing these connectors is available with this book’s online material.
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Type N Connectors

The Type N connector, illustrated in Figure 23.32, is a must for high-power VHF and UHF operation. N connectors are available in male and female versions for cable mounting and are designed for RG-8 size cable. Unlike UHF connectors, they are designed to maintain a constant impedance at cable joints. Like BNC connectors, it is important to prepare the cable to the right dimensions. The center pin must be positioned correctly to mate with the center pin of connectors of the opposite gender. Use the right dimensions for the connector style you have. Crimp-on N connectors are also available, again with a large number of variations. A guide to installing these connectors is available with this book’s online material.
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Coax Connectors — Not as Simple as They Appear
“You get what you pay for” was never more true than when it comes to common UHF connectors, including PL-259s, SO-239s, adapters, and so on. Every hamfest seems to have at least one vendor selling “mystery” UHF connectors, sometimes for as little as $1.00 each. What are you buying when you buy a $1.00 PL-259? It’s pretty much a guess. For the difference of a dollar or two, “mystery” UHF connectors are a very poor investment.
PL-259s have four parts: the outer sleeve called the “knurled nut,” the connector body, the insulator/dielectric and the center pin. All four components can be compromised to the point of making a bargain connector useless.
Problems frequently encountered:
• Finish: Bargain connectors sometimes have a finish you can’t solder to! They may have a chrome-like appearance, but the plating may not take solder well and has to be filed down for a good connection.
• Threading: The internal threads at the rear of the body are there to accept a UG-style insert that narrows the connector barrel to accept smaller diameter coax such as RG-8X or RG-58. The threads may be metric! UG inserts also sometimes appear in the US market with metric threads. Either way, the insert will not screw into the body.
• Dielectric: Good connectors use quality phenolic or Teflon insulation between the center pin and the body. Bargain connectors might use anything, including materials like polystyrene, which will melt when the center pin is soldered.
• Center pin diameter: This is one of the most common and insidious problems in mystery PL-259s. The center pin ODs are almost always slightly smaller than they should be and it’s hard to notice. The center pin connection between a PL-259 and an SO-239 or barrel connector depends on the male side pin OD being correct and the matching fingers on the female side being the correct diameter and made of the proper spring material.
• Center socket spring tension: If the SO-239 socket metal relaxes over time and/or temperature, an intermittent connection will be created that can be very hard to track down.
• Mating indentions: The indentations on the end of the SO-239 that mates to a PL-259 (the annulus flange) may only have four indentations to match up with the short prongs on the body of the male connector. A quality SO-239 or barrel connector has indentations all the way around. If the PL-259 and SO-239 don’t seat completely, an intermittent connection is likely to develop.
• Tee and right-angle (elbow) UHF adapters: The center conductor makes a right-angle turn inside the shell. In poor-quality adapters the right-angle connection is done with a spring contact — these do not hold up. Quality tee and right-angle adapters are reliable because the internal conductors are tapped and threaded — the conductors are screwed together within the body at the right-angle junction.
How can we tell the good connectors? If the price is too good to be true — well, it is. PL-259s with good silver plating have a dull appearance. Good connectors have a part number and manufacturer’s name stamped into them. You can look up the connector’s specifications if it’s marked. An example is the connectors made by Amphenol — all of which have parts numbers such as 83-1SP (PL-259) or 83-1R (SO-239) stamped into or onto the connector body. [Contributed by Hal Kennedy, N4GG]


Type F Connectors

Type F connectors, used primarily on cable TV connections, are also popular for receive-only antennas and can be used with RG-59 or the increasingly popular RG-6 cable available at low cost. Crimp-on is the only option for these connectors and Figure 23.33 shows a general guide for installing them. The exact dimensions vary between connector styles and manufacturers — information on crimping is generally provided with the connectors. There are two styles of crimp — ferrule and compression. The ferrule crimp method is similar to that for UHF, BNC and N connectors in which a metal ring is compressed around the exposed coax shield. The compression crimp forces a bushing into the back of the connector, clamping the shield against the connector body. In all cases, the exposed center conductor of the cable — a solid wire — must end flush with the end of the connector. A center conductor that is too short may not make a good connection.
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SMA Connectors

The SMA connector in Figure 23.34 is the most common microwave connector. The cable center insulation is taken directly to the connector interface without air gaps. A standard SMA is rated for use to 12.4 GHz but high-quality connectors, properly installed, can be used to 24 GHz. For more information about SMA and other microwave connectors, see the References and Bibliography entry for Williams (the article is also available with this book’s online material).
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SMA connectors have become popular on handheld VHF/UHF transceivers. Some models use a "reverse SMA" that requires a double-receptacle adapter for a feed line terminated in an SMA plug to be attached.

TNC Coaxial Connectors

The TNC (Threaded — Neill — Concelman) is essentially a BNC with a threaded rather than a bayonet backshell. It thus is essentially a smaller Type N connector, but with the inner connecting surfaces the same size. It extends the 2 GHz frequency limit of the BNC up to 10 GHz or higher and takes less panel space. It is a natural for heavy duty requirements with smaller cables.

Type C Coaxial Connectors

This connector, honoring just Concelman, is essentially a TNC for larger cables. It is about the size of a Type N, but with a bayonet backshell and larger diameter inner components. It would seem to be a natural for patch panels for those running high power, but it has never caught on in the amateur community.

Type HN Coaxial Connectors

The Type HN connector is similar in design and layout to the Type N but is a bit larger. It has higher voltage breakdown and power ratings than the type N. It is a good match to the cables that are somewhat larger than RG-8 size and finds some amateur use in high power stations with long cable runs.

General Radio Connectors

The General Radio type 874 or GR genderless connector is most frequently seen on test equipment made by that company, later GenRad through the 1970s. Both the inner and outer connection arrangements are made of four spring leaves in two pairs, with one pair of each separated further than the other. In this way, by rotating 90 degrees, any two connectors can be mated resulting in a solid, matched connection without the need for gender converters. There is no locking arrangement, so it’s not particularly suitable for long-term connections, but it’s fine for lab use.

Hardline Connectors

Surplus hardline cable comes in various sizes (1⁄2, 5⁄8, 3⁄4, 1 inch and so on) that are not compatible with standard RF connectors such as UHF or N. There have been dozens of inventive schemes published over the years that use plumbing hardware or other materials to fabricate an adaptor compatible with a standard connector. If you decide to make your own adapter, be cautious about using dissimilar metals and waterproof the connector carefully. Otherwise, use the recommended connectors from the manufacturer — these are often available as surplus on Internet websites.

Using RG-6 with RG-58 Crimp Connectors

RG-6 coaxial cable is readily and cheaply available as it is commonly used for domestic cable and satellite TV. Crimp-type BNC, N, PL-259 and others are readily obtainable for RG-58 cables. Crimp connectors for RG-6 other than Type F are becoming difficult to find. However RG-58 crimp connectors can be satisfactorily used on RG-6 and some other cables as described on the article by Garth Jenkinson, VK3BBK, with this book’s online material.

23.4.3 Connector Identifier and Range Chart

Table 23.3 provides a list of the military and industry part numbers for the most common RF connectors and adaptors used by amateurs on the MF/HF, VHF, and UHF bands.
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Figure 23.35 provides dimensions and side views to help identify the different types of connectors used for RF through microwave frequencies. Dimensions are provided in both imperial and metric units as appropriate. For mm-wave and microwave connectors, calipers or a micrometer may be required to provide an accurate measurement capable of distinguishing between similar connectors. These specifications are intended for connector identification only and should not be the sole dimensions used when laying out a circuit board or drilling a mounting hole. Figure 23.36 shows the frequency ranges appropriate for popular connector types.
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These figures and chart were provided by Pasternack (pasternack.com), a major distributor of coaxial connectors, cable, tools, and other RF materials and supplies.

23.5 Choosing And Installing Feed Lines

23.5.1 Comparing Feed Lines

Begin by studying the section on Transmission Line System Design in the chapter Transmission Line System Techniques. It is important to understand the requirements for your feed line before making a purchase. By approaching your antenna and feed line as a whole, you may be able to improve performance and save money at the same time. At the least, you will have a better appreciation for the different parts of your antenna system.

The usual two primary considerations for choosing a feed line are loss at the frequency of use and cost. Starting with the impedance of the load attached to the feed line (usually an antenna feed point) determine the matched loss for types of feed line you are considering. Table 23.4 and Table 23.5, published by Frank Donovan, W3LPL in 2008 give typical losses for various types of coaxial cable at frequencies in the amateur bands by using a calculator by VK1OD. (Most manufacturers specify losses at 1, 10, 100 and 1000 MHz.) Table 23.5 specifies the length of line that will exhibit a loss of 1 dB.
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To use Table 23.4, multiply the loss figure by the length of your feed line divided by 100 feet. For example, to find the loss of a 250-foot run of RG-213 at 28.4 MHz, multiply the table loss (1.2 dB) by 250/100 = 1.2 × 2.5 = 3.0 dB. Now use Equation 16 or one of the charts in Figure 23.15 to determine the total loss of the line at that frequency and SWR. If one of the cables is acceptable to you in performance and affordability, your job is done.

If you are operating with full power, you must also consider the peak voltage and power handling capability of the line. There may be other considerations in special circumstances. For example, operators who carry QRP equipment may elect to use RG-174 coax, even though it has high losses, because of its low weight.

For situations in which SWR is very high (such as for a nonresonant doublet used on multiple bands) or a very long run of feed line is required, open-wire line may be the best solution. Be sure to include the cost of impedance transformers in your system budget to connect the higher-impedance open-wire line to 50-Ω equipment and antennas.

If you are considering replacing a long run of cable with hardline or Heliax, Table 23.6 should be helpful. This is a common situation for stations with antennas far from the transceiver and for VHF/UHF stations of any size. The cable lengths in the table are the lengths for which replacing them with Heliax would yield a 1-dB benefit. For example, replacing a 146-foot run of RG-213 with 1⁄2-inch Heliax would yield a 1 dB benefit on 10 meters. Similarly, an 85-foot run of Belden 9913 used on 2 meters could be replaced by 7⁄8-inch Heliax for a 1 dB benefit. The longer the cable run, the greater the benefit of replacing them with the lower loss of Heliax. (LDF4-50A and LDF5-50A are available at reasonable prices on auction websites, ham websites such as eham.net or qrz.com, and at hamfests.)
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23.5.2 Installing Coaxial Cable

One great advantage of flexible coaxial line is that it can be installed with almost no regard for its surroundings. It requires no insulation, can be run on or in the ground or in piping, can be bent around corners with a reasonable radius, and can be snaked through places such as the space between walls where it would be impractical to use other types of lines. In addition, coaxial lines are unaffected by proximity to other conductors and can be run inside metal conduit or attached to metal structures.

Coaxial Feed Line Loss Calculators
Should you need exact loss calculations for a specific feed line, the loss may be found by using ARRL’s TLW software available from this book’s online material. A good online feed line loss calculator is provided by Times-Microwave at timesmicrowave.com/calculator. Another free calculator has been created by Dan McGuire, AC6LA, at ac6la.com/tldetails1.html.


Coax must still be treated with care as described in the following paragraphs, especially when being pulled through a conduit. Cable grips should be used to spread the gripping force over a large area of the cable’s surface and the amount of force should be limited to prevent distorting the cable’s cross section.

Jacket Protection

When installing coaxial cable, it is important to protect the cable jacket to prevent water from entering the cable at any point. First, handle the cable with care during storage and installation so that the jacket is not damaged. If damage to the jacket is noticed immediately and no water is allowed to enter the cable, limited amounts of damage can be repaired using the same technique for waterproofing splices made with RF connectors as described in the Building Antenna Systems and Towers chapter.

Using Coax Braid
It is common to loosen and strip the shield braid from old coax and reuse it as a ground strap. Unfortunately, cable braid is not a very good RF conductor without its jacket! What makes braid work well in coaxial cable is the continuous pressure of the jacket that compresses the braid, keeps all of the strands in good contact, and protects it from water. This allows the braid to act as a continuous conducting surface.
When braid is removed from the cable, the jacket is no longer present to protect and compress the strands. This allows them to move away from each other and for the strand surfaces to corrode, greatly reducing the effectiveness of the braid at RF. This is why the commercial and military standard for this type of connection is solid copper strap or heavy solid copper wire.
Used coax braid may be used for dc and low-frequency connections as long as it is protected from the weather but for a reliable RF connection use copper strap or heavy wire. Flat-weave tinned braid designed for unprotected use may be used as an RF conductor but never where it is exposed to water.
Coaxial cable inner conductor and center insulation can be used as a high-voltage wire to the rating of the coaxial cable as long as the insulation is not cracked or compromised in some other way.


Secure the cable after it has been connected to the antenna so that the jacket is not abraded or chafed by motion due to wind or antenna rotation. Cables hanging vertically should be supported in such a way that any bending is gradual and with a radius comfortably above the minimum bending radius. Cable grips are available that clamp over a short length, spreading the pressure and avoiding damage to the jacket. If wire or plastic cable ties are used, do not over-tighten them so that the jacket is crimped.

An important part of jacket protection is the waterproofing of RF connectors. Exposed coaxial cable braid will act as a wick, drawing in moisture. To a lesser extent, cables with stranded center conductors or partially hollow center insulation will draw in moisture as well. Coaxial cable infiltrated by water or moisture, either in the braid or center conductor, rapidly becomes unusable due to loss. Coax with a discolored or tarnished shield is not repairable and should be discarded.

Burying Coax

There are several reasons why you might choose to bury coaxial cable feed lines. One is that buried cable is virtually free from storm and UV damage, and usually has lower maintenance costs than cable that is exposed to the weather. Another reason might be that underground cable interacts less with the radiation pattern of antennas, picks up less noise, and carries less common-mode RF on the outside of the shield. A buried cable will be aesthetically acceptable in almost all communities, as well.

Although any cable can be buried, a cable that is specifically designed for burial will have a longer life. Direct-burial cable has a high-density polyethylene jacket because it is both nonporous and will withstand a relatively high amount of compressive loads. In impregnated direct burial cables, an additional moisture barrier of polyethylene grease may be applied under the jacket; this allows the material to leak out, thus “healing” small jacket penetrations. These are referred to as “flooded” cables and the grease can make installing connectors more difficult. Neither RG-8/U or RG-213/U are automatically rated for direct burial — the cable vendor must specify the direct burial rating. The cable jacket is usually stamped with “Direct Burial” or the equivalent.

Here are some direct burial tips:

1) Because the outer jacket is the cable’s first line of defense, any steps which can be taken to prevent damage to it will go a long way toward maintaining cable quality.

2) Bury the cable in sand or finely pulverized soil, free of sharp stones, cinders or rubble. If the soil in the trench does not meet these requirements, tamp four to six inches of sand into the trench and lay the cable. Tamp in another six to eleven inches of sand above the cable. Place a creosoted or pressure-treated board in the trench above the sand prior to the final filling of the trench. This will provide some protection against damage that could be caused by digging or driving stakes.

3) When laying buried cable, leave some slack in the cable. A tightly stretched cable is more likely to be damaged as it is being covered with fill material.

4) Examine the cable as it is being installed to be sure the jacket has not been damaged during storage or by being dragged over sharp edges.

5) It is important that burial is below the frost line to avoid damage by the expansion and contraction of the soil and water during freezing and thawing cycles.

Using Conduit

You may want to consider burying the coax in plastic pipe or electrical conduit. While plastic pipe provides a mechanical barrier, water incursion is practically guaranteed — water will either leak in directly or will condense from moisture in the air. Be careful to drill holes in the bottom of solid conduit at all low spots so that any moisture can drain out or use the perforated pipe that allows the water to drain out into the surrounding ground.

Whether the conduit is above or below ground, use large-radius sweeps to create bends instead of elbows. It is much easier to pull cable through the gradual bend of a sweep and pulling cables through too sharp a bend can damage it. Metal conduit and fittings frequently have sharp edges and burrs that will cut or even strip the jacket from coax being pulled over them. Before assembling each section, file off sharp or rough edges.

When choosing the size of the conduit, leave plenty of extra space — at least double the expected total diameter of your cable bundle. A 3 to 4 inch-diameter pipe is recommended. This greatly eases the pulling process and gives the cables plenty of room to move around connectors and joints in the conduit. Be sure to include a “fish rope” or “fish wire” with the final cable you pull so you can add or replace cables later.

If you also have rotator or other control cables, there may be local building codes that limit the number and type of cables that can share the same conduit.

23.5.3 Installing Parallel-Conductor Line

Open-Wire Line

In installing an open-wire line, care must be used to prevent it from being affected by moisture, snow and ice. If the line is home-made, only spacers that are impervious to moisture and are unaffected by sunlight and weather should be used on air-insulated lines. Ceramic spacers meet this requirement although they are somewhat heavy. The wider the line spacing, the longer the leakage path across the spacers, but this cannot be carried too far without running into line radiation, particularly at the higher frequencies. Six inches should be considered a maximum practical spacing for HF use.

The line should be kept away from other conductors, including downspouts, metal window frames, flashing, etc, by a distance of two or three times the line spacing. Conductors that are very close to the line will be coupled to it to some degree, and the effect is that of placing an additional load across the line at the point where the coupling occurs. Reflections take place from this coupled load, raising the SWR. The effect is at its worst when one wire is closer than the other to the external conductor. In such a case one wire carries a heavier load than the other, with the result that the line currents are no longer equal. The line then becomes unbalanced.

Twin-lead and Window Lines

Solid dielectric, two-wire lines have a relatively small external field because of the small spacing, and can be mounted within a few inches of other conductors without much danger of coupling between the line and such conductors. Standoff insulators are available for supporting lines of this type when run along walls or similar structures.

As with open-wire lines, avoid installing the line in such a way that snow, ice, or liquid water can build up on the line. This presents an additional dielectric to the conductors and can change the line impedance or create loss.

Parallel Line Connectors

Considering how much longer balanced transmission line has been in use than coaxial cable, there aren’t many choices of connector, but a few standards have evolved over the years.

Screw Terminals — Most vintage amateur radio equipment designed for balanced transmission line offered screw terminals. Screw terminals have the advantage of being nearly universal, in that virtually any reasonably sized wire size can fit under the screw head and may stay in place and not short during tightening. Still, the connection is not terribly reliable. A better solution is the use of crimped or soldered spade lugs under the screw terminals.

Double Banana Plug and Jack — A banana plug is a robust spring-loaded plug of a size that happens to fit nicely into the center conductor of a UHF socket. A popular test equipment connectivity arrangement is two banana plugs within a common insulating housing spaced 0.75 inches. This spacing is very convenient for use with most window-type transmission line.

Jacks are available in various forms, including panel mounting types and even combination plug and jack sets that also have screw terminals to clamp wire leads. Another handy arrangement is a kind of terminal that is sometimes called a “five-in-one.” This mounts through a single hole into a panel and has a banana socket surrounded by a nut arrangement that surrounds a threaded surface that includes a hole for wire or tip insertion. Thus, it can accept a banana plug, a spade lug, a wire bent around the threads, or a wire pushed through the perpendicular hole. If two are installed on 3⁄4-inch centers, it will also accept the double banana plug, but can deal with loose wire ends, or lugs as well.

Powerpole Connectors — Popular for dc power connections in amateur radio equipment, these genderless connectors have a crimp-on terminal in a rectangular housing. (andersonpower.com/us/en/resources/PowerPoleResourcesPage.html) Like the banana plug, there is no locking mechanism so the connectors can pull apart. (Pins and locking clips are available to hold the connectors together.) The PP30 is the standard series for power connections. The PP10 and PP15 will work for transmission lines.

Mechanical Issues

Where a parallel-wire line must be anchored to a building or other structure, standoff insulators of a height comparable with the line spacing should be used if mounted in a spot that is open to the weather. Electric fence insulators are an excellent source of standoffs for this type of feed line. They are available from farm supply dealers and are fairly inexpensive.

Lead-in bushings for bringing the line into a building also should have a long leakage path. You may want to install a feed line feedthrough panel designed to fit in a window frame. Ceramic feed-through insulators can be used and are available as replacement parts from the panel vendors.

When running any kind of parallel-wire line down the side of a tower or other conducting surface, balance can be preserved by twisting the line every few feet. This results in approximately equal coupling by each conductor. Twisting the line also reduces the tendency of the line to move in the wind.

Parallel-line also has more wind resistance than coaxial cable and tends to move quite a bit more. The continual flexing can cause the conductors to break at soldered or otherwise fixed joints. This is a particular problem for lines with solid conductors as is common with window line. Support the line where it is attached to an antenna with insulators designed to provide stress relief to parallel-wire lines. (See the Antenna Materials and Construction chapter.)

Sharp bends should be avoided in any type of parallel-wire line, because it causes a change in the characteristic impedance at that point. The result is that reflections take place from each bend. This is of less importance when the SWR is high than when an attempt is being made to match the load to the line Z0. It may be impossible to get the SWR to the desired figure until bends in the line are made very gradual.
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Chapter 24

Transmission Line System Techniques

The Transmission Lines chapter presented the fundamentals of transmission line operation and characteristics. This chapter covers methods of getting energy into and out of the transmission line at the transmitter and at the antenna. This requires coupling — the transfer of energy between two systems — from a transmitter to the feed line or from the feed line to the antenna. For coupling to be the most efficient, both systems should have the same ratio of voltage to current (impedance) wherever the two systems meet so that no energy is reflected at that interface. This often requires impedance matching to convert energy at one ratio of voltage to current to another ratio — all as efficiently as possible. This can be done with LC circuits, special structures, and even transmission lines themselves.

The initial portions of this chapter discuss methods used at the transmitter to effectively transfer power into the antenna system feed line using LC impedance-matching circuits and antenna tuners. The subject then turns to choosing a transmission line and deciding the best configuration of feed line and impedance-matching devices. Finally, at the “other end” of the feed line, several sections address methods of impedance matching at the antenna and minimizing unwanted interaction between the feed line and antenna.

24.1 Coupling the Transmitter and Line

A lot of effort is expended to ensure that the impedance presented to the transmitter by the antenna system feed line is close to 50 Ω. Is all that effort worthwhile? Like most broadly phrased questions, the answer begins, “It depends…” Vacuum-tube transmitters, with the wide adjustment range of the output amplifier’s pi-network, could comfortably deliver rated output power into a wide variety of loads. The drawback was that the output network needed to be readjusted whenever the operating frequency changed significantly.

The modern amateur transceiver does not require output tuning adjustment at all for its broadband, untuned solid-state final amplifiers that are designed to operate into 50 Ω. Such a transmitter is able to deliver its rated output power — at the rated level of distortion — only when it is operated into the load for which it was designed. Generating full power from such a transmitter into loads far from 50 Ω can result in distortion products causing interference to other stations.

Further, modern radios often employ protection circuitry to reduce output power automatically if the SWR rises above 2:1. Protective circuits are needed because the higher voltages or currents encountered at such loads can quickly destroy solid-state amplifier transistors. Modern solid-state transceivers often include built-in antenna tuners to match impedances when the SWR isn’t 1:1.

The impedance at the input of a transmission line is determined by the frequency, the characteristic impedance (Z0) of the line, the physical length, velocity factor and the matched-line loss of the line, as well as the impedance of the load (the antenna) at the output end of the line. The section on Transmission Line System Design later in this chapter presents an example of this effect for a typical multiband dipole. (See the Transmission Lines chapter for an explanation.)

If the impedance at the input of the transmission line connected to the transmitter differs appreciably from the load resistance into which the transmitter output circuit is designed to operate, an impedance-matching circuit must be inserted between the transmitter and the line input terminals.

These circuits, called networks in professional literature, have one of several configurations with the L, pi, and T being the most common. The name of the network reflects the letter (L, π or T) that the usual shape of the circuit schematic most closely resembles.

The use of impedance-matching networks in a standalone piece of equipment is usually referred to as an antenna tuner or just tuner. This is somewhat of a misnomer since the network does not “tune” the antenna at all, even if located directly at the terminals of the antenna. The network only transforms the impedance presented to its output terminals into a different impedance at its input terminals. Many modern transceivers feature an internal antenna tuner that can compensate for SWR up to 3:1 (sometimes more).

In many publications, such an impedance-matching network is often called a transmatch, meaning a “transmitter matching” network. Another common name is matchbox (after the E.F. Johnson product line). A network operated automatically by a microprocessor is often called an auto tuner. Regardless of the name, the function of an antenna tuner is to transform the impedance at the input end of the transmission line — whatever it may be — to the 50 Ω needed for the transmitter to operate properly. An antenna tuner does not alter the SWR between its output terminals and the load, such as on the transmission line going to the antenna. It only ensures that the transmitter sees the 50-Ω load for which it was designed.

Antenna tuners come in three basic styles: manual (adjusted by the operator), automatic (adjusted under the control of a microprocessor) and remote (an automatic version designed to be mounted away from the operating position). Manual tuners are the most common and often include an SWR or power meter to aid the operator in adjusting the tuner. Automatic tuners may be internal to the transmitter or external, standalone equipment. Since the controlling microprocessor measures SWR on its own, there is rarely a need for power or SWR metering on automatic antenna tuners. Automatic models are available that are activated manually, or that sense the RF frequency and tune immediately, or that tune based on a computer control input or control link to the host transceiver. Remote antenna tuners are essentially automatic antenna tuners in enclosures designed to be mounted outside or out of sight of the operator and have no operating controls or displays.

As an example of the impedance-matching task, column one of Tables 24.1 and 24.2 list the computed impedance at the center of two common dipoles mounted over average ground (with a conductivity of 5 mS/m and a dielectric constant of 13). The dipole in Table 24.1 is 100 feet long, and is mounted as a flattop, 50 feet high. The dipole in Table 24.2 is 66 feet long overall, mounted as an inverted-V whose apex is 50 feet high and whose legs have an included angle of 120°. The second column in Tables 24.1 and 24.2 shows the computed impedance at the transmitter end of a 100-foot long transmission line using 450-Ω window open-wire line. Please recognize that there is nothing special or “magic” about these antennas — they are merely representative of typical antennas used by real-world amateurs.
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The intent of the tables is to show that the impedance at the input of the transmission line varies over an extremely wide range when antennas like these are used over the entire range of amateur bands from 160 to 10 meters. The impedance at the input of the line (that is, at the antenna tuner’s output terminals) will be different if the length of the line or the frequency of operation is changed. It should be obvious that an antenna tuner used with such a system must be very flexible to match the wide range of impedances encountered under ordinary circumstances — and it must do so without arcing from high voltage or overheating from high current.

24.1.1 The Impedance Matching System

Over the years, radio amateurs have derived a number of circuits for use as antenna tuners. At one time, when parallel-conductor transmission line was more widely used, link-coupled tuned circuits were in vogue. With the increasing popularity of coaxial cable used as feed lines, other circuits have become more prevalent. The most common form of antenna tuner in recent years is some variation of a T-network configuration.

The basic system of a transmitter, impedance-matching network, transmission line and antenna is shown in Figure 24.1. As usual, we assume that the transmitter is designed to deliver its rated power into a load of 50 Ω. The problem is one of designing a matching circuit that will transform the actual line impedance at the input of the transmission line into a resistive impedance of 50 + j0 Ω. This impedance will be unbalanced; that is, one side will be grounded, since modern transmitters universally ground one side of the output connector to the chassis. The line to the antenna, however, may be unbalanced (coaxial cable) or balanced (parallel-conductor line), depending on whether the antenna itself is unbalanced or balanced.
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The antenna tuner in such a system may only consist of the LC network necessary to transform impedance. This is typical of custom LC networks constructed to match an antenna used on a single band that may be located away from the transmitter. An antenna tuner used on multiple bands and located in the station usually includes some type of SWR bridge or meter. (See the Antenna and Transmission Line Measurements chapter.)

Other features common in commercial antenna tuners include directional wattmeters, switches for the use of multiple feed lines and for bypassing the tuner and balanced and single-wire outputs. An overview of antenna tuner functions and features is provided in The ARRL Guide to Antenna Tuners by Joel Hallas, W1ZR (see References and Bibliography).

24.1.2 Harmonic Attenuation

This is a good place to bring up the topic of harmonic attenuation, as it is related to antenna tuners. One potentially desirable characteristic of an antenna tuner is the degree of extra harmonic attenuation it can provide by acting as a tuned circuit. While this is desirable in theory, it is not always achieved in practice. For example, if an antenna tuner is used with a single, fixed-length antenna on multiple bands, the impedances presented to the tuner at the fundamental frequency and at the harmonics will often be radically different as shown in Table 24.2. For example, at 7.1 MHz, the impedance seen by the antenna tuner for the 66-foot inverted-V dipole is 1223 – j 1183 Ω. At 14.1 MHz, roughly the second harmonic, the impedance is 148 − j 734 Ω. The amount of harmonic attenuation for a particular network will vary dramatically with the impedances presented at the different frequencies.
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Harmonics and Multiband Antennas

There are some antennas for which the impedance at the second harmonic is essentially the same as that for the fundamental. This often involves trap antenna systems or wideband log-periodic designs. For example, a system used by many amateurs is a triband Yagi that works on 20, 15 and 10 meters. The second harmonic of a 20-meter transmitter feeding such a tribander can be objectionably strong for nearby amateurs operating on 10 meters such as at a Field Day or other multi-position special event or contest station, even with the approximately 60 dB of attenuation of the second harmonic provided by the low-pass filters at the output of modern solid-state transceivers. The third harmonic of a 144.2 MHz fundamental can cause interference on the 432 MHz band, as well. A linear amplifier can exacerbate the problem, since its second harmonic may be suppressed only about 46 dB by the typical pi-network output circuit used in many older amplifiers.

Most amateur antenna tuners will not attenuate the 10-meter harmonic much at all, especially if the tuner uses a high-pass T-network. This is the most common network used commercially because of the wide range of impedances it will match. Some T-network designs have attempted to improve the harmonic attenuation using parallel inductors and capacitors instead of a single inductor for the center part of the tee. Unfortunately, this often leads to more loss and more critical tuning at the fundamental, while providing little, if any, additional harmonic suppression in actual installations. The lesson here is to not depend on the antenna tuner for harmonic suppression — use filters at the transmitter.

Harmonics and Pi-Network Tuners

If a low-pass pi-network is used for an antenna tuner, there will be additional attenuation of harmonics, perhaps as much as 30 dB for a loaded Q of 3. The exact degree of harmonic attenuation, however, is often limited due to the stray inductance and capacitance present in most tuners at harmonic frequencies. Further, the matching range for a pi-network tuner is fairly limited because of the range of input and output capacitance needed for widely varying loads.

Harmonics and Stubs

Far more reliable suppression of harmonics can be achieved using quarter-wave and half-wave transmission line stubs at the transmitter output. For example, a typical 20-meter λ/4 shorted stub (which is an open circuit at 20 meters, but a short circuit at 10 meters) will provide about 25 dB of attenuation to the second harmonic. It will handle full legal amateur power too. The characteristics of such stubs are covered in the sections of this chapter on the use of stubs as filters and on impedance matching at the antenna. The use of stubs as filters is also covered in excellent book Managing Interstation Interference by George Cutsogeorge, W2VJN (see References and Bibliography).

24.1.3 Myths About SWR

There are some enduring and quite misleading myths in Amateur Radio concerning SWR.

• Despite some claims to the contrary, a high SWR does not by itself cause RF interference, or TVI or telephone interference. While it is true that an antenna located close to such devices can cause overload and interference, the SWR in the feed line to that antenna has nothing to do with it, providing of course that the tuner, feed line or connectors are not arcing. The antenna is merely doing its job, which is to radiate. The transmission line is doing its job, which is to convey power from the transmitter to the radiator.

• A second myth, often stated in the same breath as the first one above, is that a high SWR will cause radiation from a transmission line. SWR has nothing to do with excessive radiation from a line. Common-mode currents on feed lines do radiate just like on antennas, but they are not directly related to SWR. An asymmetric arrangement of a transmission line and antenna can result in common-mode currents being induced on the outside of the shield of coax or as an imbalance of currents in an open-wire line. Common-mode current will radiate just as if it were on an antenna. If that current is flowing close to electronic equipment such as a telephone or entertainment system, RFI can result. A choke (also called a choke balun) is used on coaxial feed lines to reduce these currents as described in the section “Current and Choke Baluns” later in this chapter.

• A third and perhaps even more prevalent myth is that you can’t “get out” if the SWR on your transmission line is higher than 1.5:1 or 2:1 or some other such arbitrary figure. On the HF bands, if you use reasonable lengths of good coaxial cable (or even better yet, open-wire line), the truth is that you need not be overly concerned if the SWR at the load is kept below about 6:1. This sounds pretty radical to some amateurs who have heard horror story after horror story about SWR. The fact is that if you can load up your transmitter without any arcing inside, or if you use a tuner to make sure your transmitter is operating into its rated load resistance, you can enjoy a very effective station, using antennas with feed lines having high values of SWR. For example, a 450-Ω open-wire line connected to the multiband dipole shown in Table 24.1 would have a 19:1 SWR on it at 3.8 MHz. Yet time and again this antenna has proven to be a great performer at many installations.

• A fourth myth is that changing the length of a feed line changes the SWR. Changing a feed line’s length does not change the SWR (except for losses) inside the line. When someone tells you that adding or subtracting length changes the SWR, they are really telling you that their SWR meter reading was affected by the changing impedance in the line or that common-mode currents were affecting the measurement. Changing the feed line length can affect the impedance of the line to common-mode current and thus how much common-mode current is flowing at a particular point, including at the antenna’s feed point.

24.2 Impedance Matching Networks

This section reviews the operation of several common impedance matching networks that are used as antenna tuners. As a supplement to this chapter, a review of impedance-matching circuit designs and characteristics contributed by Robert Neece, KØKR is included with this book’s online material. It includes:

• Factors to be Considered in Creating or Assessing Matching-Unit Designs for the MF/HF Spectrum

• Comparison Table of Matching-Unit Designs

• Baluns in Matching Units

Along with the discussion is an extensive collection of references. The student of impedance matching will find the material to supplement and complement the material here, giving examples of commercial equipment and addressing the general advantages and disadvantages of each type. The student will also enjoy the excellent three-part series of articles by George Grammer, W1DF, listed in the References and Bibliography.

When designing and constructing impedance matching networks, particularly for power levels of 100 W and higher, it is important to take into account the high voltages and currents that may be present. The larger the difference between the input and output impedances, the higher those voltages and currents will be. Inductors should be constructed from low-loss wire or tubing. Variable inductors should be rated for transmitting applications. Capacitors should have sufficient voltage rating and variable capacitors should have heavy contacts to the moving plates. Switches must be heavy enough to handle both the current and voltage. Connections between components should be made with short lengths of heavy wire or strap. For more information on these heavy-duty components and wiring techniques, see the ARRL Handbook chapter on RF Power Amplifiers and projects for building high-power equipment.

24.2.1 The L-Network

A comparatively simple but very useful matching circuit for unbalanced loads is the L-network, as shown in Figure 24.2A. L-network antenna tuners are normally used for only a single band of operation, although multiband versions can be made with switched or variable coil taps. To determine the range of circuit values for a matched condition, the input and load impedance values must be known or assumed. Otherwise, a match may be found by trial and error.
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There are several versions of the L-network. In Figure 24.2A, L is shown as the series reactance, XS, and C1 as the shunt or parallel reactance, XP. However, a capacitor may be used for the series reactance and an inductor for the shunt reactance, to satisfy mechanical or other considerations. The version shown in Figure 24.2A is the most popular with amateurs because of its low-pass characteristics that reduce harmonics, reasonable component values, and convenient construction from available component styles. A complete discussion of L-networks is available in the ARRL Handbook.

The ratio of the series reactance to the series resistance, XS/RS, is defined as the network Q. The four variables, RS, RP, XS and XP, for lossless components are related as given in the equations below. When any two values are known, the other two may be calculated.
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The reactance of loads that are not purely resistive may be taken into account and absorbed or compensated for in the reactances of the matching network. Inductive and capacitive reactance values may be converted to inductor and capacitor values for the operating frequency with standard reactance equations.

It is important to recognize that Eq 1 through 5 are for lossless components. When real components with real unloaded Qs are used, the transformation changes and you must compensate for the losses. Real coils are represented by a perfect inductor in series with a loss resistance, and real capacitors by a perfect capacitor in parallel with a loss resistance. At HF, a physical coil will have an unloaded QU between 100 and 400, with an average value of about 200 for a high-quality airwound coil mounted in a spacious metal enclosure. A variable capacitor used in an antenna tuner will have an unloaded QU of about 1000 for a typical air-variable capacitor with wiper contacts. An expensive vacuum-variable capacitor can have an unloaded QU as high as 5000.

The power loss in coils is generally larger than in variable capacitors used in practical antenna tuners. The circulating RF current in both coils and capacitors can also cause severe heating. The ARRL Laboratory has seen coils forms made of plastic melt when pushing antenna tuners to their extreme limits during product testing. The RF voltages developed across the capacitors can be pretty spectacular at times, leading to severe arcing.

Note that L-networks cannot match all impedances to 50 Ω. The load and source impedances must have the proper relationship for the equations to solve to obtainable component values. The reactance at the load must also be cancellable by the reactance of the L-network. If the load impedance is such that it cannot be matched by an L-network, try (a) reversing the network or (b) adding λ/8 to λ/4 of transmission line between the load and network. This does not change the SWR, but it does transform the load impedance to a new combination of resistance and reactance that the L-network may be able to match.

L-Network Construction

Building an L-network is straightforward and there have been many construction articles about constructing antenna tuners based on an L-network. If you are trying to match an antenna for a single band, the network can be constructed with fixed-value components as in Figure 24.3A if you know the impedance to be matched and are willing to do the calculations. (See the References and Bibliography entry for Hands-On Radio Experiment 157 by Silver.)
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Dick Sanders, K5QY, uses the variable, re-configurable L-network in Figure 24.3B as a test set. (See his References and Bibliography entry.) He connects the L-network to the antenna and an antenna analyzer to the input of the network. Then he adjusts the network for the best match, measures the value of the L-network components, and builds an L-network with those values.

The L-network can form the basis of an adjustable antenna tuner for high or low power. The article “On the Quest for an Ideal Antenna Tuner” by Jack Belrose, VE2CV, begins with a simple, reversible L-network and extends it to a more versatile configuration that can place the L and C in both series and shunt. (The article is included in the online material for this chapter.)

Finally, the L-network can be tuned automatically by a microcontroller. Most automatic antenna tuners are built this way. Relays are used to select from a wide variety of fixed-value components. If a match is not reached, other relays “turn the network around” and move the shunt component to the other end of the network.

24.2.2 The Pi-Network

The impedances at the feed point of an antenna used on multiple HF bands varies over a very wide range, particularly if thin wire is used. This was described in detail in the Dipoles and Monopoles chapter. The transmission line feeding the antenna transforms the wide range of impedances at the antenna’s feed point to another wide range of impedances at the transmission line’s input. This often mandates the use of a more flexible antenna tuner than an L-network.

The pi-network, shown in Figure 24.2B, offers more flexibility than the L-network, since there are three variables instead of two. The only limitation on the circuit values that may be used is that the reactance of the series arm, the inductor L in the figure, must not be greater than the square root of the product of the two values of resistive impedance to be matched. The following equations are for lossless components in a pi-network.

For R1 > R2
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The pi-network may be used to match a low impedance to a rather high one, such as 50 to several thousand ohms. Conversely, it may be used to match 50 Ω to a quite low value, such as 1 Ω or less. For antenna-tuner applications, C1 and C2 may be independently variable. L may be a roller inductor or a coil with switchable taps.

Alternatively, a lead fitted with a suitable clip may be used to short out turns of a fixed inductor. In this way, a match may be obtained through trial. It will be possible to match two values of impedances with several different settings of L, C1 and C2. This results because the Q of the network is being changed. If a match is maintained with other adjustments, the Q of the circuit rises with increased capacitance at C1.

Of course, the load usually has a reactive component along with resistance. You can compensate for the effect of these reactive components by changing one of the reactive elements in the matching network. For example, if some reactance were shunted across R2, the setting of C2 could be changed to compensate for inductive or capacitive shunt reactance.

As with the L-network, the effects of real-world unloaded Q for each component must be taken into account in the pi-network to evaluate real-world losses.

Pi-networks are used in vacuum-tube amplifiers to match the high tube output impedance to the 50-Ω impedance of most feed lines and antenna systems. See the ARRL Handbook chapter RF Power Amplifiers for more information on and design software for the pi-network.

24.2.3 The T-Network

Both the pi-network and the L-network often require unwieldy values of capacitance — that is, large capacitances are often required at the lower frequencies — to make the desired transformation to 50 Ω. Often, the range of capacitance from minimum to maximum must be quite wide when the impedance at the output of the network varies radically with frequency, as is common for multiband, single-wire antennas.

The high-pass T-network shown in Figure 24.2C is capable of matching a wide range of load impedances and uses practical values for the components. However, as in almost everything in radio, there is a price to be paid for this flexibility. The T-network can be very lossy compared to other network types. This is particularly true at the lower frequencies, whenever the load resistance is low. Loss can be severe if the maximum capacitance of the output capacitor C2 in Figure 24.2C is low.

For example, Figure 24.4 shows the computed values for the components at 1.8 MHz for four types of networks into a load of 5 + j 0 Ω. In each case, the unloaded Q of the inductor used is assumed to be 200, and the unloaded Q of the capacitor(s) used is 1000. The component values were computed using the program TLW (described later in this chapter).
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Figure 24.4A is a low-pass L-network; Figure 24.4B is a high-pass L-network and Figure 24.3C is a pi-network. At more than 5200 pF, the capacitance values are pretty unwieldy for the first three networks. The loaded QL for all three is only 3.0, indicating that the network loss is small. In fact, the loss is only 1.8% for all three because the loaded QL is much smaller than the unloaded QU of the components used.

The T-network in Figure 24.4D uses more practical, realizable component values. Note that the output capacitor C2 has been set to 500 pF and that dictates the values for the other two components. The drawback is that the loaded Q in this configuration has risen to 34.2, with an attendant loss of 22.4% of the power delivered to the input of the network. For the legal limit of 1500 W, the loss in the network is 335 W. Of this, 280 W ends up in the inductor, which will probably melt! Even if the inductor doesn’t burn up, the output capacitor C2 might well arc over, since it has more than 3800 V peak across it at 1500 W into the network.

Due to the losses in the components in a T-network, it is quite possible to “load it up into itself,” causing real damage inside. For example, TLW analyzed a T-network loaded up into a short circuit at 1.8 MHz. The component values look quite reasonable; CIN = 78 pF, L = 13 µH, COUT = 500 pF, but unfortunately all the power is dissipated in the network itself. The current through the output capacitor C2 at 1500 W input to the antenna tuner would be 35 A, creating a peak voltage of more than 8700 V across C2. Either C1 (also at more than 8700 V peak) or C2 will probably arc over before the power loss is sufficient to destroy the coil. However, the loud arcing might frighten the operator pretty badly.

The point you should remember is that the T-network is indeed very flexible in terms of matching to a wide variety of loads. However, it must be used judiciously, lest it burn itself up. Even if it doesn’t fry itself, it can waste that precious RF power you’d rather put into your antenna. Additional discussion of the T-network as an antenna tuner is provided in the article by Sabin listed in the References and Bibliography. A fully-automated, full-power T-network, was described by Jim Garland, W8ZR, in his series of QST articles “The EZ Tuner” which are included in the online material.

Adjusting T-Network Antenna Tuners

The process of adjusting an antenna tuner can be simplified greatly by using a process that not only results in minimum SWR to the transmitter, but also minimizes power losses in the tuner circuitry. If you have a commercial tuner and read the user’s manual, the manufacturer will likely provide a method of adjustment that you should follow, including initial settings. If you do not have a user’s manual, first open the tuner and determine the circuit for the tuner. To adjust a T-network type of tuner:

1) Set the series capacitors to maximum value. This may not correspond to the highest number on the control scale — verify that the capacitor’s plates are fully meshed.

2) Set the inductor to maximum value. This corresponds to placing a switch tap or roller inductor contact so that it is electrically closest to circuit ground.

3) If you have an SWR analyzer, connect it to the TRANSMITTER connector of the tuner. Otherwise, connect the transceiver and tune it to the desired frequency, but do not transmit.

4) Adjust the inductor throughout its range watching the SWR analyzer for a dip in the SWR or listen for a peak in the received noise. Return the inductor to the setting for lowest SWR or highest received noise.

a) If no SWR minimum or noise peak is detected, reduce the value of the capacitor closest to the transmitter in steps of about 20% and repeat.

b) If still no SWR minimum or noise peak is detected, return the input capacitor to maximum value and reduce the output capacitor value in steps of about 20%.

c) If still no SWR minimum or noise peak is detected, return the output capacitor to maximum value and reduce both input and output capacitors in 20% steps.

5) Once a combination of settings is found with a definite SWR minimum or noise peak:

a) If you are using an SWR analyzer, make small adjustments to find the combination of settings that produce minimum SWR with the maximum value of input and output capacitance.

b) If you do not have an SWR analyzer, set the transmitter output power to about 10 W, ensure that you won’t cause interference, identify with your call sign, and transmit a steady carrier by making the same adjustments as in step 5a.

c) For certain impedances, the tuner may not be able to reduce the SWR to an acceptable value. In this case, try adding feed line at the output of the tuner from 1⁄8- to 1⁄2 λ electrical wavelength long. This will not change the feed line SWR, but it may transform the impedance to a value more suitable for the tuner components.

In general, for any type of tuner, begin with the maximum reactance to ground (maximum inductance or minimum capacitance) and the minimum series reactance between the source and load (minimum inductance or maximum capacitance). The configuration that produces the minimum SWR with maximum reactance to ground and minimum series reactance will generally have the highest efficiency and broadest tuning bandwidth.

24.2.4 Tuning Electrically Short Whips

This section is extracted from the article “Tuning Electrically Short Antennas for Field Operation” by Kai Siwiak, KE4PT, and Ulrich Rohde, N1UL. The full article, including a number of references, was originally published by Microwave Journal and is available online at microwavejournal.com/articles/32231-tuning-electrically-short-antennas-for-field-operation. Also see the Dipoles and Monopoles chapter for a discussion of key characteristics of short monopoles or whips and various loading methods to increase their electrical size.

Portable and mobile operation are becoming more popular, and this often results in the use of electrically small antennas for convenience. The most common antennas are loaded and unloaded whips with a set of ground radials, a counterpoise, or some other type of grounding. To match the impedance of these antennas to the 50 Ω expected by the transmitter, an antenna tuner must be used. This section focuses on monopoles (whips) but many of the same ideas apply to electrically short dipoles.

The efficiency of an antenna, η = Rr / (Rr + Rloss), where Rr is the radiation resistance that represents radiated power and Rloss represents the total effective loss resistance from all types of losses. Rr for electrically short antennas can be very low, a few ohms or much less at MF. Electrically short antennas, typically λ/10 or shorter, look like a capacitor with a typical capacitance of 25 pF/m of length, e.g., 75 pF for a 3-meter rod. From a presentation “Electrically Short Antennas” by Rohde, Salazar-Palma, and Sarkar, a 10.5-foot whip antenna exhibits typical impedances and efficiency shown in Table 24.3.

[image: ]

[image: ]

The inductance, L, is the base loading required to resonate the whip.

Longer antennas that might be used on a ship or boat also present highly reactive impedances until they begin to approach λ/4 as shown in Figure 24.5.
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The inductances for tuning are found in commercial input/output switchable antenna tuners operating from 1.5 to 30 MHz. The circuit is an L-network (see previous section) where the switched shunt capacitors can be connected to either side of the inductors. The capacitors are typically low-loss mica transmitting units.

Figure 24.6A shows the matching ranges of the tuner with the capacitors on each side of the inductors, and Figure 24.6B shows a simplified schematic of the main capacitor bank that is switched to either the input or output side of the inductors. The inductors are wound with 0.048-inch diameter, enameled copper wire and have approximately 0.04 μH step size. The capacitor step size is 9.375 pF. This tuner has nine switchable inductors, 10 switchable capacitors and two positions for one of the capacitor banks (i.e., on either side of the inductors), yielding 1,048,576 tuning combinations. The 6 pF capacitor at the output represents the ceramic antenna mount or connector. For best performance, antenna tuners use air core coils or very low permeability powdered iron cores.
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Some tuner designs use a high-pass, T-configuration. (See Figure 24.7). LC1 forms one resonant circuit, LC2 forms the other circuit and the two are tuned to resonate at the frequency of operation. Generally, when the value of C2 is too small, input resonance occurs yet there is no loading and no output power obtained. This is the flaw of the T-configuration: the left loop can be in resonance, and no output power (voltage) is available in the right loop. This is referred to as “tuning up into itself.” In this condition, the tuner can be damaged by high voltages and currents in the resonant input circuit creating large losses.
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For electrically short antennas, this condition can be detected with a voltage probe at the output, such as a pre-ignited neon bulb. The neon discharge tube glows when there is voltage at the output of capacitor C2.

No matter what type of tuner is used, grounding and antenna tuner losses should be avoided as much as possible. Particular attention should be paid to reducing losses in the antenna ground return path by using low-impedance connections and radials, a screen, or a large metal object such as a vehicle, boat, or metal structure such as a railing.

24.2.5 The TLW (Transmission Line For Windows) Program and Antenna Tuners

The ARRL program TLW (Transmission Line for Windows) included with this book’s online material does calculations for transmission lines and antenna tuners. TLW evaluates four different networks: a low-pass L-network, a high-pass L-network, a low-pass pi-network, and a high-pass T-network. Figure 24.8 shows the TLW output screen for an L-network design example.
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Not only does TLW compute the exact values for network components, but also the full effects of voltage, current and power dissipation for each component. Depending on the load impedance presented to the antenna tuner, the internal losses in an antenna tuner can be disastrous. See the documentation file TLW.PDF for further details on the use of TLW, which some call the “Swiss Army Knife” of transmission line software. Also see the References and Bibliography entry for Birnbaum for another analysis of losses in the popular internal and external automatic L-network tuners.

TLW’s author, Dean Straw, N6BV, also wrote the article “A Beginner’s Guide to Transmission-Line and Antenna-Tuner Modeling,” which is included in this chapter’s online material. The article provides some examples of how to use TLW for common design tasks.

24.2.6 Balanced Antenna Tuners

Modern antenna tuners often include a toroid-wound balun at their output for use with balanced or parallel-conductor feed lines. This allows a transmitter’s unbalanced coaxial output to be connected to the balanced feed line. Be aware that at very high or very low impedances, the balun’s power rating may be exceeded at high transmitted power levels.

The inductive- or link-coupling circuits seen in Figure 24.9 are sometimes used but have largely been replaced by the toroid-wound balun. A more detailed discussion on inductive coupling is included with this book’s online material, as is a low-power link-coupled tuner project that uses the configuration shown in Figure 24.9D and instructions for building the 100-W “Z-Match” antenna tuner designed by Phil Salas, AD5X. The article “FilTuners-a New (Old) Approach to Antenna Matching” by John Stanley, K4ERO (see References and Bibliography) also discusses tuned link-coupling from the standpoint of the matching network providing both filtering and impedance matching.
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A fully-balanced tuner has a symmetrical internal circuit with a tuner circuit for each side of the feed line and the balun at the input to the tuner where the impedance is close to 50 Ω. Several examples are shown in Figure 24.10 that can be recognized as being formed from the unbalanced networks described earlier with a mirror-image of the network being inserted in the “ground” side of the circuit.
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A balun is inserted on the 50-Ω side of the circuit to allow connection to unbalanced coaxial feed lines. Some tuners are designed to use a 1:1 balun for this purpose while others transform the load impedance to 200 Ω and use a 4:1 balun. This allows the balun to operate at its design impedances regardless of load impedance. A balun at the output of an unbalanced tuner must operate at whatever load impedance is presented, which can lead to significant losses or arcing in the balun.

A disadvantage of balanced tuners is the higher cost from the additional components and the more complex mechanical arrangements to adjust more than one component at the same time with a single control. The hairpin tuner configuration in Figure 24.11 is a balanced tuner for use at VHF and UHF where solenoid-wound coils may have too much inductance. The tuner is described in the April 2009 QST article “Hairpin Tuners for Matching Balanced Antenna Systems” by John Stanley, K4ERO (the article is included with this book’s online material).
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24.2.7 General Purpose Tuner Designs

Several antenna tuner designs were created by Joel Hallas, W1ZR, for the book The ARRL Guide to Antenna Tuners. The TLW program was used to determine component values for a set of common load impedances and three popular antenna tuner circuits shown in Figure 24.12. Tables 24.4 to 24.6 show the required component values to match those load impedances at 1.8, 3.5 and 30 MHz, the extremes of HF operation for antenna tuners.
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Former ARRL Antenna Book editor, Dean Straw, N6BV, designed a high-power tuner with a 1:1 balun at the input to allow the tuner to work into balanced or unbalanced loads. The tuner has a very wide range and is designed for low losses. See the article “High-Power ARRL Antenna Tuner” that is included in this chapter’s online material.

24.3 Transmission Line System Design

The previous sections of this chapter looked at system design from the point of view of the transmitter, examining what could be done to ensure that the transmitter load is its design load of 50 Ω. In this section, we will look at antenna system design from the point of view of the transmission line.

24.3.1 Transmission Line Impedance Transformation

For the purposes of designing a transmission line system, the line can also be used for its impedance transforming properties. A certain value of load impedance, consisting of a resistance and reactance, at the end of the line is transformed into another value of impedance at the input of the line. The amount of transformation is determined by the electrical length of the line, its characteristic impedance, and by the losses inherent in the line. The input impedance of a real, lossy transmission line is computed using the Transmission Line Equation:
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where

Zin = complex impedance at input of line = Rin ± j Xin

ZL = complex load impedance at end of line = Rl ± j Xl

Z0 = characteristic impedance of line = R0 ± j X0

η = complex loss coefficient = α + j b

α = matched line loss attenuation constant, in nepers/unit length (1 neper = 8.688 dB, so multiply line loss in dB per unit length by 8.688)

β = phase constant of line in radians/unit length (multiply electrical length in degrees by 2π radians/360 degrees)

 = electrical length of line in same units of length as used for α.

Solving this equation manually is tedious, since it incorporates hyperbolic cosines and sines of the complex loss coefficient, but it may be solved using a traditional paper Smith chart or software that performs the Smith chart operations. TLW can perform this transformation, but without Smith chart graphics.

There are many antenna analyzers available to amateurs that will measure the complex impedance at the input to a transmission line. Given the impedance in the series format, R + jX, TLW can make the transformations.

Let us go through an example. Use some of the values shown in the table for the 100-foot center-fed dipole in Table 24.5. Suppose we would like to use the antenna on 3.8 MHz and are feeding it with a 100-foot length of 450-Ω window line. The antenna’s feed point impedance of 39 – j362 Ω creates an SWR of 17.7:1. At the transmitter end of the feed line, using TLW shows the impedance is transformed to 233 – j1066 Ω for an SWR of 13.9:1. Line loss would be 1.2 dB due to the high SWR. Remember that the high SWR will be present in the feed line even if an antenna tuner converts the line’s input impedance to 50 Ω.
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If we were using RG-213 coax to feed this antenna, the situation would be quite different: feed point SWR would be 62.34, impedance at the transmitter would be 6.9 – j62.4 Ω for an SWR of 16.7:1, and the feed line loss would be 5.7 dB. Entering the feed point impedance values for the different frequencies and switching feed line types between parallel conductor and coax is very instructive.

Table 24.7 shows a similar set of impedances for a 66-foot inverted-V dipole with the center 50 feet above the ground. This might be a very good 40-meter antenna but when it is fed with 100 feet of 450 Ω window line, the impedance is no longer anywhere close to 50 Ω on the dipole’s fundamental frequency. Again, using TLW to check the SWR and total line loss is a useful exercise.
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Smith Chart Software

The standard way of visualizing transmission line and impedance matching mechanics is by using a Smith chart. (If you are unfamiliar with the Smith chart, the online material for the Transmission Lines chapter includes a detailed tutorial on the Smith chart.) Paper charts, however, have been replaced by interactive computer software such as the easy-to-use jjSmith (Windows only) by Jim Tonne, W4ENE, available on the ARRL Handbook’s reference website (www.arrl.org/arrl-handbook-reference) and SimSmith (www.ae6ty.com/Smith_Charts.html) by Ward Harriman, AE6TY. Learning about the Smith chart will be a great aid in understanding the mechanics of transmission lines and impedance matching.

SimSmith includes a number of building blocks, such as lumped-constant circuits and stubs (among other common functions), that allow comprehensive transmission line and antenna system design. It can also work directly with Touchstone format data (see the Antenna and Transmission Line Measurements chapter section on antenna analyzers) from measurements. Larry Benko, WØQE, has posted a number of SimSmith tutorials and user guides on his website (w0qe.com/SimSmith.html) and on his YouTube channel, youtube.com/@w0qe867. SimSmith is written in Java to run on a number of operating systems and in a variety of web browsers.

24.3.2 Transmission Line Selection

Until you get into the microwave region where waveguides become practical, there are only two practical choices for transmission lines: coaxial cable and parallel-conductor lines such as open wire or ladder line and window line. (Refer to the Transmission Lines chapter for information about the different types of feed lines.)

The shielding of coaxial cable offers advantages in incidental radiation and routing flexibility. Coax can be tied or taped to the legs of a metal tower without problem, for example. Some varieties of coax can even be buried underground. Coaxial cable can perform acceptably even with significant SWR. A drawback of coaxial line is its loss, particularly at moderate to high SWR. For example, a 100-foot length of RG-213 coax has 1.1 dB matched-line loss at 30 MHz. If this line were used with a load of 250 + j0 Ω (an SWR of 5:1), the total line loss would be 2.2 dB. This represents about a half S unit on most receivers.

On the other hand, open-wire line has the advantage of both lower loss and lower cost compared to coax. At 30 MHz, 600-Ω open-wire line has a matched loss of only 0.1 dB. If you use such open-wire line with the same 5:1 SWR, the total loss would about 0.3 dB. In fact, even if the SWR rose to 20:1, the total loss would be less than 1 dB.

Despite their inherently low-loss characteristics, open-wire lines are not often employed above about 100 MHz. This is because the physical spacing between the two wires begins to become an appreciable fraction of a wavelength, leading to undesirable radiation by the line itself. Some form of coaxial cable is almost universally used in the VHF and UHF amateur bands.

Open-wire line is enjoying a renaissance of sorts with amateurs wishing to cover multiple HF bands with a single-wire antenna. Doublets of various lengths (44, 88, and 105 feet are popular lengths) fed with open-wire line into an antenna tuner have become popular as a simple all-band antenna. The simple 135-foot long 80-meter dipole, fed with 450-Ω window line, is also very popular as an all-band antenna.

So, apart from concerns about convenience and the matter of cost, how do you go about choosing a transmission line for a particular antenna? Let’s start with some simple cases.

Feeding a Single-Band Antenna

If the antenna system is only required to operate on a single band and if the feed point impedance of the antenna doesn’t vary too radically across the band, then the choice of transmission line is easy. Most amateurs would opt for convenience — they would use coaxial cable to feed the antenna, usually without an antenna tuner.

An example of such an installation is a half-wave 80-meter dipole fed with 50-Ω coax. The matched-line loss for 100 feet of 50-Ω RG-213 coax at 3.5 MHz is only 0.33 dB. At each end of the 80-meter band, this dipole will exhibit an SWR of about 6:1. The additional loss caused by this level of SWR at this frequency is less than 0.6 dB, for a total line loss of 0.9 dB. Since 1 dB represents an almost undetectable change in signal strength at the receiving end, it does not matter whether the line is “flat” (low SWR) or not for this 80-meter system.

This is true provided that the transmitter can operate properly into the load presented to it by the impedance at the input of the transmission line. Even if the feed line loss is low, an antenna tuner is sometimes required to ensure that the transmitter operates into its design load impedance. On the other amateur bands, where the percentage bandwidth is smaller than that on 75/80 meters, a simple dipole fed with coax will provide an acceptable SWR for most transmitters without an antenna tuner.

If you want a better match at the antenna feed point of a single-band antenna to coax, you can provide some sort of matching network at the antenna. We’ll look further into schemes for achieving matched antenna systems later in this chapter, when we’ll examine single-band methods of matching feed point and feed line impedances.

Feeding a Multiband Antenna

A multiband antenna is one where special techniques are used to make a single antenna present a consistent feed point impedance on each of several amateur bands. Often, trap circuits are employed. (Information on traps is given in the Multiband HF Antennas chapter.) For example, a trap dipole presents a feed point impedance similar to that of a λ/2 dipole on each of the bands for which it is designed.

Note that “resonance” only means that the self-impedance of the antenna is completely resistive (no reactance) and does not imply that the value of the impedance is low. For example, the 135-foot dipole may be resonant on 3.5 MHz and all harmonics but its feed point impedance will vary from low values at the fundamental and odd harmonics (10.5, 17.5, 24.5 MHz) to very high impedances at even harmonics (7.0, 14.0, 21.0, 28.0 MHz). Yet it may be resonant at all of those frequencies.

Another common multiband antenna is constructed from several dipoles cut for different frequencies and connected in parallel at a common feed point and fed with a single coaxial cable. This arrangement acts as an independent λ/2 dipole on each band. (Interaction between the individual dipoles is discussed in the Multiband HF Antennas chapter.)

Another type of multiband antenna is a log-periodic dipole array (LPDA), which features moderate gain and pattern with a low SWR across a fairly wide band of frequencies. See the Frequency-Independent Antennas chapter for more details.

Yet another popular multiband antenna is the trap triband Yagi, or a multiband interlaced quad. On the amateur HF bands, the triband Yagi is almost as popular as the simple λ/2 dipole. See the HF Beam Antennas chapter for more information on this antenna.

A multiband antenna doesn’t present much of an antenna system design challenge — you simply feed it with coax that has characteristic impedance close to the antenna’s feed point impedance. Usually, 50-Ω cable, such as RG-213, is used.

Using TLW to Determine SWR
The program TLW can be used in two important ways: to determine SWR and impedance on the “other end” of transmission lines. The first case occurs when you are given a certain load impedance, such as that of an antenna feed point, and wish to know what the SWR and impedance will be at the input of the feed line. This type of information is used to design impedance-matching networks and antenna tuners for use in the station. From the program’s main screen, select the feed line type and length. Enter frequency and the load resistance and reactance, specifying LOAD for the location of the impedance. The SWR and impedance at the input of the feed line will be displayed at the bottom of the window. The additional loss due to SWR is also calculated.
The second case works in reverse. It occurs when you know the SWR (or impedance) at the input to the feed line and want to know the SWR (or impedance) at the load (antenna) end of the feed line. Enter the cable type and length, frequency, and a value for RESISTANCE equal to SWR × Z0. (If you know the input impedance, enter it instead.) Specify INPUT for the location where SWR is specified. The SWR (and impedance) will be displayed at the bottom of the window along with the additional line loss due to SWR.


Feeding a Multiband Nonresonant Antenna

Let’s say that you wish to use a single antenna, such as a 100-foot long doublet, on multiple amateur bands. You know from the Antenna Fundamentals chapter that since the physical length of the antenna is fixed, the feed point impedance of the antenna will vary on each band. In other words, except by chance, the antenna will not be resonant — or even close to resonant — on multiple bands. This presents special challenges with regard to feed line selection.

For multiband nonresonant antenna systems, the most appropriate transmission line is often a parallel-conductor line, because of the inherently low matched-line loss characteristic of these types of lines. Such a system is called an unmatched system, because no attempt is made to match the impedance at the antenna’s feed point to the Z0 of the transmission line. Commercial 450-Ω window ladder line has become popular for this kind of application. It is almost as good as traditional open-wire or ladder-line for most amateur systems.

The transmission line will be mismatched most of the time and on some frequencies it will be severely mismatched. Because of the mismatch, the SWR on the line will vary widely with frequency. As shown in the Transmission Lines chapter, such a variation in load impedance has an impact on the loss created in the feed line. Let’s look at the losses in a typical multiband nonresonant system.

Table 24.7 summarizes the feed point information over the HF amateur bands for a 100-foot long dipole, mounted as a flattop, 50 feet high over typical ground. In addition, the table shows the total line loss created in 100 feet of 450-Ω ladder line by the SWR at the antenna feed point. As usual, there is nothing particularly significant about the choice of a 100-foot long antenna or a 100-foot long transmission line. Both are practical lengths that could very well be encountered in a real-world situation. At 1.8 MHz, the loss in the transmission line is large — 13.1 dB. This is due to the fact that the SWR at the feed point is a very high 390:1, a direct result of the fact that the antenna is extremely short in terms of wavelength.

Table 24.8 summarizes the same information as in Table 24.7, but this time for a 66-foot long inverted-V dipole, with the apex 50 feet over typical ground and an included angle between its two legs of 120°. The situation at 1.83 MHz is even worse, as might be expected because this antenna is even shorter electrically than its 100-foot flattop cousin. The line loss has risen to 19.7 dB!

[image: ]

Under such severe mismatches, another problem can arise. Transmission lines with solid dielectric have voltage and current limitations. At lower frequencies with electrically short antennas, this can be a more compelling limitation than the amount of power loss. The ability of a line to handle RF power is inversely proportional to the SWR. For example, a line rated for 1.5 kW when matched, should be operated at only 150 W when the SWR is 10:1. At the mismatch on 1.83 MHz illustrated for the 100-foot doublet or the 66-foot inverted-V dipole in Tables 24.7 and 24.7, the line may well arc over, burning the insulation, due to the extremely high SWR. (To calculate the maximum voltage, see the “Line Voltages and Current” section of the Transmission Lines chapter.)

To use TLW to see the voltage and current along the feed line for 1500 W of input power, select VOLT/CURRENT and click GRAPH. On 160 meters, where the feed point SWR is highest, the maximum voltage is 6600 V. This would exceed the voltage rating for RG-213 (3700 V) by nearly a factor of two and probably result in a voltage breakdown near the load.

A feed line of 450-Ω window-type ladder line using two #16 AWG conductors should be safe up to the 1500 W level for frequencies where the antenna is at least a half-wavelength long. For the 100-foot dipole, this would be above 3.8 MHz, and for the 66-foot long inverted-V, this would be above 7 MHz. For the very short antennas illustrated above, however, even 450-Ω window line may not be able to take full amateur legal power. Check the line’s maximum rated voltage in the table in the Transmission Lines chapter and compare with that expected at your maximum power and expected maximum SWR. The article “Don’t Blow Up Your Balun” by Dean Straw, N6BV, includes several excellent examples of antenna systems that place a lot of stress on chokes, baluns and antenna tuners. The article is included in the online material.

24.3.3 Measuring Transmission Line Loss

The most obvious method is to use a calibrated wattmeter and dummy load. With the wattmeter at the input to the line and the dummy load at the output, apply power to the line and measure forward power, PIN. (With the dummy load attached, there should be no reflected power.) Remove power and connect the input of the line directly to the power source. Connect the wattmeter between the output of the line and the dummy load. Apply the same amount of power and read forward power at the dummy load, POUT. The loss in the line is equal to 10 log (POUT / PIN).

Without a wattmeter, loss can be measured by using a calibrated mismatch. Assuming a 50-Ω system, select a non-inductive resistor between 150 Ω (3:1 SWR) and 270 Ω (5.4:1 SWR). Convert the resistor’s expected SWR to return loss (RL), using Table 24.9. For example, a 220-Ω resistive load results in a 4.4:1 SWR which is a return loss of 4.0 dB. Connect the resistor to the output of the line. Make sure the resistor leads are very short so that they do not add a significant amount of inductance. Measure SWR at the input to the line and convert to return loss. The line loss is the difference between return loss at the line input and return loss of the load. For example, with the 220-Ω load (4.0 dB RL) and 100 feet of RG-58 coax at 10 MHz, the input SWR might be 3.0:1 (RL = 6.0 dB). The line loss at this frequency is 6.0 dB – 4.0 dB = 2.0 dB.
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Some methods use an open or short circuit at the load end of the line (an infinite SWR and RL = 0) to measure line loss. Most amateur instrumentation is not well-calibrated at high SWR and will give an unreliable reading for SWR and RL. Using a moderate mismatch improves the accuracy of the final result. You can replace the feed line with inline attenuators to check this more accurate method with the known amounts of loss.

24.3.4 Antenna Tuner Location

To meet the goal of presenting a 50-Ω load to the transmitter, in many antenna systems it is necessary to place an antenna tuner between the transmitter and the transmission line going to the antenna. This is particularly true for a single-wire antenna used on multiple amateur bands.

The tuner is usually located near the transmitter in order to adjust it for different bands or antennas. If a tuner is in use for one particular band and does not need to be adjusted once set up for minimum VSWR, it can be placed in a weatherproof container near the antenna. Some automatic tuners are designed to be installed at the antenna, for example. For some situations, placing the tuner at the base of a tower can be particularly effective and eliminates having to climb the tower to perform maintenance on the tuner.

It is useful to consider the performance of the entire antenna system when deciding where to install the antenna tuner and what types of feed line to use in order to minimize system losses. Here is an example, using the program TLW. Let’s use the familiar 100-foot doublet described previously. As extreme examples, we will use 3.8 and 28.4 MHz with 200 feet of transmission line. There are many ways to configure this system, but three examples are shown in Figure 24.13. A low-pass L-network is assumed for all three systems.
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Example 1 in Figure 24.13A shows a 200-foot run of RG-213 going to a 1:1 balun that feeds the antenna. The tuner in the station reduces the VSWR for proper matching in the transmitter. Example 2 (Figure 24.13B) shows a similar arrangement using 450-Ω window line. Example 3 (Figure 24.13C) shows a 50-foot run of 450-Ω line dropping straight down to a remote tuner near the ground and 150 feet of RG-213 going to the station. Table 24.10 summarizes the losses and the L-network component values required. Balun losses are not included.
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Some interesting conclusions can be drawn. First, direct feeding this antenna with coax through a balun is very lossy — a poor solution. If the flattop were λ/2 long — a resonant half-wave dipole — direct coax feed would be a good method. In the second example, direct feed with 450-Ω low-loss line does not give the lowest loss. The combination method in Example 3 provides the best solution. (Note the very high C value at 3.8 MHz and the very low L value at 28.4 MHz in Example 1 and the very low C value at 28.4 MHz in Example 3. A pi- or T-network might be a better choice for these frequencies and impedances.)

Example 3 has some additional advantages. It feeds the antenna in a symmetrical arrangement which is best to reduce common-mode current pickup on the shield of the feed line. The shorter feed line will not weigh down the antenna as much, and the balun’s additional weight and expense are also avoided. The coax back to the transmitter can be buried or laid on the ground and it is perfectly matched. Burial of the cable will also prevent any additional common-mode currents from being induced on the coax shield. The tuner is then adjusted for minimum SWR on the cable as measured in the station at the transmitter.

24.3.5 Transmission Line Stubs

The impedance-transformation properties of a transmission line are useful in a number of applications. If the terminating resistance is zero (that is, a short) at the end of a low-loss line with length,[image: ]< λ/4, the input impedance is a reactance given by:
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where is in degrees of electrical length.

If the line termination is an open circuit, the input reactance is given by

	[image: ]	(11)


The input of a short (less than λ/4) length of line with a short circuit as a terminating load appears as an inductance, while an open-circuited line appears as a capacitance. This is a useful property of a transmission line, since it can be used as a low-loss inductor or capacitor in matching networks. Such lines are often referred to as stubs.

A line that is electrically λ/4 long is a special kind of a stub. When a λ/4 line is short circuited at its load end, it presents an open circuit at its input. Conversely, a λ/4 line with an open circuit at its load end presents a short circuit at its input. Such a line inverts the impedance of a short or an open circuit at the frequency for which the line is λ/4 long. This is also true for frequencies that are odd multiples of the λ/4 frequency. However, for frequencies where the length of the line is λ/2, or integer multiples thereof, the line will duplicate the termination at its end.

Building a Coax Stub

This procedure results in a shorted stub tuned to be λ/2 long because this is the easiest frequency at which to measure an impedance null. The stub will be λ/4 long at one-half the λ/2 frequency. For example, if you want to build a stub that is λ/4 long at 7.1 MHz, tune it to be λ/2 long a 14.2 MHz. The short can either be left in place for a shorted stub or removed for an open stub. If you are unfamiliar with stub building, look up the approximate stub length in a published table such as in the next section. As you begin your measurements, check to be sure the stub will be about the same length as in the table and not off by a factor of two, which indicates a calculation problem.

Begin by installing the desired connector on one end of a piece of coax, cutting the coax about 10% longer than the computed value. Strip 1⁄2 inch or so at the far end and short the shield to the center conductor with a direct, minimum-length connection.

Connect the stub to an impedance measuring device and find the lowest frequency at which impedance Z and reactance (X) are minimum, near zero ohms, repeating the termination impedance which is a short. (If you are using an antenna analyzer, ignore the SWR measurement — use only the Z and X values.) At this frequency the stub is λ/2 long. It will be λ/4 long at 1⁄2 the measured frequency.

The frequency should be below your desired frequency by about 10%, meaning the stub is too long. Use the actual percentage below your target frequency to tell you how much to cut, then cut about half that much. Repeat until the stub is at the desired frequency. Carefully solder the shorted end and weatherproof it.

Tuning a Transmission Line Stub

Because different manufacturing runs of coax will have slightly different velocity factors, a quarter-wave stub is usually cut a little longer than calculated, and then carefully pruned by snipping off short pieces, while using an antenna analyzer or VNA to monitor the response at the harmonic frequency. Velocity factor (VF) also changes a small amount with frequency, enough to be significant when measuring and cutting a stub. VF error can be a fraction of a percent at HF which is enough to move the resonant frequency substantially. For example, the 20-meter band is about 2.5% wide, so a 0.5% error represents about 70 kHz. Either measure VF at the frequency being used or leave enough margin in the initial length to accommodate variations.

Because the end of the coax is an open circuit while pieces are being snipped away, the input of a λ/4 line will show a short circuit exactly at the fundamental frequency. Once the coax has been pruned to frequency, a short jumper is soldered across the end, and the response at the second harmonic frequency is measured. Figure 24.14 shows how to connect a shorted stub to a transmission line and Figure 24.15 shows a typical frequency response.
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The shorted quarter-wave stub shows low loss at 7 MHz and at 21 MHz where it is 3λ/4 long. It nulls 14 and 28 MHz. This is useful for reducing the even harmonics of a 7 MHz transmitter. It can be used for a 21 MHz transmitter as well and will reduce any spurious emissions such as phase noise and wideband noise which might cause interference to receivers operating on 14 or 28 MHz. (Note that spurious emissions must be filtered out at the transmitter, or they become in-band signals to a receiver and cannot be removed.)

The open-circuited quarter-wave stub has a low impedance at the fundamental frequency, so a transmitter must operate at two times the frequency for which the stub is cut. For example, a quarter-wave open stub cut for 3.5 MHz will present a high impedance at 7 MHz where it is λ/2 long. It will present a high impedance at those frequencies where it is a multiple of λ/2, or 7, 14 and 28 MHz. It would be connected in the same manner as Figure 24.14 and the frequency plot is shown in Figure 24.16.
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This open stub can protect a receiver operating on 7, 14, 21 or 28 MHz from interference by a 3.5 MHz transmitter. It also has nulls at 10.5, 17.5 and 24.5 MHz — the 3rd, 5th and 7th harmonics. The length of a quarter-wave stub may be calculated as follows:
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where

Le = length in feet

VF = propagation constant for the coax in use

f = frequency in MHz.

For the special case of RG-213 (and any similar cable with VF = 0.66), equation 11 can be simplified to:
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where

Le = length in feet

f = frequency in MHz.

Table 24.11 solves this equation for the major contesting bands where stubs are often used. The third column shows how much of the stub to cut off if the desired frequency is 100 kHz higher in frequency. For example: To cut a stub for 14.250 MHz, reduce the overall length shown by 2.5 × 1 inches, or 2.5 inches. There is some variation in dielectric constant of coaxial cable from batch to batch or manufacturer to manufacturer, so it is always best to measure the stub’s fundamental resonance before proceeding.
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Measuring Stubs with One-Port Instruments

Many of the common measuring instruments used by amateurs are one-port devices, meaning they have one connector at which the measurement — typically VSWR — is made. Probably the most popular instrument for this type of work is the antenna analyzer, available from a number of manufacturers.

To test a stub using an antenna analyzer, connect the stub to the meter by itself and tune the meter for a minimum reactance value (or impedance, if reactance is not displayed), ignoring the VSWR display. If practical, tune the stub with one end shorted so as to determine the stub’s λ/2 frequency, then dividing the frequency by two to get the λ/4 frequency. This will be easier to read accurately on the analyzer and give more accurate results. It is almost impossible to get an accurate reading on the higher HF bands, particularly with open stubs. For example, when a quarter-wave open stub cut for 20 meters was swept to determine the frequency of the null on an MFJ-259 SWR analyzer, the frequency measured 14.650 MHz, with a very broad null. A recheck with a professional-quality network analyzer measured 14.018 MHz. (Resolution on the network analyzer is about ±5 kHz.) Running the same test on a λ/4 shorted stub gave a measurement of 28.320 MHz on the MFJ-259 and 28.398 MHz on the network analyzer. (These inaccuracies are typical of amateur instrumentation and are meant to illustrate the difficulties of using inexpensive instruments for sensitive measurements.)

Other one-port instruments that measure phase can be used to get a more accurate reading. The additional length added by the required T must be accounted for. If a measurement is made without the T and then with the T, the average value will be close to correct. An alternative is to use a double-female adaptor of the same length as the T connection when making measurements.

Measuring Stubs with Two-Port Instruments

A two-port measurement is made with a signal generator and a separate detector, such as provided by a vector network analyzer (VNA) as described in the chapter on Antenna and Transmission Line Measurements. If a VNA is not available, attach a T connector to the generator with the stub connected to one side. The other side is connected to a cable of any length that goes to the detector. The detector should present a 50-Ω load to the cable. This is how the network analyzer is configured, and it is similar to how the stub is connected in actual use. If the generator is accurately calibrated, the measurement can be very good. There are a number of ways to do this without buying an expensive piece of lab equipment.

An antenna analyzer can be used as the signal generator. Measurements will be quite accurate if the detector has 30 to 40 dB dynamic range. Two setups were tested by W2VJN for accuracy. The first used a digital voltmeter (DVM) with a diode detector. (A germanium diode must be used for the best dynamic range.) Tests on open and shorted stubs at 14 MHz returned readings within 20 kHz of the network analyzer. Another test was run using an oscilloscope as the detector with a 50-Ω load on the input. This test produced results that were essentially the same as the network analyzer.

A noise generator can be used in combination with a receiver as the detector. (An inexpensive noise generator kit is available from Elecraft, elecraft.com.) Set the receiver for 2-3 kHz bandwidth and turn off the AGC. An ac voltmeter connected to the audio output of the receiver will serve as a null detector. The noise level into the receiver without the stub connected should be just at or below the limiting level. With the stub connected, the noise level in the null should drop by 25 or 30 dB. Connect the UHF T to the noise generator using any necessary adapters. Connect the stub to one side of the T and connect the receiver to the other side with a short cable. Tune the receiver around the expected null frequency. After locating the null, snip off pieces of cable until the null moves to the desired frequency. Accuracy with this method is within 20 or 30 kHz of the network analyzer readings on 14 MHz stubs.

Connecting Stubs

To connect a stub to a coaxial transmission line it is necessary to insert a T adaptor in the line. If the stub is to be connected directly at the transmitter, a female-male-female T is used with the male port connected directly to the transmitter and the antenna feed line and stub connected to the two female ports. If the stub is to be inserted in the feed line, an all-female port T can be used.

It should be noted that the T inserts a small additional length in series with the stub that lowers the resonant frequency. The additional length for an Amphenol UHF T is about 3/8 inch. This length is negligible at 1.8 and 3.5 MHz, but on the higher bands the additional length should be accounted for when measuring the stub.

24.3.6 Transmission Line Stubs as Filters

[Material in this section was adapted from papers and articles by George Cutsogeorge, W2VJN; Jim Brown, K9YC (audiosystemsgroup.com/publish.htm); and Ward Harriman, AE6TY (ae6ty.com/Smith_Charts.html), which are included with this book’s online material and/or online. (See this book’s online material information directory and this chapter’s References and Bibliography.) ARRL appreciates the contributions of these authors. — Ed.]

The impedance transformation properties of stubs can be put to use as filters. For example, if a shorted line is cut to be λ/4 long at 7.1 MHz, the impedance looking into the input of the line will be an open circuit. The line will have no effect if placed in parallel with a transmitter’s output terminals. However, at twice the frequency, 14.2 MHz, that same line is now λ/2, and the line looks like a short circuit. This quarter-wave stub will act as a filter for not only the second harmonic, but also for higher even-order harmonics, such as the fourth or sixth harmonics. Quarter-wave stubs made of good-quality coax, such as RG-213, can provide 20 to 30 dB of harmonic attenuation or more if located properly in the feed line.

This filtering action is extremely useful in multi-transmitter situations, such as during Field Day, emergency operations centers, portable communications facilities and multioperator contest stations. Transmission line stubs can operate at high power where lumped-constant filters would be expensive. Using stub filters reduces noise, harmonics and strong fundamental signals from the closely-spaced antennas which cause overload and interference to receivers.

One caveat is that there may be other inter-station paths for harmonic energy to get from one radio to another. This coupling is not addressed by adding stubs and may be a reason why applying stubs or bandpass filters may not give the results you expect. Another reason for poor harmonic suppression is that harmonics may be generated by non-linear junctions or devices in the antenna system or in the vicinity of the antenna system. If you suspect these or other sources for harmonic generation or coupling, use test equipment to build and then test the stub. Troubleshoot harmonic generation or coupling separately.

Stub filters can also be used as receive filters to remove a strong fundamental signal received by an antenna system operating at a harmonic of the fundamental. In the following discussion, of stub placement, when placing a stub for receive filtering, reverse the references to transmitter and antenna. Also, do not alter the position of any transmit filter stubs when adding stubs for receive filtering.

Positioning a Stub Connection

This discussion will focus on the common application of using a shorted stub to act as a harmonic filter at even integer multiples of a transmitted signal’s fundamental frequency. A stub works to suppress a harmonic by placing a short circuit across the line at the harmonic frequency. When a stub is placed in the line somewhere between the transmitter and antenna, the impedance at that point determines how well the stub will work. i.e. – attenuating the harmonic. If the stub is located at a low impedance point in the line, the short circuit is in parallel with the low impedance and so provides little additional attenuation. Additionally, if the length of coax between stub and transmitter output degrades the suppression provided by the transmitter output network, the total suppression (output network plus stub) may be no better than without the stub. (“Transmitter” in this section will refer to either a transceiver or power amplifier, including any filters that will be used.)

It is important to remember that for this application, impedance is measured or calculated at the frequency of the second harmonic, not the fundamental. The assumption is made that the antenna is reasonably well-matched to the line at the fundamental (SWR < 2:1) and poorly matched at the harmonic. This procedure is intended to be applied to monoband antenna systems and may be unreliable when the antenna in use is a multiband antenna matched to the line at the fundamental and harmonic(s) in question.

Note also that this procedure does not include the effects of an adjustable antenna tuner, such as an auto-tuner in a transmitter. If a tuner is used, the stub should be located with the tuner adjusted for operation at the fundamental. (This includes any tuning or impedance matching networks or stubs that match the antenna to the line at the fundamental frequency.)

Before beginning, you may not have to undertake a detailed process to achieve acceptable results. Build a stub λ/4 long at the fundamental frequency and prepare to attach it at a convenient point in your transmission line. Measure the strength of the harmonic to be suppressed by either using a receiver S-meter or a spectrum analyzer. Install the stub and determine the amount of attenuation of the harmonic. If you have sufficient attenuation, you need go no further!

Another option is to build the double-stub combination described in the next section as that is nearly guaranteed to provide at least 30 dB of harmonic attenuation at the expense of the extra stub, adaptors, and coupling line.

To optimize the location of the stub in the feed line, each of the three authors mentioned above approach the problem somewhat differently but the basic procedure is as follows:

Step 1: With the antenna connected, measure the complex impedance (at the second harmonic) at the input to the feed line.

Step 2: Use TLW or a Smith chart program such as SimSmith by AE6TY to find the location of impedance peaks on the line.

Step 3: Break the line at one of those points, insert a coax T (tee) adaptor and add the stub. The length of line from the stub to the antenna corresponds to cable W2 in Figure 24.14. (If you have acceptable results, you can stop here.)

Step 4: Make the line between the stub and the output of the transmitter (cable W1 in Figure 24.14) a length that preserves the harmonic suppression of the transmitter output network. This length of line is relatively non-critical with an error of up to 45° resulting in only 3 dB less attenuation than at the optimum point.

If the element of the transmitter’s output matching network (including any filter circuits) nearest the point of connection to the antenna feed line is a series inductor (such as for a Pi-L output network), make the coax as short as possible or some even multiple of λ/2 at the harmonic. If that component is a capacitor, make cable W1 some odd multiple (1, 3, 5, etc.) of λ/4 at the harmonic. If you are using a double stub as below, W1 is the length of coax to the stub closest to the transmitter.

An alternate method is suggested by W2VJN in which the impedance is measured looking back into the transmitter output network through W1. Step 2 from above can then be repeated to find the optimum length of cable that results in a high impedance point at the stub connection point. By optimizing both W1 and W2, W2VJN has observed more than 50 dB of attenuation from a single stub.

Stub Combinations

A single stub will give 20 to 30 dB attenuation in the null if connected at a high-impedance point in the feed line as described above. A second stub can be added for additional attenuation if separated from the first stub by λ/4 at the frequency of the harmonic to be attenuated. This is shown in Figure 24.17. This technique will also provide good attenuation if you are unable to determine an optimum location for the stubs or are required to install the stubs in a non-optimum location. The stubs both force low-impedance points on the line at the harmonic, guaranteeing that at least one stub will have its full effect.
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Open and shorted stubs can be combined together to attenuate higher harmonics as well as lower frequency bands. The stubs may be cut to the same frequency for maximum attenuation, or to two slightly different frequencies such as the CW and SSB frequencies in one band. Stubs should not be connected together at exactly the same point in the feed line but separated by a very short length of line or a double female adaptor. Stubs should also not share any length. The correct way to connect multiple stubs is shown in Figure 24.18.
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An interesting combination is the parallel connection of two 1⁄8 λ stubs, one open and the other shorted. The shorted stub will act as an inductor and the open stub as a capacitor. Their reactance will be equal and opposite, forming a resonant circuit. The null depth with this arrangement will be a bit better than a single quarter-wave shorted stub. This presents some possibilities when combinations of stubs are used in a band switching system. W2VJN’s book Managing Interstation Interference presents a number of useful combinations. (See the References and Bibliography.)

24.3.7 PROJECT: A Field Day Stub Assembly

Figure 24.19 shows a simple stub arrangement that can be useful in a two-transmitter Field Day station. The stubs reduce out-of-band noise produced by the transmitters that would cause interference to the other stations — a common Field Day problem where the stations are quite close together. This noise cannot be filtered out at the receiver and must be removed at the transmitter. One stub assembly would be connected to each transmitter output and manually switched for the appropriate band.
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Two stubs are connected as shown. The two-relay selector box can be switched in four ways. Stub 1 is a shorted quarter-wave 40-meter stub. Stub 2 is an open quarter-wave 40-meter stub. Operation is as shown in Table 24.12.
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The stubs must be cut and tuned while connected to the selector relays. RG-213 may be used for any amateur power level and will provide 25 to 30 dB reduction in the nulls. For power levels under 500 W or so, RG-8X may be used. It will provide a few dB less reduction in the nulls because of its slightly higher loss than RG-213.

24.4 Transmission Line Matching Devices

Baluns, Chokes, and Transformers

It is useful to begin with the terminology of this important topic. The term “balun” applies to any device that transfers differential-mode signals between a balanced (bal-) system and an unbalanced (un-) system while maintaining symmetrical energy distribution at the terminals of the balanced system. The term only applies to the function of energy transfer, not to how the device is constructed. It doesn’t matter whether the balanced-unbalanced transition is made through transmission line structures, flux-coupled transformers, or simply by blocking unbalanced current flow. A common-mode choke, for example, can perform the balun function by putting impedance in the path of common-mode currents at the load terminals, such as antenna feed point, and is therefore a balun.

A current balun forces symmetrical current at the balanced terminals. This is of particular importance in feeding antennas, since antenna currents determine the antenna’s radiation pattern. A voltage balun forces symmetrical voltages at the balanced terminals. Voltage baluns are less effective in causing equal currents at their balanced terminals, such as at an antenna’s feed point.

An impedance transformer may or may not perform the balun function. Impedance transformation (changing the ratio of voltage and current) is not required of a balun nor is it prohibited. There are balanced-to-balanced impedance transformers (transformers with isolated primary and secondary windings, for example) just as there are unbalanced-to-unbalanced or unun impedance transformers (autotransformer and transmission-line designs). A transmission-line transformer is a device that performs the function of power transfer (with or without impedance transformation) by utilizing the characteristics of transmission lines.

Multiple devices are often combined in a single package called a “balun.” For example, a “4:1 current balun” is a 1:1 current balun in series with a 4:1 impedance transformer or voltage balun. Other names for baluns are common, such as “line isolator” for a choke balun. Baluns are often referred to by their construction — “bead balun,” “coiled-coax balun,” “sleeve balun,” and so forth. What is important is to separate the function (power transfer between balanced and unbalanced systems) from the construction.

Types of Matching Devices

There are three types of devices discussed in this section. The first are reflective, in that they perform impedance transformation by setting up a series of reflections in the transmission line. These are called synchronous transformers because the reflections have precise phase relationships. The forward and reflected waves combine to create a different ratio of voltage and current, the definition of impedance.

The second type, transmission line transformers, isolate the output of short transmission lines from the input by blocking the common-mode signal path with a high impedance created by winding the line on ferrite material. That allows the differential-mode signals from each line to be combined as if they were independent signal sources. The signals can be combined in and out of phase, just as conventional transformer windings can be connected to create different combinations of voltages and current.

Finally, broadband transformers use conventional transformer action, also known as flux-coupled transformers, to transform impedances between a primary and secondary winding. Additional windings are used to create flux in the transformer core in some designs. These transformers can have a very wide bandwidth.

24.4.1 Quarter-Wave Transformers

The impedance-transforming properties of a λ/4 transmission line synchronous transformer or Q-section shown in Figure 24.20A can be used to good advantage for matching the feed point impedance of an antenna to the characteristic impedance of the line. As described in the Transmission Lines chapter, the input impedance of a λ/4 line terminated in a resistive impedance ZR is
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where

Zi = the impedance at the input end of the line

Z0 = the characteristic impedance of the line

ZL = the impedance at the load end of the line

This is called impedance inversion because the ratio of ZL to Z0 is the same as the ratio of Z0 to Zi. Viewed on a Smith chart normalized to Z0 (the center point represents Z0), ZL and ZI are on opposite sides of and equidistant from the center point.

Rearranging this equation gives
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This means that any value of load impedance ZL can be transformed into any desired value of impedance Zi at the input terminals of a λ/4 line that has a characteristic impedance Z0 equal to the square root of the product of the other two impedances. The factor that limits the range of impedances that can be matched by this method is the range of values for Z0 that is physically realizable — approximately 50 to 600 Ω. Practically any type of line can be used for the matching section, including both air-insulated and solid-dielectric lines.

The λ/4 transformer may be adjusted to resonance before being connected to the antenna by following the procedures for determining line length in the chapter Antenna and Transmission Line Measurements.

Tuned Feeders

Feeding a high-impedance point on an antenna can be made easier by using a quarter-wave transformer. This changes the high feed point impedance to a lower value likely to be easier to transform to 50 W with an antenna tuner. For example, if a λ/4 400-Ω line is connected to a 2000-Ω feed point, the output impedance of the line will be 4002/2000 = 80 Ω which is much easier to match to 50 Ω. This only works at frequencies for which the feed line is the required electrical length, thus the term “tuned.”

Tuned feeders can also create problems due to their length. For example, a feed line some multiple of λ/2 long connected to grounded equipment enclosures at one end also has a low impedance at the other end. That can cause trouble for an end-fed antenna with a high feed point impedance. Resonant feed line lengths (some multiple of λ/4 long) also tend to be effective at picking up energy from the antenna where it creates common-mode currents and re-radiated signals.

Yagi Driven Elements

Another application for the λ/4 transformer is in matching the low antenna impedance encountered in close-spaced, monoband Yagi arrays to a 50-Ω transmission line. The impedances at the antenna feed point for typical Yagis range from about 8 to 30 Ω. Let’s assume that the feed point impedance is 25 Ω. A matching section is needed. Since there is no commercially available cable with a Z0 of 35.4 Ω, a pair of λ/4-long 75-Ω RG-11 coax cables connected in parallel will have a net Z0 of 75/2 = 37.5 Ω, close enough for practical purposes.

24.4.2 Twelfth-Wave Transformers

The Q-section is really a special case of series-section matching described below. There’s no restriction (other than complexity) that there be just one matching section. In fact, the two-section variation shown in Figure 24.20B is quite handy for matching two different impedances of transmission line, such as 50-Ω coax and 75-Ω hardline. Best of all, special transmission line impedances are not required, only sections of line with the same impedances that are to be matched.

Current Forcing with λ/4 Sections
Current-forcing is an interesting property of l/4 transmission lines. The magnitude of the current out of a l/4 transmission line is equal to the input voltage divided by the characteristic impedance of the line. This is independent of the load impedance. (Note that the power into and out of the line is the same, less losses in the line.) In addition, the phase of the output current lags the phase of the input voltage by 90°, also independent of the load impedance. (See the Phased Array chapter’s section Recommended Feed Methods for Amateur Arrays for an example of how this property is used.)
If any number of loads are connected to a common driving point through l/4 lines of equal impedance, the currents in the loads will be forced to be equal and in-phase, regardless of the load impedances. Loads that require unequal currents can be fed through l/4 lines of unequal impedances to achieve other current ratios.


This configuration is referred to as a twelfth-wave transformer because when the ratio of the impedances to be matched is 1.5:1 (as is the case with 50- and 75-Ω cables), the electrical length of the two matching sections between the lines to be matched is 0.0815 λ (29.3°), quite close to λ/12 (0.0833 λ or 30°). Figure 24.21 shows that the SWR bandwidth of the twelfth-wave transformer is quite broad. You can use this technique to make good use of surplus low-loss 75-Ω CATV hardline between 50-Ω antennas and radios.
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24.4.3 Series-Section Transformers

The series-section transformer has advantages over either stub tuning or the λ/4 transformer. Illustrated in Figure 24.22, the series-section transformer bears considerable resemblance to the λ/4 and λ/12 transformers described earlier. (Actually, these are special cases of the series-section transformer.) The important differences are (1) that the matching section need not be located exactly at the load, (2) the matching section may be less than a quarter wavelength long, and (3) there is great freedom in the choice of the characteristic impedance of the matching section.
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In fact, the matching section can have any characteristic impedance that is not too close to that of the main line. Because of this freedom, it is almost always possible to find a length of commercially available line that will be suitable as a matching section. As an example, consider a 75-Ω line, a 300-Ω matching section, and a pure-resistance load. It can be shown that a series-section transformer of 300-Ω line may be used to match any resistance between 5 Ω and 1200 Ω to the main line.

Frank Regier, OD5CG, described series-section transformers in the July 1978 QST (see References and Bibliography). This information is based on that article. The design of a series-section transformer consists of determining the length L2 of the series or matching section and the distance L1 from the load to the point where the section should be inserted into the main line. Three quantities must be known. These are the characteristic impedances of the main line and of the matching section, both assumed purely resistive, and the complex-load impedance. Either of two design methods may be used. One is a graphic method using the Smith Chart, and the other is algebraic. You can take your choice. (Of course, the algebraic method may be adapted to obtaining a computer solution.) The Smith Chart graphic method is described in an article included with this book’s online material.

Algebraic Design Method

The two lengths L1 and L2 are to be determined from the characteristic impedances of the main line and the matching section, Z0 and Z1, respectively, and the load impedance ZL = RL + j XL. The first step is to determine the normalized impedances.
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Next, L2 and L1 are determined from

L2 = arctan B, where
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L1 = arctan A, where
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Lengths L2 and L1 as thus determined are electrical lengths in degrees (or radians). The electrical lengths in wavelengths are obtained by dividing by 360° (or by 2π radians). The physical lengths (main line or matching section, as the case may be), are then determined from multiplying by the free-space wavelength and by the velocity factor of the line.

The sign of B may be chosen either positive or negative, but the positive sign is preferred because it results in a shorter matching section. The sign of A may not be chosen but can turn out to be either positive or negative. If a negative sign occurs and a computer or calculator is then used to determine L1, a negative electric length will result for L1. If this happens, add 180°. The resultant electrical length will be correct both physically and mathematically.

In calculating B, if the quantity under the radical is negative, an imaginary value for B results. This would mean that Z1, the impedance of the matching section, is too close to Z0 and should be changed.

Limits on the characteristic impedance of Z1 may be calculated in terms of the SWR produced by the load on the main line without matching. For matching to occur, Z1 should either be greater than [image: ]or less than [image: ].

An Example

As an example, suppose we want to feed a 29-MHz ground-plane vertical antenna with RG-58 type foam-dielectric coax. We’ll assume the antenna impedance to be 36 Ω, pure resistance, and use a length of RG-59 foam-dielectric coax as the series section. See Figure 24.23.
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Z0 is 50 Ω, Z1 is 75 Ω, and both cables have a velocity factor of 0.79. Because the load is a pure resistance, we may determine the SWR to be 50/36 = 1.389. From the above, Z1 must have an impedance greater than [image: ]. From the earlier equations, n = 75/50 = 1.50, r = 36/50 = 0.720, and x = 0.

Further, B = 0.431 (positive sign chosen), and L2 = 23.3° or 0.065 λ. The value of A is –1.570. Calculating L1 yields −57.5°. Adding 180° to obtain a positive result gives L1= 122.5°, or 0.340 λ.

To find the physical lengths L1 and L2 we first find the free-space wavelength.
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Multiply this value by 0.79 (the velocity factor for both types of line), and we obtain the electrical wavelength in coax as 26.81 feet. From this, L1 = 0.340 × 26.81 = 9.12 feet, and L2 = 0.065 × 26.81 = 1.74 feet.

This completes the calculations. Construction consists of cutting the main coax at a point 9.12 feet from the antenna and inserting a 1.74-foot length of the 75-Ω cable.

The antenna in the preceding example could also have been matched by a λ/4 transformer at the load. Such a transformer would use a line with a characteristic impedance of 42.43 Ω. It is interesting to see what happens in the design of a series-section transformer if this value is chosen as the characteristic impedance of the series section.

Following the same steps as before, we find n = 0.849, r = 0.720, and x = 0. From these values we find B = 8 and L2 = 90°. Further, A = 0 and l1 = 0°. These results represent a λ/4 section at the load, and indicate that, as stated earlier, the λ/4 transformer is indeed a special case of the series-section transformer.

24.4.4 Multiple Quarter-Wave Sections

An alternate to the smooth-impedance transformation of the tapered line is provided by using two or more λ/4 transformer sections in series, as shown in Figure 24.24. (See article “Tapered Lines” in the online material.) Each section has a different characteristic impedance, selected to transform the impedance at its input to that at its output. Thus, the overall impedance transformation from source to load takes place as a series of gradual transformations. The frequency bandwidth with multiple sections is greater than for a single section. This technique is useful at the upper end of the HF range and at VHF and UHF. Here, too, the total line length that is required may become unwieldy at the lower frequencies.
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A multiple-section line may contain two or more λ/4 transformer sections; the more sections in the line, the broader is the matching bandwidth. Coaxial transmission lines may be used to make a multiple-section line, but standard coax lines are available in only a few characteristic impedances. Open-wire lines can be constructed rather easily for a specific impedance, designed from:
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where S is the center-to-center spacing between the conductors, d is the diameter of the conductors (same units as S), and Z0 is the characteristic impedance in ohms.

The following equations may be used to calculate the intermediate characteristic impedances for a two-section line.
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where terms are as illustrated in Figure 24.24. For example, assume we wish to match a 75-Ω source (Z0) to an 800-Ω load. From Eq 21, calculate Z1 to be 135.5 Ω. Then from Eq 22A, calculate Z2 to be 442.7 Ω. As a matter of interest, for this example the virtual impedance at the junction of Z1 and Z2 is 244.9 Ω. (This is the same impedance that would be required for a single-section λ/4 matching section.)

Multi-section λ/4 transformers are discussed by Randy Rhea in High-Frequency Electronics magazine (see References and Bibliography). This technique is related to the “equal delay” transmission line transformers.

Double Quarter-Wave Transformer

The double λ/4 transformer is a special case of the multi-section λ/4 transformer. If two λ/4 sections of feed line, one with impedance Z0 followed by another with an impedance of 2Z0 as the input impedance as in Figure 24.25, the input to the transformer will be the load impedance divided by 4. The transformer can be “turned around” to step up the load impedance. In general, the transformation ratio is the square of the impedance ratio of the two λ/4 sections, and it is independent of the impedances of the input and output. The larger the difference in Z0 between the sections, the smaller the bandwidth of the impedance transformation.
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You are not restricted to the Z0 of single cables. Paralleled cables with characteristic impedances of Z0 act as a combined cable with a characteristic impedance of Z0/2. So, for example, a λ/4 section of two 50-Ω cables in parallel (Z0 = 25 Ω) connected to a λ/4 section of 50-Ω line has an impedance ratio of 2:1 and an impedance transformation ratio of 4:1. This design could match 75-Ω line to a 300-Ω load — using 50-Ω cable! If the input section were composed of three cables in parallel, the impedance ratio would be 3:1 and the transformation ratio 9:1 — this could match 50 Ω at the input to 450 Ω at the output.

24.4.5 Transmission Line Transformers (TLT)

From Sevick’s paper analyzing TLTs, “A Transmission line transformer transmits the energy from input to output by a transmission line mode and not by flux-linkages as in the conventional transformer” (see References and Bibliography entry for Sevick). The TLT may or may not perform an impedance transformation and may have a balanced-balanced, balanced-unbalanced, or unbalanced-unbalanced configuration.

The basic transmission line transformer, from which other transformers are derived, is the 1:1 current balun or choke balun, shown in Figure 24.26A, first described by Guanella in 1944 (See References and Bibliography). To construct this type of balun, a length of coaxial cable or a pair of close-spaced, parallel wires forming a transmission line are wrapped around a ferrite rod or toroid or inserted through several beads. The ferrite should have a resistive characteristic as discussed in the Current Baluns, Chokes, and Choke Baluns section of this chapter. The Z0 of the line should equal the load resistance, R. To maintain low attenuation the line length should be much less than one-fourth wavelength at the highest frequency of operation.
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The conductors (two close-spaced parallel wires or coaxial cable’s braid and center conductor) are tightly coupled by electromagnetic fields and therefore constitute a good conventional transformer with a turns ratio of 1:1. The voltage from A to C is equal to and in-phase with that from B to D. These are common-mode (CM) voltages. A CM current is one that has the same value and direction in both wires (or on the shield and center conductor).

Because of the ferrite core, a high impedance exists that acts to reduce (choke) the CM current between points A and C and between B and D. The normal differential-mode (DM) signal does not encounter this CM impedance because the electromagnetic fields due to equal and opposite currents in the two conductors cancel each other in the ferrite, so the magnetic flux in the ferrite due to DM current is virtually zero. This is the main idea of the transmission line transformer: although the CM impedance may be very large, the DM signal is virtually unopposed, especially if the line length is a small fraction of a wavelength. This is true for parallel conductor lines and for coax.

It is also very important to keep in mind that the common-mode voltage across the ferrite winding that is due to DM current is efficiently coupled between both conductors of the transmission line by conventional transformer action, as mentioned before and easily verified. (Note that the ferrite core affects both the coax shield and center conductor equally.)This balancing of CM voltages and CM impedances reduces the conversion of a CM signal to an undesired DM signal that can interfere with the desired DM signal in both transmitters and receivers. In other words, the undesired CM signal is blocked or “choked.”

The CM current, multiplied by the CM impedance due to the ferrite, produces a CM voltage. The CM impedance has L and C reactance and also R. So, L, C and R cause a broad parallel self-resonance at some frequency. The R component also produces some dissipation (heat) in the ferrite. This dissipation is an excellent way to dispose of a small amount of unwanted CM power. (The section on Power Dissipation in Ferrite Transmitting Chokes discusses the effect of large CM voltages across the ferrite material in transmitting applications.)

Because of the high CM impedance, the two output wires of the balun in Figure 24.26A have a high impedance with respect to, and are therefore “isolated” from, the input signal source. This feature is very useful because now any point of R at the output can be grounded. In a well-designed balun circuit almost all of the current in one conductor returns to the generator through the other conductor, despite this ground connection. In a coax balun the return current flows on the inside surface of the braid. Thus, the current balun produces equal and opposite currents in the load terminals.

Note also that the ground connection introduces some CM voltage across the balun cores, and this has to be taken into account. This CM voltage is a maximum if point C is grounded. If point D is grounded and if all “ground” connections are at the same potential, which they often are not, the CM voltage is zero and the balun may no longer be needed.

The Guanella Transformer

We now look briefly at a transmission line transformer that is based on the current balun. Figure 24.26B shows two identical current baluns whose inputs are in parallel and whose outputs are in series. The output voltage amplitude of each balun is identical to the common input, so the two outputs add in-phase (equal time delay) to produce twice the input voltage. It is the high CM impedance isolating the input and output that makes this voltage addition possible. For the power to remain constant the load current must be one-half the generator current, and the load resistance must be 2 V/0.5 I = 4 V/I = 4 R.

The CM voltage in each balun is V/2, so there is some flux in the cores. The right side floats. This is named the Guanella transformer after its inventor who constructed several variations from the basic current balun. If Z0 of the lines equals 2R and if the load is a pure resistance of 4R then the input resistance R is independent of line length. If the lines are exactly one-quarter wavelength, then ZIN = (2R)2 / ZL, an impedance inverter, where ZIN and ZL are complex.

The quality of balance can often be improved by inserting a 1:1 balun (Figure 24.26A) at the left end so that both ends of the 1:4 transformer are floating, and a ground is at the far left side as shown. The Guanella transformer can also be operated from a grounded right end to a floating left end. The 1:1 balun at the left then allows a grounded far left end.

Construction of the 1:1 current balun and 4:1 Guanella transformer wound on toroid cores are shown in Figure 24.27.
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The Ruthroff Transformer

Figure 24.26C is the Ruthroff transformer (named after its inventor) in which the input voltage V is divided into two equal in-phase voltages AC and BD (they are tightly coupled), so the output is V/2. And because power is constant, IOUT = 2IIN and the load is R/4. There is a CM voltage V/2 between A and C and between B and D, so in normal operation the core is not free of magnetic flux. The input and output both return to ground so it can also be operated from right to left for a 1:4 impedance step-up. Since the Ruthroff transformer creates equal voltages at the load terminals, it is referred to as a voltage balun. It is important to note that if the impedances connected to the load terminals are not the same, the currents will not be the same. This makes the Ruthroff transformer less effective than the Guanella transformer in creating equal load currents in antennas where impedance imbalances are common.

24.4.6 Broadband Matching Transformers

At low frequencies, where interwinding capacitances can be neglected, these transformers are similar in operation to a conventional transformer. Using higher permeability cores permits fewer turns at the lower frequencies. This improves high-frequency performance since the upper cutoff is limited by leakage inductance. A compensating capacitor across the primary winding is often used to reduce the effect of leakage inductance. For more about the design of these transformers see the tutorial “Wide Band RF Transformers” at electronics-tutorials.com/basics/wide-band-rf-transformers.htm and the application note “Use of Ferrites in Broadband Transformers” (fair-rite.com/wp-content/uploads/2016/06/Use_of_Ferrites_in_Broadband_Transformers1.pdf).

Cores used in these applications should be ferrites of low-loss type #43 (µ = 800) and #61 material (µ = 125) for use in inductive applications. Transformers wound on these cores can be made to operate over the 1.8 to 28-MHz bands with full power capability and very low loss. Type #61 material requires 10 turns to cover the 1.8-MHz band while type #43 will only require 2 or 3 turns. 1.5-inch OD cores will suffice for 100-W operation and one or two of the larger 2.4-inch OD cores for higher power levels. When you are working with low impedance levels, unwanted parasitic inductances come into play, particularly on 14 MHz and above. In this case lead lengths should be kept to a minimum.

PROJECT: Unun Transformers

Bifilar matching transformers lend themselves to unbalanced operation. That is, both input and output terminals can have a common ground connection. This eliminates the third magnetizing winding required in balanced to unbalanced (voltage balun) operation as shown below. These are unun transformers, which stands for unbalanced-to-unbalanced.

By adding third and fourth windings, as well as by tapping windings at appropriate points, various combinations of broadband matching can be obtained. Figure 24.28 shows a 4:1 unbalanced to unbalanced configuration. Using #14 AWG wire it will easily handle 1000 W of power. By tapping at points 1⁄4, 1⁄2, and 3⁄4 of the way along the top winding, ratios of approximately 1.5:1, 2:1, and 3:1 can also be obtained. One of the wires should be covered with electrical tape in order to prevent voltage breakdown between the windings. This is necessary when a step-up ratio is used at high power to match antennas with impedances greater than 50 Ω.
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Figure 24.29 shows a transformer with four windings, permitting wideband matching ratios as high as 16:1. Figure 24.30 shows this transformer constructed with taps at 4:1, 6:1 (point b in Figure 24.30), 9:1, and 16:1. In tracing the current flow in the windings when using the 16:1 tap, one sees that the top three windings carry the same current. The bottom winding, in order to maintain the proper potentials, sustains a current three times greater. The bottom current cancels out the core flux caused by the other three windings. If this transformer is used to match into low impedances, such as 3 to 4 Ω, the current in the bottom winding can be as high as 15 amperes. This value is based on the high side of the transformer being fed with 50-Ω cable handling a kilowatt of power. If one needs a 16:1 match like this at high power, then cascading two 4:1 transformers is recommended. In this case, the transformer at the lowest impedance side requires each winding to handle only 7.5 A. Thus, even #14 AWG wire would suffice in this application.
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Figure 24.31 presents a similar 9:1 design if you are only interested in the single impedance ratio. The transformer is for use on 160 through 10 meters at the 100 W level. The complete construction article by Stan Johnson, WØSJ, is included in the online material. (See References and Bibliography) Higher power levels can be accommodated by using a pair of larger toroid cores in a stack.
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PROJECT: 1:1 Three-Winding Voltage Balun

The voltage balun shown in Figure 24.32 is a flux-linked impedance auto-transformer, similar to conventional power transformers. It causes equal and opposite voltages to appear at the two output terminals, relative to the voltage at the ground side of the input.
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If the impedances of the two antenna halves are perfectly balanced with respect to ground, the currents flowing from the output terminals will be equal and opposite and no common-mode current will flow on the line. If the line is coaxial, there will be no current flowing on the outside of the shield; if the line is balanced, the currents in the two conductors will be equal and opposite. These are the conditions for a non-radiating line.

Under this condition, the 1:1 voltage balun of Figure 24.32 performs the same function as a current balun since there is no current in winding b. If the antenna isn’t perfectly balanced, however, unequal currents will appear at the balun output, causing antenna current to flow on the line, an undesirable condition. Voltage baluns can be used as impedance transformers in this application if a 1:1 current or choke balun is added at the unbalanced input to prevent the common-mode current flow.

Another potential shortcoming of the 1:1 voltage balun is that winding b appears across the line. If this winding has insufficient impedance (a common problem, particularly near the lower frequency end of its range), the impedance transformation ratio will be degraded. In general, voltage baluns are not recommended in favor of a choke or 1:1 current balun. An impedance transformer can then be used on the balanced side of the current balun.

PROJECT: 49:1 End-Fed Matching Transformer

The transformer in Figure 24.33 has a 7:1 turns ratio, resulting in a 49:1 impedance transformation ratio. It is a popular design for matching end-fed half-wave (EFHW) antennas to 50-Ω coax. Transformers with a 6:1 (36:1 impedance ratio) and 8:1 (64:1 impedance ratio) are also used. It is intended for use on 160 through 10 meters. See the Multiband HF Antennas chapter for a description of the EFHW antenna.
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The two-turn primary wire is loosely twisted with the first two turns of the secondary for maximum coupling of the windings. The 150 pF capacitor compensates for leakage inductance of the windings and extends high-frequency performance through 10 meters. The capacitor should be rated at 3 kV or higher for full power operation. A type #43 core (2.4-inch OD, Fair-Rite 5943003801) is used for power levels up to 1 kW. For higher power, use two cores stacked together and held together with electrical tape. For 100 W, a smaller 1.5-inch OD Fair-Rite 5943002701 core can be used.

24.5 Matching Impedance at the Antenna

Since operating a transmission line at a low SWR requires that the line be terminated in a load matching the line’s characteristic impedance, the problem can be approached from two standpoints:

(1) selecting a transmission line having a characteristic impedance that matches the antenna impedance at the point of connection, or

(2) transforming the antenna resistance to a value that matches the Z0 of the line selected.

The first approach is simple and direct, but its application is obviously limited — the antenna impedance and the line impedance are alike only in a few special cases. Commercial transmission lines come in a limited variety of characteristic impedances while antenna feed point impedances vary over a wide range.

The second approach provides a good deal of freedom in that the antenna and line can be selected independently. The disadvantage of the second approach is that it is more complicated in terms of actually constructing the matching system at the antenna. Further, this approach sometimes calls for a tedious routine of measurement and adjustment before the desired match is achieved.

24.5.1 Antenna Impedance

Impedance Change with Frequency

Most antenna systems show a marked change in impedance when the frequency is changed greatly. For this reason, it is usually possible to match the line impedance only on one frequency. A matched antenna system is consequently a one-band affair, in most cases. It can, however, usually be operated over a fair frequency range within a given band.

The frequency range over which the SWR is low is determined by how rapidly the impedance changes as the frequency is changed. If the change in impedance is small for a given change in frequency, the SWR will be low over a fairly wide band of frequencies. However, if the impedance change is rapid (implying a sharply resonant or high-Q antenna), the SWR will also rise rapidly as the operating frequency is shifted away from antenna resonance, where the line is matched. See the discussion of Q in the Dipoles and Monopoles chapter in the section dealing with changes of impedance with frequency.

Material from previous editions in the chapter “Broadband Antenna Matching” by Frank Witt, AI1H, is included for reference with this book’s online material. It presents and analyzes various techniques used to increase the bandwidth of antenna feed point impedance.

Antenna Resonance

In general, achieving a good match to a transmission line means that the antenna is resonant. (Some types of long-wire antennas, such as rhombics, are exceptions. Their input impedances are resistive over a wide band of frequencies, making such systems essentially nonresonant.) Antennas that are not resonant may also be matched to transmission lines, of course, but the additional cancellation of reactance complicates the task.

The higher the Q of an antenna system, the more essential it is that resonance be established before an attempt is made to match the line. This is particularly true of close-spaced parasitic arrays. With simple dipole antennas, the tuning is not so critical, and it is usually sufficient to cut the antenna to the length given by the appropriate equation. The frequency should be selected to be at the center of the range of frequencies (which may be the entire width of an amateur band) over which the antenna is to be used.

24.5.2 Connecting Directly to The Antenna

As discussed previously, the impedance at the center of a resonant λ/2 antenna at heights of the order of λ/4 and more is resistive and is in the neighborhood of 50 to 70 Ω. The dipole may be fed through 75-Ω coaxial cable such as RG-11, as shown in Figure 24.34. Cable having a characteristic impedance of 50 Ω, such as RG-213, may also be used. RG-213 may actually be preferable, because at the heights many amateurs install their antennas, the feed point impedance is closer to 50 Ω than it is to 75 Ω.
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With a parallel-conductor feed line the system would be symmetrical but with coaxial line it is inherently unbalanced. Stated broadly, the unbalance with coaxial line is caused by the fact that the outside surface of the outer braid is not coupled to the antenna in the same way as the inner conductor and the inner surface of the outer braid. The overall result is that common-mode current will flow on the outside of the outer conductor in the simple arrangement shown in Figure 24.34. The unbalance is small if the line diameter is very small compared with the length of the antenna, a condition that is met fairly well at the lower amateur frequencies. It is not negligible in the VHF and UHF range, however, nor should it be ignored at 28 MHz. If the feed line is oriented asymmetrically with respect to the antenna so that it is closer to one side of the antenna than the other, higher common-mode currents will flow on the outside of the feed line. The system can be detuned for currents on the outside of the line by using a choke.

This system is designed for single-band operation, although it can be operated at odd multiples of the fundamental. For example, an antenna that is resonant near the low-frequency end of the 7-MHz band will operate with a relatively low SWR across the 21-MHz band.

At the fundamental frequency, the SWR should not exceed about 2:1 within a frequency range ±2% from the frequency of exact resonance. Such a variation corresponds approximately to the entire width of the 7-MHz band, if the antenna is resonant at the center of the band. A wire antenna is assumed. Antennas having a greater ratio of diameter to length will have a lower change in SWR with frequency.

Direct-Feed Yagis

Direct-feed Yagis are designed to have a feed point impedance of 50- or 75-Ω so that a coaxial feed line can be connected directly to the antenna without additional impedance matching. These have become more common in recent years as antenna modeling has produced designs without the gain and pattern tradeoffs previously required for the higher feed point impedances required for direct-feed.

There is some question as to whether a choke balun is required for direct-feed antennas. The same questions of symmetry and radiation from common-mode current apply to direct-feed Yagis as to dipoles and other types of antennas. If re-radiation is an issue, a choke balun should be used. For commercial antennas, if the manufacturer specifies that a balun be used or makes no recommendation, use a choke balun at the feed point. If the manufacturer specifies that no balun be used, that is an indication that the feed line affects antenna performance in some way and the manufacturer’s instructions for feed line placement and attachment should be followed exactly.

24.5.3 The Delta Match

Among the properties of a coil and capacitor resonant circuit is that of transforming impedances. If a resistive impedance, Z1 in Figure 24.35, is connected across the outer terminals AB of a resonant LC circuit, the impedance Z2 as viewed looking into another pair of terminals such as BC will also be resistive but will have a different value depending on the mutual coupling between the parts of the coil associated with each pair of terminals. Z2 will be less than Z1 in the circuit shown. Of course, this relationship will be reversed if Z1 is connected across terminals BC and Z2 is viewed from terminals AB.
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As stated in the Antenna Fundamentals chapter, a resonant antenna has properties similar to those of a tuned circuit. The impedance presented between any two points symmetrically placed with respect to the center of a λ/2 antenna will depend on the distance between the points. The greater the separation, the higher the value of impedance, up to the limiting value that exists between the open ends of the antenna. This is also suggested in Figure 24.31, in the lower drawing. The impedance ZA between terminals 1 and 2 is lower than the impedance ZB between terminals 3 and 4. Both impedances, however, are purely resistive if the antenna is resonant.

This principle is used in the delta matching system shown in Figure 24.36. The center impedance of a λ/2 dipole is too low to be matched directly by any practical type of air-insulated parallel-conductor line. However, it is possible to find, between two points, a value of impedance that can be matched to such a line when a “fanned” section or delta is used to couple the line and antenna. The antenna length  is that required for resonance. The ends of the delta or “Y” should be attached at points equidistant from the center of the antenna. When so connected, the terminating impedance for the line will be resistive. Obviously, this technique is useful only when the Z0 of the chosen transmission line is higher than the feed point impedance of the antenna.
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Based on experimental data for the case of a typical λ/2 antenna coupled to a 600-Ω line, the total distance, A, between the ends of the delta should be 0.120 λ for frequencies below 30 MHz, and 0.115 λ for frequencies above 30 MHz. The length of the delta, distance B, should be 0.150 λ. These values are based on a wavelength in air, and on the assumption that the center impedance of the antenna is approximately 70 Ω. The dimensions will require modifications if the actual impedance is very much different.

The delta match can be used for matching the driven element of a directive array to a transmission line, but if the impedance of the element is low — as is frequently the case — the proper dimensions for A and B must be found by experimentation.

The delta match is somewhat awkward to adjust when the proper dimensions are unknown, because both the length and width of the delta must be varied. An additional disadvantage is that there is always some radiation from the delta. This is because the conductor spacing does not meet the requirement for negligible radiation: The spacing should be very small in comparison with the wavelength.

24.5.4 Folded Dipoles

Basic information on the folded dipole antenna appears in chapter Dipoles and Monopoles. The input impedance of a two-wire folded dipole is so close to 300 Ω that it can be fed directly with 300-Ω twinlead or with open-wire line without any other matching arrangement, and the line will operate with a low SWR. The antenna itself can be built like an open-wire line; that is, the two conductors can be held apart by regular feeder spreaders. TV ladder line is quite suitable at low power. It is also possible to use 300-Ω line for the antenna, in addition to using it for the transmission line.

Since the antenna section does not operate as a transmission line, but simply as two wires in parallel, the velocity factor of twinlead can be ignored in computing the antenna length. The reactance of the folded-dipole antenna varies less rapidly with frequency changes away from resonance than a single-wire antenna. Therefore, it is possible to operate over a wider range of frequencies, while maintaining a low SWR on the line, than with a simple dipole. This is partly explained by the fact that the two conductors in parallel form a single conductor of greater effective diameter.

A folded dipole will not accept power at twice the fundamental frequency. However, the current distribution is correct for harmonic operation on odd multiples of the fundamental. Because the feed point resistance is not greatly different for a 3λ/2 antenna and one that is λ/2, a folded dipole can be operated on its third harmonic with a low SWR in a 300-Ω line. A 7-MHz folded dipole, consequently, can be used for the 21-MHz band as well.

Folded dipoles are sometimes used as the driven element of Yagi antennas at VHF and UHF. The low feed point impedance of a Yagi, often less than 20 Ω, when multiplied by four presents a good match to 75-Ω coaxial cable.

24.5.5 The T Match

The current flowing at the input terminals of the T match consists of the normal antenna current divided between the radiator and the T conductors in a way that depends on their relative diameters and the spacing between them, with a superimposed transmission line current flowing in each half of the T and its associated section of the antenna. See Figure 24.37. Each such T conductor and the associated antenna conductor can be looked upon as a section of transmission line shorted at the end. Because it is shorter than λ/4 it has inductive reactance. As a consequence, if the antenna itself is exactly resonant at the operating frequency, the input impedance of the T will show inductive reactance as well as resistance. The reactance must be tuned out if a good match to the transmission line is to be obtained. This can be done either by shortening the antenna to obtain a value of capacitive reactance that will reflect through the matching system to cancel the inductive reactance at the input terminals, or by inserting a capacitance of the proper value in series at the input terminals as shown in Figure 24.38A.
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Analysis shows that the part of the impedance step-up arising from the spacing and ratio of conductor diameters is approximately the same as given for a folded dipole. The actual impedance ratio is, however, considerably modified by the length A of the matching section (Figure 24.37). The trends can be stated as follows:

1) The input impedance increases as the distance A is made larger, but not indefinitely. In general, there is a distance A that will give a maximum value of input impedance, after which further increase in A will cause the impedance to decrease.

2) The distance A at which the input impedance reaches a maximum is smaller as d2/d1 is made larger and becomes smaller as the spacing between the conductors is increased. (d1 is the diameter of the lower T conductor in Figure 24.37 and d2 is the diameter of the antenna.)

3) The maximum impedance values occur in the region where A is 40% to 60% of the antenna length in the average case.

4) Higher values of input impedance can be realized when the antenna is shortened to cancel the inductive reactance of the matching section.

The T match has become popular for transforming the balanced feed point impedance of a VHF or UHF Yagi up to 200 Ω. From that impedance a 4:1 balun is used to transform down to the unbalanced 50 Ω level for the coax cable feeding the Yagi. See the various K1FO-designed Yagis referred to in the VHF, UHF, and Microwave Antennas chapter and the section later in this chapter concerning transmission-line baluns. This technique is being replaced by designs such as the OWA and LFA which have a 50-Ω feed point impedance suitable for direct connection to coaxial feed lines.

The structure of the T-match also affects the length of the driven element by increasing the element’s electrical diameter. A typical T-match is approximately 5 to 10 times greater in diameter than the element alone. This results in the need to extend the length of the driven element by 2-3% to return it to resonance.

24.5.6 The Gamma Match and Shunt Feed

The gamma-match arrangement shown in Figure 24.38B is an unbalanced version of the T, suitable for use directly with coaxial lines. Except for the matching section being connected between the center and one side of the antenna, the remarks above about the behavior of the T apply equally well. The inherent reactance of the matching section can be canceled either by shortening the antenna appropriately or by using the resonant length and installing a capacitor C, as shown in Figure 24.38B.
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For years, the gamma match has been widely used for matching coaxial cable to all-metal parasitic beams. Because it is well suited to construction, in which all the metal parts are electrically and mechanically connected, it is quite popular for amateur arrays.

The gamma match technique can also be used to feed grounded towers at MF and HF, referred to as shunt-feeding. The “missing” half of the element is replaced by a tower ground system of radials, which is critical to good performance. To use the gamma match design process, it is also important to have an approximate idea of the tower’s base impedance. This can usually be estimated by computer modeling. (See the General Purpose MF and HF Antennas chapter.)

Because of the many variable factors — driven-element length, gamma rod length, rod diameter, spacing between rod and driven element, and value of series capacitors — a number of combinations will provide the desired match. The task of finding a proper combination can be a tedious one, as the settings are interrelated. A few rules of thumb have evolved that provide a starting point for the various factors. For matching a multielement array made of aluminum tubing to 50-Ω line, the length of the rod should be 0.04 to 0.05 λ, its diameter 1/3 to 1/2 that of the driven element, and its spacing (center-to-center from the driven element), approximately 0.007 λ. The capacitance value should be approximately 7 pF per meter of wavelength. This translates to about 140 pF for 20-meter operation. The exact gamma dimensions and value for the capacitor will depend on the radiation resistance of the driven element, and whether it is resonant. These starting-point dimensions are for an array having a feed point impedance of about 25 Ω, with the driven element shortened approximately 3% from resonance.

Calculating Gamma Dimensions

A starting point for the gamma dimensions and capacitance value may be determined by calculation. H. F. Tolles, W7ITB, has developed a method for determining a set of parameters that will be quite close to providing the desired impedance transformation (see References and Bibliography). The impedance of the antenna must be measured or computed for Tolles’s procedure. If the antenna impedance is not accurately known, modeling calculations provide a very good starting point for initial settings of the gamma match.

The math involved in Tolles’s procedure is tedious, especially if several iterations are needed to find a practical set of dimensions. The process of calculating the necessary gamma match dimensions and values has been implemented in software by Bill Wortman, N6MW, as GAMMAMW. Version 9 is the current version as of early 2023 and is available along with material about gamma matching on his website at n6mw.jimdofree.com/antenna-matching. The calculations used for the various versions of GAMMAMW are discussed in N6MW’s document Gamma Matching Discussion (N6MWGamma4.pdf). GAMMAMW9 is an Excel spreadsheet that takes the same inputs as earlier versions of the program.

Typical inputs to GAMMAMW are illustrated in Figure 24.39:
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Za — the complex impedance of the unmatched antenna (Za = Ra + j Xa, normally measured with dipole halves split)

S — center-to-center spacing of the circular antenna element to the circular gamma rod

D — diameter of the circular antenna element

d — diameter of the circular gamma rod

Note that S is a center-to-center dimension, not a surface-to-surface value. The following is a GAMMAMW dialog for a 14 MHz antenna with a feed point impedance of 20 + j0 Ω, element diameter of 1.5 inches, with a gamma tube diameter of 0.375 inches spaced 2 inches (center to center) from the element. Additional intermediate calculation values are also output but not shown in these examples. (The older version of software is used here because it illustrates the design process more clearly than the spreadsheet version. The results of the calculation are identical.)

Gamma Match Design

N6MW, October 2012

Freq (MHz)? 14

Now input the unmatched antenna impedance R +jX

Antenna feed point resistance R (ohms)? 20

Antenna feed point reactance X (ohms)? 0

Feed line impedance (ohms)? 50

Gamma Match Quantities to be input:

D = Driven element diameter

d = Gamma rod diameter

S = Gamma rod spacing (center-to-center)

The units, such inches or cm, do not matter but all 3 must be the same

Gamma rod spacing, S, must be greater than (D/2 + d/2)

Driven element diameter, D? 1.5

Gamma element diameter, d? 0.375

Gamma rod spacing ( > 0.9) S? 2

Gamma length (deg) 31.81

Gamma length (feet) 6.21

Gamma length (inches) 74.49

Gamma length (cm) 189.19

Gamma capacitor (pF) 125.04

GAMMAMW9 also calculates a value, SU, the impedance step-up ratio or “Z ratio” for folded dipoles sometimes used in designing a shunt feed system.

Shunt-feed Dimensions

As another example, say we wish to shunt feed a tower at 3.5 MHz with 50-Ω line. The driven element (tower) is 12 inches in diameter, and #12 AWG wire (diameter = 0.0808 inch) with a spacing of 12 inches from the tower is to be used for the “gamma rod.” The tower is 50 feet tall with a 5-foot mast and beam antenna at the top. The total height, 55 feet, is approximately 0.19 λ. We assume its electrical length is 0.2 λ or 72°. Modeling shows that the approximate base feed point impedance is 20 − j 100 Ω. The computation by GAMMAMW says that the gamma rod should be 57.1 feet long, with a gamma capacitor of 32.1 pF.

Gamma Match Design

N6MW, October 2012

Freq (MHz)? 3.5

Now input the unmatched antenna impedance R +jX

Antenna feed point resistance R (ohms)? 20

Antenna feed point reactance X (ohms)? -100

Feed line impedance (ohms)? 50

Gamma Match Quantities to be input:

D = Driven element diameter

d = Gamma rod diameter

S = Gamma rod spacing (center-to-center)

The units, such inches or cm, do not matter but all 3 must be the same

Gamma rod spacing, S, must be greater than (D/2 + d/2)

Driven element diameter, D? 12

Gamma element diameter, d? .0808

Gamma rod spacing ( > 6.0) S? 12

Gamma length (deg) 73.14

Gamma length (feet) 57.10

Gamma length (inches) 685.16

Gamma length (cm) 1740.30

Gamma capacitor (pF) 32.07

Immediately we see this set of gamma dimensions is impractical — the rod length (685 inches or 57.1 feet) is greater than the tower height. So, we make another set of calculations, using a spacing of 24 inches between the rod and tower. The results this time are that the gamma rod is 44.2 feet long, with a capacitor of 51 pF. This gives us a practical set of starting dimensions for the shunt-feed arrangement.

The preferred method of building a gamma match is illustrated in Figure 24.40. The feed line is connected directly to the center element. This is usually done using a clamp or strap from an RF connector but depends on the physical size of the antenna. The gamma capacitor is created from an insulated wire inside the tube that forms the gamma rod. For 1⁄2 inch OD aluminum tube and the center conductor and insulation from RG-213, the capacitance is approximately 25 pF/ft of wire inserted into the tube. Do not use the center conductor and insulation from foam-dielectric coax as it will absorb water. Seal the end of the wire inserted into the tube to reduce the tendency to arc when wet or if insects or debris are present. After a satisfactory match has been obtained by adjusting the gamma capacitor as described below, the variable capacitor may be replaced with an equivalent length of wire in the gamma rod.
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Adjustment

After installation of the antenna, the proper constants for the T and gamma generally must be determined experimentally. The use of the variable series capacitors, as shown in Figure 24.38, is recommended for ease of adjustment. With a trial position of the tap or taps on the antenna, measure the SWR on the transmission line and adjust C (both capacitors simultaneously in the case of the T) for minimum SWR. If it is not close to 1:1, try another tap position and repeat. It may be necessary to try another size of conductor for the matching section if satisfactory results cannot be brought about. Changing the spacing will show which direction to go in this respect.

24.5.7 The Omega Match

The omega match is a slightly modified form of the gamma match. In addition to the series capacitor, a shunt capacitor is used to aid in canceling a portion of the inductive reactance introduced by the gamma section. This is shown in Figure 24.41. C1 is the usual series capacitor. The addition of C2 makes it possible to use a shorter gamma rod or makes it easier to obtain the desired match when the driven element is resonant. During adjustment, C2 will serve primarily to determine the resistive component of the load as seen by the coax line, and C1 serves to cancel any reactance.
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24.5.8 The Hairpin and Beta Matches

The usual form of the hairpin match is shown in Figure 24.42. Basically, the hairpin is a form of an L-matching network in which the feed point’s capacitive reactance forms the shunt capacitor. Because it is somewhat easier to adjust for the desired terminating impedance than the gamma match, it is preferred by many amateurs. Its disadvantages, compared with the gamma, are that it must be fed with a parallel-conductor line (a balun may be used with a coax feed line, as shown in Figure 24.42), and the driven element must be split at the center and insulated from the boom. This latter requirement complicates the mechanical mounting arrangement for the element, since the driven element cannot be mounted directly on the boom.

[image: ]

As indicated in Figure 24.42, the center point of the hairpin is electrically neutral. As such, it may be grounded or connected to the remainder of the antenna structure, restoring dc ground to the feed line and driven element. The hairpin itself is usually secured by attaching this neutral point to the boom of the antenna array. The Hy-Gain beta match is electrically identical to the hairpin match, the difference being in the mechanical construction of the matching section. With the beta match, the conductors of the matching section straddle the Yagi’s boom, one conductor being located on either side, and the electrically neutral point consists of a sliding or adjustable shorting clamp placed around the boom and the two matching-section conductors.

The capacitive portion of the L-network circuit is produced by slightly shortening the antenna driven element, shown in Figure 24.43A. For a given frequency the impedance of a shortened λ/2 element appears as the antenna resistance and a capacitance in series, as indicated schematically in Figure 24.39B. The inductive portion of the resonant circuit at C is a hairpin of heavy wire or small tubing that is connected across the driven-element center terminals. The diagram of C is redrawn in D to show the circuit in conventional L-network form. RA, the resistive component of the feed point impedance, must be a smaller value than RIN, the impedance of the feed line, usually 50 Ω.
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If the approximate value of RA for the antenna system is known, Figures 24.44 and 24.45 may be used to gain an idea of the hairpin dimensions necessary for the desired match. The required value of XA, the feed point impedance’s capacitive reactance component is
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The curves of Figure 24.44 were obtained from design equations for L-network matching presented earlier in this chapter. Figure 24.45 is based on the equation, XL/Z0 = j tan θ, which gives the inductive reactance as normalized to the characteristic impedance, Z0, of the hairpin, looking at it as a length of transmission line terminated in a short circuit. For example, if an antenna-system impedance with a resistive component of 20 Ω is to be matched to 50-Ω line, Figure 24.44 shows that the inductive reactance required for the hairpin is +41 Ω. If the hairpin is constructed of 1/4 inch tubing spaced 11⁄2 inches, its characteristic impedance is 300 Ω (from equations in the Transmission Lines chapter). Normalizing the required 41-Ω reactance to this impedance, 41/300 = 0.137.
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By entering the graph of Figure 24.45 with this value, 0.137, on the scale at the bottom, you can see that the hairpin length should be 7.8 electrical degrees, or 7.8/360 λ. For purposes of these calculations, taking a 97.5% velocity factor into account, the wavelength in inches is 11,508/f (MHz). If the antenna is to be used on 14 MHz, the required hairpin length is 7.8/360 × 11,508/14.0 = 17.8 inches. The length of the hairpin affects primarily the resistive component of the terminating impedance, as seen by the feed line. Greater resistances are obtained with longer hairpin sections — meaning a larger value of shunt inductor — and smaller resistances with shorter sections.

The remaining reactance at the feed point terminals is tuned out by adjusting the length of the driven element, as necessary. If a fixed-length hairpin section is in use, a small range of adjustment may be made in the effective value of the inductance by spreading or squeezing together the conductors of the hairpin. Spreading the conductors apart will have the same effect as lengthening the hairpin, while placing them closer together will effectively shorten it.

Instead of using a hairpin of stiff wire or tubing, this same matching technique may be used with a lumped-constant inductor connected across the antenna terminals. Such a method of matching has been dubbed, tongue firmly in cheek, as the “helical hairpin.” The inductor, of course, must exhibit the same reactance at the operating frequency as the hairpin it replaces. A cursory examination with computer calculations indicates that a helical hairpin may offer a very slightly improved SWR bandwidth over a true hairpin.

24.5.9 Matching Stubs

As explained in the Transmission Lines chapter, a mismatch-terminated transmission line less than λ/4 long has an input impedance that is both resistive and reactive. The equivalent circuit of the line input impedance at any one frequency can be formed either of resistance and reactance in series, or resistance and reactance in parallel. Depending on the line length, the series resistance component, RS, can have any value between the terminating resistance ZR (when the line has zero length) and Z02/ZR (when the line is exactly λ/4 long).The same thing is true of RP, the parallel-resistance component.

RS and RP do not have the same values at the same line length, however, other than at zero and λ/4. With either equivalent there is some line length that will give a value of RS or RP equal to the characteristic impedance of the line. However, there will be reactance along with the resistance. But if provision is made for canceling or tuning out this reactive part of the input impedance, only the resistance will remain. Since this resistance is equal to the Z0 of the transmission line, the section from the reactance-cancellation point back to the generator will be properly matched.

Tuning out the reactance in the equivalent series circuit requires that a reactance of the same value as XS (but of opposite kind) be inserted in series with the line. Tuning out the reactance in the equivalent parallel circuit requires that a reactance of the same value as XP (but of opposite kind) be connected across the line. In practice it is more convenient to use the parallel-equivalent circuit. The transmission line is simply connected to the load (which of course is usually a resonant antenna) and then a reactance of the proper value is connected across the line at the proper distance from the load. From this point back to the transmitter there are no standing waves on the line.

A convenient type of reactance to use is a section of transmission line less than λ/4 long, terminated with either an open circuit or a short circuit, depending on whether capacitive reactance or inductive reactance is called for. Reactances formed from sections of transmission line are called matching stubs and are designated as open or closed depending on whether the free end is open or short circuited. The two types of matching stubs are shown in the sketches in Figure 24.46.
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The distance from the load to the stub (dimension A in Figure 24.46) and the length of the stub, B, depend on the characteristic impedances of the line and stub and on the ratio of ZR to Z0. Since the ratio of ZR to Z0 is also the standing-wave ratio in the absence of matching (and with a resonant antenna), the dimensions are a function of the SWR. If the line and stub have the same Z0, dimensions A and B are dependent on the SWR only. Consequently, if the SWR can be measured before the stub is installed, the stub can be properly located, and its length determined even though the actual value of load impedance is not known.

Typical applications of matching stubs are shown in Figure 24.47, where open-wire line is being used. From inspection of these drawings, it will be recognized that when an antenna is fed at a current loop, as in Figure 24.47A, ZR is less than Z0 (in the average case) and therefore an open stub is called for, installed within the first λ/4 of line measured from the antenna. Voltage feed, as at B, corresponds to ZR greater than Z0 and therefore requires a closed stub.
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A Smith chart may be used to determine the length of the stub and its distance from the load as described on the supplement included with this book’s online material or the ARRL program TLW (also included) may be used. If the load is a pure resistance and the characteristic impedances of the line and stub are identical, the lengths may be determined by equations. For the closed stub when ZR is greater than Z0, they are
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For the open stub when ZR is less than Z0
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In these equations the lengths A and B are the distance from the stub to the load and the length of the stub, respectively, as shown in Figure 24.47. These lengths are expressed in electrical degrees, equal to 360 times the lengths in wavelengths.

In using the above equations, it must be remembered that the wavelength along the line is not the same as in free space. If an open-wire line is used the velocity factor of 0.975 will apply. When solid-dielectric line is used, the free-space wavelength as determined above must be multiplied by the appropriate velocity factor to obtain the actual lengths of A and B (see the Transmission Lines chapter.)

Although the equations above do not apply when the characteristic impedances of the line and stub are not the same, this does not mean that the line cannot be matched under such conditions. The stub can have any desired characteristic impedance if its length is chosen so that it has the proper value of reactance. Correct lengths can be determined using TLW or the Smith Chart for dissimilar types of line.

In using matching stubs, it should be noted that the length and location of the stub should be based on the SWR at the load. If the line is long and has fairly high losses, measuring the SWR at the input end will not give the true value at the load. This point is discussed in the section on attenuation in the Transmission Lines chapter.

In the experimental adjustment of any type of matched line it is necessary to measure the SWR with fair accuracy in order to tell when the adjustments are being made in the proper direction. In the case of matching stubs, experience has shown that experimental adjustment is unnecessary, from a practical standpoint, if the SWR is first measured with the stub not connected to the transmission line, and the stub is then installed according to the design data.

Reactive Loads

In this discussion of matching stubs, it has been assumed that the load is a pure resistance. This is the most desirable condition, since the antenna that represents the load preferably should be tuned to resonance before any attempt is made to match the line. Nevertheless, matching stubs can be used even when the load is considerably reactive. A reactive load simply means that the loops and nodes of the standing waves of voltage and current along the line do not occur at integral multiples of λ/4 from the load. If the reactance at the load is known, the Smith chart or TLW may be used to determine the correct dimensions for a stub match.

Stubs on Coaxial Lines

The principles outlined in the preceding section apply also to coaxial lines. The coaxial cases corresponding to the open-wire cases shown in Figure 24.47 are given in Figure 24.48. The equations given earlier may be used to determine dimensions A and B. In a practical installation the junction of the transmission line and stub would be a T connector.
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A special case is the use of a coaxial matching stub, in which the stub is associated with the transmission line in such a way as to form a balun. This is described in detail later on in this chapter. The antenna is shortened to introduce just enough reactance at its feed point to permit the matching stub to be connected there, rather than at some other point along the transmission line as in the general cases discussed here. To use this method the antenna resistance must be lower than the Z0 of the main transmission line, since the resistance is transformed to a higher value. In beam antennas such as Yagis, this will nearly always be the case.

Matching Sections

If the two antenna systems in Figure 24.44 are redrawn in somewhat different fashion, as shown in Figure 24.49, a system results that differs in no consequential way from the matching stubs described previously, but in which the stub formed by A and B together is called a quarter-wave matching section. The justification for this is that a λ/4 section of line is similar to a resonant circuit, as described earlier in this chapter. It is therefore possible to use the λ/4 section to transform impedances by tapping at the appropriate point along the line.
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Earlier equations give design data for matching sections, A being the distance from the antenna to the point at which the line is connected, and A + B being the total length of the matching section. The equations apply only in the case where the characteristic impedance of the matching section and transmission line are the same. Equations are available for the case where the matching section has a different Z0 than the line but are somewhat complicated. A graphic solution for different line impedances may be obtained with the Smith chart (see the supplement included with this book’s online material).

Universal Stub

If the stub attached to the antenna is λ/2 long as in Figure 24.50, the combination of feed line attachment point and stub are called a universal stub. As its name implies, the double-adjustments are useful for many matching purposes. It is most commonly used at VHF and UHF as described in the VHF, UHF, and Microwave Antenna Systems chapter.
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The stub length is varied to resonate the system by moving the short circuit. The transmission line attachment point is varied until the transmission line and stub impedances are equal. In practice this involves moving both the sliding short and the point of line connection for zero reflected power, as indicated on an SWR bridge connected in the line.

The universal stub allows for tuning out any small reactance present in the driven part of the system. It permits matching the antenna to the line without knowledge of the actual impedances involved. The position of the short yielding the best match gives some indication of the amount of reactance present. With little or no reactive component to be tuned out, the stub must be approximately λ/2 from the load toward the short.

The stub should be made of stiff bare wire or rod, spaced no more than 1/20 λ apart. Preferably it should be mounted rigidly on insulators. Once the position of the short is determined, the center of the short can be grounded, if desired, and the portion of the stub no longer needed can be removed.

It is not necessary that the stub be connected directly to the driven element. It can be made part of a parallel-wire line as a device to match coaxial cable to the line. The stub can be connected to the lower end of a delta match or placed at the feed point of a phased array. Examples of these uses are given later.

24.5.10 Resonant Circuit Matching

Antennas with a high feed point impedance, such as end-fed wires close to λ/2 in length and “voltage-fed” antennas such as the Bobtail Curtain often use a parallel-tuned circuit at the feed point to effect an impedance match. The circuit is adjusted to resonance and then the feed line attached to a tap on the inductor that is moved until an SWR minimum is obtained. The circuit may need a slight retuning following by a final position adjustment of the feed line. (See the chapters Multiband HF Antennas and Broadside and End-Fire Dipole Arrays for more information on these antennas and typical feed systems.)

The matching bandwidth of this technique is quite narrow, requiring frequent retuning or operation over a narrow bandwidth. In addition, the voltages at the “hot” or ungrounded end of the tank circuit can be very high. Caution must be used in construction to prevent contact with the high voltages and adequately rated components must be used.

24.6 Common-Mode Transmission Line Current

In discussions so far about transmission line operation, it was always assumed that the two conductors carry equal and opposite currents throughout their length. This is an ideal condition that may or may not be realized in practice. In the average case, the chances are rather good that the currents will not be balanced unless special precautions are taken. The degree of imbalance — and whether that imbalance is actually important — is what we will examine in the rest of this chapter, along with measures that can be taken to restore balance in the system.

It is important to note that common-mode current on the shield of a coaxial feed line is not entirely isolated from signals inside the cable. Because of transfer impedance, the common-mode current can create differential-mode signals as discussed in the Transmission Lines chapter.

There are two common conditions that will cause an imbalance of transmission line currents. Both are related to the symmetry of the system. The first condition involves the lack of symmetry when an inherently unbalanced coaxial line feeds a balanced antenna (such as a dipole or a Yagi driven element) directly. The second condition involves asymmetrical routing of a transmission line near the antenna or asymmetry in the environment around the antenna and transmission line such as unequal heights or lengths of conductors, ground slope, nearby conducting objects such as other antennas, towers, or buildings. Even trees can affect the fields near an antenna and transmission line.

24.6.1 Unbalanced Coax Feeding a Balanced Antenna

Figure 24.51 shows a coaxial cable feeding a hypothetical balanced dipole fed in the center. The coax has been drawn highly enlarged to show all currents involved. In this drawing the feed line drops at right angles down from the feed point and the antenna is assumed to be perfectly symmetrical. Because of this symmetry, one side of the antenna induces current on the feed line that is completely canceled by the current induced from the other side of the antenna. (See the References and Bibliography entry for Lewallen for a detailed paper about this situation and the use of baluns. The referenced QST article by Quick and Siwiak also illustrates the importance of baluns with common amateur antennas.)
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Currents I1 and I2 from the transmitter flow on the inside of the coax. I1 flows on the outer surface of the coax’s inner conductor and I2 flows on the inner surface of the shield. Skin effect keeps I1 and I2 inside the transmission line confined to where they are within the line. The field outside the coax is zero, since I1 and I2 have equal amplitudes but are 180° out of phase with respect to each other.

The currents flowing on the antenna itself are labeled I1 and I4, and both flow in the same direction at any instant in time for a resonant half-wave dipole. On Arm 1 of the dipole, I1 is shown going directly into the center conductor of the feed coax. However, the situation is different for the other side of this dipole. Once current I2 reaches the end of the coax, it splits into two components. One is I4, going directly into Arm 2 of the dipole. The other is I3 and this flows down the outer surface of the coax shield. Again, because of skin effect, I3 is separate and distinct from the current I2 on the inner surface. The antenna current in Arm 2 is thus equal to the difference between I2 and I3.

The magnitude of I3 is proportional to the relative impedances in each current path beyond the split. The feed point impedance of the dipole by itself is somewhere between 50 to 75 Ω, depending on the height above ground. The impedance seen looking into one half of the dipole is half, or 25 to 37.5 Ω. The impedance seen looking down the outside surface of the coax’s outer shield to ground is called the common-mode impedance, and I3 is aptly called the common-mode current. (The term common-mode is more readily appreciated if parallel-conductor line is substituted for the coaxial cable used in this illustration. Current induced by radiation onto both conductors of a two-wire line is a common-mode current, since it flows in the same direction on both conductors, rather than in opposite directions as it does for differential-mode transmission line current. The outer braid for a coaxial cable shields the inner conductor from such an induced current, but the unwanted current on the outside braid is still called common-mode current.)

The common-mode impedance will vary with the length and diameter of the coaxial feed line, system of conductors and enclosures in the station, and the connection to any ground system. Note that the path from the station equipment to the ground system may go through a ground bus, the transmitter power supply’s ac cord, the house wiring and even the power-line service ground. In other words, the overall length of the coaxial outer surface and the other components making up ground can actually be quite a bit different from what you might expect by casual inspection.

The best way to think about the common-mode path is to understand it is really an antenna, and possesses all the properties of an antenna. Voltage and current vary along it according to the conditions along it and its length. As part of the antenna system, it radiates and receives. What it radiates and receives is coupled to and from the “intentional” parts of the antenna.

The worst-case common-mode impedance occurs when the overall effective path length to ground is a multiple of λ/2, making this path half-wave resonant. In effect, the line and ground-wire system acts like a sort of transmission line, transforming the short circuit to ground at its end to a low impedance at the dipole’s feed point. This causes I3 to be a significant part of I2.

I3 not only causes an imbalance in the amount of current flowing in each arm of the otherwise symmetrical dipole, but it also radiates by itself. The radiation in Figure 24.51 due to I3 would be mainly vertically polarized, since the coax is drawn as being mainly vertical. However, the polarization is a mixture of horizontal and vertical, depending on the orientation of the ground wiring from the transmitter chassis to the rest of the station’s grounding system.

Pattern Distortion for a Dipole with Symmetrical Coax Feed

Figure 24.52 compares the azimuthal radiation pattern for two λ/2-long 14-MHz dipoles mounted horizontally λ/2 above average ground. Both patterns were computed for a 28° elevation angle, the peak response for a λ/2-high dipole. The model for the first antenna, the reference dipole shown as a solid line, has no feed line associated with it — it is as though the transmitter were somehow remotely located right at the center of the dipole. This antenna displays a classical figure-8 pattern. Both side nulls dip symmetrically about 10 dB below the peak response, typical for a 20-meter dipole 33-feet above ground (or an 80-meter dipole placed 137-feet above ground).
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The second dipole, shown as a dashed line, is modeled using a λ/2-long coaxial feed line dropped vertically to the ground below the feed point. Now, the azimuthal response of the second dipole is no longer perfectly symmetrical. It is shifted to the left a few dB in the area of the side nulls and the peak response is down about 0.1 dB compared to the reference dipole. Many would argue that this sort of response isn’t all that bad! However, do keep in mind that this is for a feed line placed in a symmetrical manner, at a right angle below the dipole. Asymmetry in dressing the coax feed line will result in more pattern distortion.

SWR Change with Common-Mode Current

If an SWR meter is placed at the bottom end of the coax feeding the second dipole, it would show an SWR of 1.38:1 for a 50-Ω coax such as RG-213, since the antenna’s feed point impedance is 69.20 + j 0.69 Ω. The SWR for the reference dipole would be 1.39:1, since its feed point impedance is 69.47 − j 0.35 Ω. As could be expected, the common-mode impedance in parallel with the dipole’s natural feed point impedance has lowered the net impedance seen at the feed point, although the degree of impedance change is miniscule in this particular case with a symmetrical feed line dressed away from the antenna.

In theory at least, we have a situation where a change in the length of the unbalanced coaxial cable feeding a balanced dipole will cause the SWR on the line to change also. This is due to the changing common-mode impedance to ground at the feed point. The SWR may even change if the operator touches the SWR meter, since the path to RF ground is subtly altered when this happens. Even changing the length of an antenna to prune it for resonance may also yield unexpected, and confusing, results on the SWR meter because of the common-mode impedance.

When the overall effective length of the coaxial feed line to ground is not a multiple of a λ/2 resonant length but is an odd multiple of λ/4, the common-mode impedance transformed to the feed point is high in comparison to the dipole’s natural feed point impedance. This will cause I3 to be small in comparison to I2, meaning that radiation by I3 itself and the imbalance between I1 and I4 will be minimal. Modeling this case produces no difference in response between the dipole with unbalanced feed line and the reference dipole with no feed line. Thus, a multiple of a half-wavelength for coax and ground wiring represents the worst case for this kind of imbalance, when the system is otherwise symmetrical.

If the coax in Figure 24.51 were replaced with parallel-conductor transmission line, the SWR would remain almost constant along the line, no matter what the length. SWR would actually decrease slightly toward the transmitter end because of line loss due to increased SWR. However, the decrease would be slight, because the loss in parallel-conductor transmission line is small, even with relatively high SWR on the line. It is worth noting that window-line can be lossy when wet or covered with ice or snow. (See the Transmission Lines chapter for a thorough discussion on additional line loss due to SWR.)

Size of Coax

At HF, the diameter of the coax feeding a λ/2 dipole is only a tiny fraction of the length of the dipole itself. In the case of Figure 24.51 above, the model of the coax used assumed an exaggerated 9-inch diameter, just to simulate a worst-case effect of coax spacing at HF.

Balun and Choke Measurements
The techniques for measuring port-to-port isolation and impedance require attention to detail and consistency in the test equipment and workbench setup. The primary reason for poor accuracy and repeatability is parasitic capacitance exhibited by the device (balun or choke) under test (DUT) and the test equipment. Because the measurement is of high impedances and high isolation, it doesn’t take much capacitance to affect or even dominate the measurement. For example, 1 pF at 20 MHz creates a reactance of about 8 kΩ. In parallel with a purely resistive 5 kΩ choke, the measured impedance will become 3.6 – j2.25 kΩ or 4.24 kΩ ∠-32°, which is very different from the choke impedance by itself. Measuring high impedance at RF is hard to do properly and consistently. The measurement process and test setups using vector network analyzers are described in Jim Brown, K9YC’s presentation slide set Coaxial Transmitting Chokes (audiosystemsgroup.com/CoaxChokesPPT.pdf) — see slides 114 through 135.


However, on the higher UHF and microwave frequencies, the assumption that the coax spacing is not a significant portion of a wavelength is no longer true. The plane bisecting the feed point of the dipole in Figure 24.51 down through the space below the feed point and in-between the center conductor and shield of the coax is the “center” of the system. If the coax diameter is a significant percentage of the wavelength, the center is no longer symmetrical with reference to the dipole itself and significant imbalance will result. Measurements done at microwave frequencies showing extreme pattern distortion for balun-less dipoles may well have suffered from this problem.

24.6.2 Asymmetrical Routing of the Feed Line

Figure 24.51 shows a symmetrically located coax feed line, one that drops vertically at a 90° angle directly below the feed point of the symmetrical dipole. What happens if the feed line is not dressed away from the antenna in a completely symmetrical fashion — that is, not at a right angle to the dipole?

Figure 24.53 illustrates a situation where the feed line goes to the transmitter and ground at a 45° angle from the dipole. Now, one side of the dipole can radiate more strongly onto the feed line than the other half can. Thus, the currents radiated onto the feed line from each half of the symmetrical dipole won’t cancel each other. In other words, the antenna itself radiates a common-mode current onto the transmission line. This is a different form of common-mode current from what was discussed above in connection with an unbalanced coax feeding a balanced dipole, but it has similar effects.
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Figure 24.54 shows the azimuthal response of a 0.71-λ-high reference dipole with no feed line (as though the transmitter were located right at the feed point) compared to a 0.71-λ-high dipole that uses a 1-λ-long coax feed line, slanted 45° from the feed point down to ground through the transmitter. The 0.71-λ height was used so that the slanted coax could be exactly 1 λ long, directly grounded at its end through the transmitter and so that the low-elevation angle response could be emphasized to show pattern distortion. The feed line was made 1 λ long in this case, because when the feed line length is only 0.5 λ and is slanted 45° to ground, the height of the dipole is only 0.35 λ. This low height masks changes in the nulls in the azimuthal response due to feed line common-mode currents. Worst-case pattern distortion occurs for lengths that are multiplies of λ/2, as before.
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The degree of pattern distortion is now slightly worse than that for the symmetrically placed coax, but once again, the overall effect is not really severe. Interestingly enough, the slanted-feed line dipole actually has about 0.2 dB more gain than the reference dipole. This is because the left-hand side null is deeper for the slanted-feed line antenna, adding power to the frontal lobes at 0° and 180°.

The feed point impedance for this dipole with slanted feed line is 62.48 − j 1.28 Ω for an SWR of 1.25:1, compared to the reference dipole’s feed point impedance of 72.00 + j 16.76 Ω for an SWR of 1.59:1. Here, the reactive part of the net feed point impedance is smaller than that for the reference dipole, indicating that detuning has occurred due to mutual coupling to its own feed line. This change of SWR is slightly larger than for the previous case and could be seen on a typical SWR meter.

You should recognize that common-mode current arising from radiation from a balanced antenna back onto its transmission line due to a lack of symmetry occurs for both coaxial and balanced transmission lines. For a coax, the inner surface of the shield and the inner conductor are shielded from such radiation by the outer braid. However, the outer surface of the braid carries common-mode current radiated from the antenna and then subsequently reradiated by the line. For a parallel-conductor line, common-mode currents are induced onto both conductors, again resulting in reradiation from the feed line.

If the antenna or its environment are not perfectly symmetrical in all respects, there will also be some degree of common-mode current generated on the transmission line, either coax or balanced. Perfect symmetry means that the ground would have to be perfectly flat everywhere under the antenna, and that the physical length of each leg of the antenna would have to be exactly the same. It also means that the height of the dipole must be exactly symmetrical all along its length, and it even means that nearby conductors, such as power lines, must be completely symmetrical with respect to the antenna.

In the real world, where the ground isn’t always perfectly flat under the whole length of a dipole and where wire legs aren’t cut to the same length, a parallel-conductor line feeding a supposedly balanced antenna is no guarantee that common-mode transmission line currents will not occur! However, dressing the feed line so that it is symmetrical to the antenna will lead to fewer problems in all cases.

Note that the popular End-Fed Half-Wave (EFHW) is an extreme example of asymmetry with the feed line attached at one end of the antenna. (Also see the discussion of vertical half-wave dipoles in the General Purpose MF and HF Antennas chapter.) Common-mode current is guaranteed to flow on the feed line because one conductor of the feed line is not attached directly to the antenna. The feed line’s common-mode path, whether on both conductors of a parallel-conductor feed line or on the outer shield of coax, is part of the antenna. EFHW designs that depend on this common-mode path as part of the radiating element will not work properly if a choke is placed on the feed line at the antenna.

Some EFHW designs replace the common-mode path with an extra counterpoise wire which is simply the “missing” part of the antenna, allowing an isolation transformer to decouple the feed line from the antenna current.

24.6.3 Common-Mode Current Effects on Directional Antennas

For a simple dipole, many amateurs would look at Figure 24.52 or Figure 24.54 and say that the worst-case pattern asymmetry doesn’t look very important, and they would be right. Any minor, unexpected change in SWR due to common-mode current would be shrugged off as inconsequential — if indeed it is even noticed. All around the world, there are many thousands of coax-fed dipoles in use, where no special effort has been made to smooth the transition from unbalanced coax to balanced dipole.

For antennas that are specifically designed to be highly directional, however, pattern deterioration resulting from common-mode currents is a very different matter. Much care is usually taken during design of a directional antenna like a Yagi or a quad to tune each element in the system for the best compromise between directional pattern, gain and SWR bandwidth. What happens if we feed such a carefully tailored antenna in a fashion that creates common-mode feed line currents?

Figure 24.55 compares the azimuthal response of two five-element 20-meter Yagis, each located horizontally λ/2 above average ground. The solid line represents the reference antenna, where it is assumed that the transmitter is located right at the balanced driven element’s feed point without the need for an intervening feed line. The dashed line represents the second Yagi, which is modeled with a λ/2-long unbalanced coaxial feed line going to ground directly under the balanced driven element’s feed point.
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Minor pattern skewing evident in the case of the dipole now becomes definite deterioration in the rearward pattern of the otherwise superb pattern of the reference Yagi. The side nulls deteriorate from more than 40 dB to about 25 dB. The rearward lobe at 180° goes from 26 dB to about 22 dB. In short, the pattern gets a bit ugly, and the gain decreases as well.

Figure 24.56 shows a comparison at 0.71 λ height between a reference Yagi with no feed line and a Yagi with a 1-λ-long feed line slanted 45° to ground. Side nulls that were deep (at more than 30 dB down) for the reference Yagi have been reduced to less than 18 dB in the common-mode afflicted antenna. The rear lobe at 180° has deteriorated mildly, from 28 dB to about 26 dB. The forward gain of the antenna has fallen 0.4 dB from that of the reference antenna. As expected, the feed point impedance also changes, from 22.3 − j 25.2 Ω for the reference Yagi to 18.5 − j 29.8 Ω for the antenna with the unbalanced feed. The SWR will also change with line length on the balanced Yagi due to the common-mode path, just as it did for the simple dipole.
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Clearly, the pattern of what is supposed to be a highly directional antenna can be seriously degraded by the presence of common-mode currents on the coax feed line. As in the case of the simple dipole, multiples of λ/2-long resonant feed line to ground represents the worst-case feed system, even when the feed line is dressed symmetrically at right angles below the antenna. And as found with the dipole, the pattern deterioration becomes even worse if the feed line is dressed at a slant under the antenna to ground, although this sort of installation with a Yagi is not very common. For least interaction, the feed line still should be dressed so that it is symmetrical with respect to the antenna.

In the computer models used to create Figures 24.52, 24.54 and 24.55, placing a common-mode choke (described in the next sections) with a reactance of + j 1000 Ω at the antenna’s feed point removed virtually all traces of the problem. This was always true for the simple case where the feed line was dressed symmetrically, directly down under the feed point. Certain slanted-feed line lengths required additional common-mode chokes which should be placed at λ/4 intervals beginning λ/2 down the transmission line from the feed point. (Placing the first choke λ/2 from the antenna feed point avoids creating a low impedance point on the outside of the coax shield at the feed point.) Remember that the free-space wavelength is used on the outside of coax while the VF must be applied inside the coax.

24.7 Current Baluns, Chokes, and Choke Baluns

In the preceding sections, problems associated with common-mode currents on transmission lines were described. Common-mode feed line currents have several causes — primarily physical asymmetry of the antenna, direct connection of unbalanced feed lines and balanced antennas, and coupling between the feed line and the antenna due to placement or orientation of the feed line. In addition, noise is picked up by the feed line as common-mode current and signals radiated by current on the feed line can cause interference to appliances and other electronics if they are near the feed line.

In order to reduce common-mode feed line current, chokes that create a high impedance in the current’s path are used. If the choke is placed at the junction of a coaxial feed line and load, such as an antenna, the choke becomes a choke balun between the unbalanced feed line and the balanced load, such as the antenna. Choke and choke baluns come in a variety of forms, which we will explore in this section. See the earlier section Transmission Line Matching Devices for a discussion of the difference between chokes, baluns, and impedance transformers.

It is important to note that a number of the papers and articles referenced in this section were written before the advent of a wide variety of ferrite materials available today, in particular the type #31 mix which is used for EMI suppression in the MF, HF, and VHF ranges. (See fair-rite.com/materials for a table of ferrite types and their applications.) In addition, more applications for feed line chokes, such as for reducing received noise and breaking up resonant feed line length, have been developed for amateurs. This does not invalidate the information from those early sources but requires the reader to remember that current usage may have evolved in light of a better understanding of antenna and feed line system behavior and new types of ferrite becoming available.

Material in this section has been updated from earlier editions based on the latest versions of Jim Brown, K9YC’s papers “RFI, Ferrites, and Common Mode Chokes For Hams,” “A New Choke Cookbook for the 160–10M Bands,” are both available for download from k9yc.com/publish.htm. See the Receiving Antennas chapter for more information about use of chokes with those antennas.

24.7.1 Current Baluns

The current balun is a type of transmission line transformer with a high common-mode impedance providing isolation between the input and output terminals. It has the hybrid properties of a tightly coupled transmission line transformer (with a 1:1 transformation ratio) and the common-mode impedance of an inductance or resistance to provide common-mode impedance. (See the previous discussion of Transmission Line Transformers.) The transmission line transformer action forces the current at the output terminals to be equal, and the common-mode impedance blocks common-mode currents. The blocking action is why current baluns are often referred to as choke baluns. The current balun was originally developed for interstage coupling with inductive ferrite materials and not as an antenna system choke component. This causes confusion in amateur circles where the predominant use of baluns is in antenna systems where resistive (lossy) materials are the most useful.

See Figure 24.57A for a schematic representation of such a balun. This characterization is attributed to Frank Witt, AI1H. ZW is the winding impedance that blocks common-mode currents. (This is the Guanella transformer discussed previously.) The winding impedance is determined by the material used for the core on which the transmission line is wound, usually a ferrite rod or toroid.
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The ideal transformer in this characterization models what happens either inside a coax or for a pair of perfectly coupled parallel wires in a two-wire transmission line. Although ZW is shown here as a single impedance, it could be split into two equal parts, with one placed on each side of the ideal transformer. The transmission line consists of coaxial cable (such as a small diameter Teflon-insulated cable like RG-303) or tightly coupled (side-by-side) bifilar wires. (Construction is discussed later in this section.)

Figure 24.57B and C show two common methods of winding 1:1 and 4:1 current baluns using a ferrite core. Type #31 material is recommended for the core as discussed in the section on Transmitting Ferrite-Core Coaxial Choke Baluns. Each bifilar winding forms a transmission line that is wound around the core which creates the choking impedance, ZW.

In Figure 24.57C, note that two cores are required. A 4:1 current balun cannot be wound on a single core because of the coupling between the lines that would be created. The transmission lines must be independent and separate cores must be used.

24.7.2 Coiled-Coax Choke Baluns

The simplest method of constructing a feed line choke is simply to wind a length of coaxial cable into a coil (see Figure 24.58), creating an inductor from the shield’s outer surface. (This construction technique cannot be used with parallel-conductor line because of coupling between the conductors in adjacent turns.) Common-mode current on the outside of the shield encounters the coil’s reactance, while differential-mode currents on the inside are unaffected. The reactance creates an RF choke in the common-mode path. If used at the antenna feed point, the choke becomes a type of choke balun by blocking the common-mode current path.
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How Much Impedance Do I Really Need?
The answer begins with another question, “What are you trying to accomplish?” That will tell you how much impedance is needed on the feed line at the antenna feed point -- if any. For most antennas, lack of a choke will not prevent you from making any contacts, even at VHF. Many stations put up a backyard dipole or simple beam fed directly with coax and make plenty of contacts. If you attach the feed line carefully and arrange it to minimize RF pickup, it will probably work reasonably well. Getting better performance, though, complicates the question.
The necessary choke impedance varies with the intended purpose. Roughly in order from the lowest to highest required impedance:
1. Feed point impedance control (the “third wire” issue) requires about 10x the feed point impedance: for a 50 Ω antenna, a 500 Ω choke is sufficient.
2. Pattern preservation (avoiding re-radiation and pickup by the shield) can lower received noise and reduce interference.
3. RFI from common-mode current being picked up by the shield can be reduced by chokes.
4. Noise ingress (noise current getting into the coax at the feed point) is the most difficult to reduce, especially at VHF where artificial noise is stronger than natural noise. 5 kΩ is often suggested for noise suppression.
A 5 kΩ choke is likely to satisfy all four requirements and might be used as a one-size-fits-all choke in complex and high-performance stations. That said, much lower impedance (and expense) may be sufficient, particularly for applications 2 and 3, if you are willing to experiment or model.
RFI suppression may be more responsive to choke placement than high impedance. Remember that for high-power use, a feed point choke may be subjected to voltages high enough to cause heating.


While this type of choke has been used for many years, its performance is hard to control and often over-estimated. Winding style, diameter and organization, and coupling to nearby conductors all affect all affect choke reactance. The impedance of ferrite chokes can be controlled more easily and optimized for specific frequency ranges by selecting the appropriate mix. Ferrite chokes are much less sensitive to winding organization. If a ferrite core designed for EMI suppression is used, the impedance is mostly resistive and thus not affected by line length.

The coiled-coax choke’s effectiveness depends on the impedance of the feed line’s outer surface at that point: If the impedance is inductive, the choke will likely be effective. Otherwise, the line’s capacitive reactance may actually cancel some of the coil’s inductive reactance, increasing common-mode current on the line. Feed line common-mode impedance is hard to predict or measure accurately, so the antenna system builder must be aware of the possibility of this type of interaction. The G3TXQ web page (karinya.net/g3txq/chokes) shows a number of examples in which a choke’s reactance combines with that of the feed line. G3TXQ suggests that a choke reactance of at least 1000 Ω is required to avoid this level of interaction. In addition, the feed line and choke impedances will change with frequency, making coiled-coax chokes a poor choice for multiband antennas.

Just as for any inductor, the coiled-coax choke’s self-resonance is created by the distributed capacitance between the turns of the coil. At the parallel self-resonant frequency, series impedance is very high. The resonant frequency can be determined with an impedance analyzer or with a dip meter. If using a dip meter, leave the ends of the choke disconnected, couple the coil to the dip meter, and tune for a dip.

Scramble-Wound versus Single-Layer

Scramble-wound chokes (wound like a coil of rope as in Figure 24.58) described in Table 24.13 were measured by Ed Gilbert, K2SQ, to have a high impedance at the indicated frequencies as measured with an impedance meter. Because the winding order and grouping are uncontrolled, it is unlikely for a choke wound in a slightly different way to have the same resonant frequency and impedance as described in the table. Given the better performance of ferrite chokes, scramble-wound chokes are not recommended for high-performance installations. However, these simple chokes can be created anywhere along the feed line simply by winding it up, adding reactance in order to reduce common-mode current.
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The performance of a single-layer coiled-coax choke is more reproducible. This type of choke is created by winding the cable as a single-layer solenoidal coil on a section of plastic pipe or other suitable cylinder (Figure 24.59). The cable is secured with electrical tape as shown in Figure 24.59B. This type of construction reduces the stray capacitance of the coil and makes the coil’s construction more consistent. If the choke will be used with a metal-boom Yagi, it is recommended that it not be held directly against the boom which will interact with the choke. As in Figure 24.59B, eye bolts in the form allow the coil to be suspended under the boom, improving electrical performance and giving a measure of mechanical strain relief.
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Minimum Bend Radius
Chokes made from coaxial cable should be wound with a bend radius sufficiently large that the coax is not deformed. When a line is deformed, the spacing between the center conductor and the shield varies, so voltage breakdown and heating are more likely to occur. Deformation also causes a discontinuity in the impedance; the resulting reflections may cause some waveform distortion and increased loss at VHF and UHF.
Use coaxial cable with solid dielectric insulation, not foamed, to minimize migration of the center conductor through the insulation toward the shield. This is a common problem if the cable will be carrying high power or is heated in any way such as by sunlight or being placed in a hot environment. Keep these chokes away from heat sources and protect them from direct sunlight, if practical.
RG-213 (PE dielectric) or RG-400 (TFE dielectric) are recommended for winding chokes. Even solid PE coax such as RG-213 may experience center conductor migration through the dielectric, leading to eventual short circuits, if wound or bent too tightly. For air-coiled coax, the diameter of the coil should be at least 10 times the cable diameter to avoid mechanically stressing the cable. A good guideline for winding PE-dielectric coax for any coil is a 3-inch minimum radius (6-inch diameter).
To hold a coil together or secure it to a support, use tape instead of cable ties to avoid creating points of high compression or bending of the cable. These cautions also apply to stubs or matching transformer sections that may be coiled. For coiled-coax chokes, wind the cable loosely and support it with small rope or twine so that the coax does not support all the weight of the feed line.
While the turn diameter on toroid cores is smaller than the minimum specified bend radius for RG-400 TFE coax, failures caused by center conductor migration have not been commonly reported. The consensus among experienced builders and manufacturers is that that cable with a TFE dielectric will work as intended as long as it is not operated at its full power rating and flexed repeatedly. This is also discussed in the Transmission Lines chapter.


A series of measurements by K2SQ on single-layer coiled-coax chokes determined several useful combinations of turns and diameter listed in Table 24.13. The 12-turn choke in Figure 24.59B, for example, is often used with common 2-element 40-meter Yagis. Although that choke only presents slightly more than 500 Ω of reactance, the low feed-point impedance of the beam over most of the 40-meter band (typical 50-Ω SWR>3:1), makes 500 Ω sufficient to reduce common-mode current to low levels, assuming the feed line impedance at the feed point is not capacitive. If the antenna feed point impedance was higher, a higher choke impedance would be necessary to maintain isolation of the feed line.

The single-layer chokes listed in the table were measured to have greater than 500 Ω of reactance on the bands shown. The measured self-resonant frequency and impedance are also given. While the single-layer chokes are more controlled than scramble-wound, expect a fair amount of variation in choke behavior. (The full table of measurements is included in the online material for this chapter.)

24.7.3 Coax-Wound Ferrite Chokes

Transmitting chokes differ from other common-mode chokes because they must be designed to work well when the feed line they are choking carries high power. Excellent common-mode chokes having very high power-handling capability can be formed simply by winding multiple turns of coax through a sufficiently large ferrite core or multiple cores. (These chokes will be referred to as “coax-wound ferrite chokes” to distinguish them from the air-core coiled-coax chokes of the preceding section.)

Joe Reisert, W1JR, first introduced chokes made with coaxial cable wound on ferrite toroids to amateurs. He used low-loss cores, typically type #61 or #67 material in frequency ranges which produce primarily an inductive reactance. Figure 24.60 shows that these high-Q chokes are quite effective near their resonance. However, the resonance is narrow and typically covers only one or two bands. Away from resonance, the choke becomes far less effective, as choking impedance falls rapidly and its reactive component interacts with the impedance of the feed line. (An earlier US Army study of ferrite chokes was published in 1996; see the referenced article for Harper.)
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Today there are more types of ferrite, including mixes designed for EMI suppression that produce impedances in the MF, HF, and VHF range that are primarily resistive. Chokes made with these materials exhibit broad peaks in impedance that can be used across several amateur bands. Chokes designed for different frequency ranges can be placed in series for even wider frequency coverage. (A procedure for determining the material of an unknown ferrite core was added to the ARRL Handbook chapter RF Techniques in the 100th edition.)

Ferrite Choke Advantages and Caveats
Using ferrite to create feed line chokes and choke baluns has several advantages for antenna system builders:
• Wide frequency range: ferrite components (toroids and beads) operate well over a wide frequency range
• Non-resonant behavior: There is no dependence on velocity factor of coaxial cable and no resonant lengths to calculate
• No extra connectors or “pigtail” connections required for bead designs – the beads are simply placed on the cable.
These advantages come with a few caveats, as well:
• Ferrite components rated for transmitting often cost a few dollars per bead which is more than short pieces of coaxial cable.
• The choice of mix is important to get the expected choking impedance at the frequencies of use.
• Significant common-mode voltage across the choke will heat the ferrite and in extreme cases can cause the ferrite to fracture or alter its impedance. (See the article “Don’t Blow Up Your Balun,” by Dean Straw, N6BV, in the References and Bibliography.)


Design Criteria

Traditionally, the rule-of-thumb for a transmission line choke was that the choking impedance needed to be at least 10 Z0 of the line. I.e., 500 Ω for 50-Ω coax. (See the sidebar “How Much Impedance Do I Need?”) At medium power levels (up to 600 W approximately), if the antenna is well-balanced and the feed point impedance reasonably close to Z0, that would block most of the common-mode current without too much power dissipation. Full power (1500 W) or high duty-cycle operation such as for contesting and some types of digital mode operation, or use with a very unbalanced antenna, can result in high power dissipation in the choke. In such cases, more choking impedance is needed. (See the section Power Dissipation in Ferrite Transmitting Chokes.) A choking impedance (RS) of 5000 Ω will be enough for most of these situations.

The best way to reduce power dissipation from common-mode current is to increase choking impedance. Doubling choke impedance divides the common-mode current by 2. This divides the power dissipated in the choke’s series resistance (RS) by 4 according to P = I2RS. Higher impedance can be obtained by winding more turns on a single core or by winding the choke on a stack of two or more cores.

In general, any combination of chokes can be used in series to provide the desired choking impedance over the desired bandwidth. Their combined choking impedance, RS, will be the sum of their RS values on each band. Chokes for different frequency ranges can be placed in series to create a choke with a higher impedance across a wider frequency range, as well.

Since the chokes are subjected to only common-mode voltage, the only effect of high SWR on power handling of coax-wound ferrite chokes is to increase the peaks of differential current and voltage along the line established by the mismatch in the antenna system. If SWR is very high, the extra mismatch loss may become an issue.

For receiving applications, a choke impedance of 500-1000 Ω is sufficient to prevent pattern distortion, ordinary cases of RFI, and noise coupling from other sources. These chokes also block strong signals picked up on the feed line shield from nearby transmitters, such as in a multi-transmitter station or broadcast station. Chuck Counselman, W1HIS, correctly observes that radiation and noise coupling from the feed line should be viewed as a form of pattern distortion that fills in the nulls of a directional antenna, reducing its ability to reject noise and interference. (See the Receiving Antennas chapter for more information on chokes for receiving antenna feed lines.)

Chokes used to break up a feed line into segments too short to interact with another antenna should have a choking impedance on the order of 1000 Ω to prevent interaction with simple antennas. A value closer to 5000 Ω may be needed if the effects of common-mode current on the feed line are filling the null of directional antenna.

Practical HF Transmitting Chokes

Legacy Choke Designs

Legacy designs for coax-wound ferrite chokes from previous editions used RG-8 or RG-11 for full-power operation, and RG-58 for lower power levels. Those chokes were wound on 2.4-inch OD, 1.4-inch ID toroid of type #31 or #43 material, and the 1-inch ID × 1.125-inch long clamp-on of type #31 material. (Note the following section’s caveat about material variation for these cores which affects choking performance.)

The resonance curves for these chokes are affected by turn spacing, diameter, and organization, leading to a lot of variation with construction techniques. In addition, the larger minimum bend radius for the PE-insulated coax caused the full-power designs to be rather large and somewhat of a challenge to support at an antenna feed point. Figure 24.61A shows examples of the legacy design chokes and Figures 24.62A – C are graphs of the magnitude of the impedance for various numbers of turns, type of line, and types of core. These are presented here as reference information although they are not recommended for new installations. Table 24.14 summarizes legacy designs that meet the 5000-Ω criteria for the 160- through 6-meter ham bands and several practical transmitting choke designs that are “tuned” or optimized for ranges of frequencies. (For VHF and UHF, note that parasitic capacitance makes an effective choke more difficult to create.)
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Recommended Choke Designs

Jim Brown, K9YC, and Glen Brown, W6GJB, have built, tested, and measured numerous chokes constructed with RG-8-size coax, RG-400 (Teflon jacket, stranded silver-plated copper center, two silver-plated copper shields, TFE dielectric), #12 and #10 enameled copper wire pairs, THHN #12 and #10 pairs, a #12 Teflon-insulated wire pair (silver-plated stranded copper, 0.109-inch OD), and a pair formed by the black and white conductors removed from #10 and #12 Romex (NM) cable. The transmission characteristics were also measured at MF and HF. The data presented here is a summary of that information and the reader is encouraged to download the entire paper referenced at the beginning of this section (see References and Bibliography).

Their study also discovered wide variations in the fundamental properties of the 2.4-inch cores purchased over a period of 12 years. Variations of ±10% were measured for newly purchased cores. The choke designs in the tables are selected to have sufficient impedance values for average cores but variations at the upper and lower ends of the useful range for the choke will depend on the core characteristics.

K9YC also constructed and tested several chokes using 75-Ω FEP or TFE miniature RG-179 coax wound on 2.4-inch OD #31 ferrite toroids. The turns were wound close-spaced (touching on the inside diameter). This coax has fairly high loss, so the choke should not see more than approximately 300 W (this has not been verified as an upper limit) and even at that power level, it must be exposed to air for cooling.

160 meters 27 turns 12 kΩ Rs

80 meters 24 turns 13.5 kΩ Rs

40 meters 22 turns 10 kΩ Rs

Figures 24.62D-F are graphs of impedance magnitude for various numbers of turns, type of line, and types of core. Tables 24.15 and 24.16 summarize designs for the 160 through 6-meter ham bands and several practical transmitting choke designs that are “tuned” or optimized for ranges of frequencies. The tables include designs meeting the 5000-Ω minimum impedance requirement and a higher-impedance design if available. Number of turns are limited on the smaller 2.4-inch OD cores.
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An additional compilation of recommended air-core and ferrite-core designs is available from Steve Hunt, G3TXQ, at karinya.net/g3txq/chokes. The guidelines correspond roughly with measurements taken by others but should not be taken as guaranteed or representative of all methods of construction or materials. Note that a 500 Ω impedance may be quite inadequate for applications in which the load impedance is high or if high isolation of the load is required. In such cases, a higher-impedance choke is necessary.

Selecting the Choke Transmission Line

Which line is recommended? The best compromise of size and power-handling capability was determined to be a miniature coax with TFE (Teflon) insulation such as RG-400 or a parallel-wire wound choke using TFE-insulated wire. Table 24.17 was obtained from measured values of S11 (return loss) for short lengths with the far end open and the far end shorted, post-processed using AC6LA’s ZPlots Excel spreadsheet (ac6la.com/zplots.html). Also see the sidebar “Minimum Bend Radius”.
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Chokes wound with higher Z0 line (pairs of #12 THHN, NM, Teflon) work quite well at the feed point of various dipoles but may not at the feed point of a complex array. (See the online paper’s discussion of 75-Ω chokes for transmitting arrays.) Chokes wound with the #12 Teflon wire pair were found to have the lowest loss and the least dissipation for each band. The wire is expensive and best purchased from surplus vendors or in a quantity group purchase. Remember that for paired-wire lines, Z0 will vary with insulation thickness and the dielectric properties of the insulation.

The other recommended choices, especially for antennas with feed point Z0 near 50 Ω, is RG-400, followed by a pair made from the white and black conductors removed from Romex (NM) cable.

Previous editions have referred to leakage flux from a parallel-wire (bifilar) winding causing heating in the core. This concern does not appear to be warranted based on measurements. Heating in the core external to the transmission line, coaxial or bifilar, is attributed to flux created by common-mode current only. See the section Power Dissipation in Ferrite Transmitting Chokes for a discussion of heating from common-mode current.

Enameled copper pairs were found to have much greater loss than other paired lines. This is because the magnetic fields produced by currents in very closely spaced pairs used as transmission lines cause the current to be concentrated in the side of the conductors closest to each other. This mechanism, strongly related to skin effect, is called proximity effect, and causes differential current to flow on the inside of the coax shield. Just as skin effect forces current to the skin of the conductor, proximity effect forces it to only one half of the skin! Proximity effect rises rapidly as the center-to-center spacing approaches the conductor diameter, which is the case with enameled wire. As can be seen from the table of measured transmission line data in the online paper, the enameled pairs have significantly higher loss (and greater dissipation) than other paired cables. It’s also possible for the enamel to be scraped by the ferrite core during winding, shorting to the core at multiple points and significantly degrading choke performance. For both reasons, using enameled wire pairs for ferrite-core chokes are not recommended.

Construction Guidelines

Starting The Winding: Wind a cable tie around the cross section of the toroid where you want to start the winding and pull it not quite tight. Feed the cable through the toroid from below and use another cable tie to secure it to the first one, leaving enough free cable to connect the choke when it is complete. Leave enough cable tie for final tightening later. The choke in Figure 24.63A starts at 3 o’clock and is wound counterclockwise around the core.
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Wind In Sequence: Take care that turns are wound in order around the core — out of sequence turns can cancel. Turns can be continued on a second layer when the first layer is filled by overlaying the starting turns of the winding. In Fig 24.59B, the winding starts at the upper left, completely fills the first layer around the core, and continues with five more turns overlaying the start of the winding.

Turn Spacing: Measured data are for windings tight to the core, with adjacent windings touching on the inside of the core.

Paired Lines: Take care that pairs are not twisted as they are wound. Twisting can reduce choking impedance. Using different colors for the two conductors makes it easier to see twisting, and also to count turns. Keep the wires parallel and flat against the core. Solid conductors are preferred over stranded because turns tend to stay in place. Stranded wire is much less disciplined. (The choke in the figure has short leads for measurement purposes.)

Maintain polarity between the two ends of the choke — that is, make sure that the same conductor of a parallel pair is connected to the coax shield at both ends of the choke. This is especially important with arrays and can be an issue with lightning protection for a choke added to the line not at the feed point. If the polarity is reversed, the choke will still work but the array won’t work as designed and static buildup on a coax shield may not be as well discharged.

Pairing the wire: Loss, VF, and Z0 data are for the paired conductors touching, held in place every 3-6 inches with Scotch 33 or 35 (thinner than Scotch 88, it can help squeeze an extra turn on 2.4-in chokes for 160 meters). Wider spacing will increase Z0 and decrease attenuation, especially with enameled pairs (because proximity effect is reduced).

Solid PE-insulated Coax: These legacy designs have been superseded by the RG-400 and paired-wire designs. These chokes are heavier, more expensive, and have greater loss (because they use more cores and more coax). These designs are repeatable only if turns pass through the core(s) sequentially, and if they have the same radius and spacing. Space turns evenly around the toroid to minimize inter-turn capacitance. See the online paper for some suggestions for constructing these chokes.

Supporting the Choke: Ferrite-core chokes can be heavy, even if wound with the lightest line on a single core. This can lead to mechanical failure from wind or other flexing of the antenna and feed line. The referenced paper contains several photos of suggested construction techniques. Figure 24.64 shows a center insulator assembly of GPO3 fiberglass supporting two chokes in series (see the paper or series performance tables), an SO-239 receptacle for convenient feed line attachment, and sturdy attachment points for the dipole legs and a support rope or cable. The photo was taken before a waterproofing coating was applied to seal the electrical connections and provide UV resistance. Silicone adhesive was used to waterproof the SO-239. Lexan or some other plastic will also work for the body of the assembly.
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Stray Capacitance: Chokes wound with any large diameter cable have more stray capacitance than those wound with small diameter wire. There are two sources of stray capacitance in a ferrite choke: the capacitance from end-to-end and from turn-to-turn via the core; and the capacitance from turn-to-turn via the air dielectric. Both sources of capacitance are increased by increased conductor size, so stray capacitance will be greater with larger coax. Turn-to-turn capacitance is also increased by larger diameter turns.

Transmitting Chokes for VHF/UHF

This section extends the previous sections to the VHF and low UHF amateur bands. It is excerpted from the paper “Transmitting Chokes for VHF/UHF” by Jim Brown, K9YC, available at k9yc.com/publish.htm.

The primary function of these chokes is to suppress common-mode current on the feed line that in receive mode can couple to the antenna, filling in nulls in the pattern from off-axis signals and noise. For noise reduction on the HF bands, 5 kΩ of resistive impedance at the working frequency is a good starting point, with twice that value to provide greater power handling. Noise levels at VHF and UHF are usually lower than at HF, so lower values of choking impedance may be sufficient.

Chokes For 6 Meters

RG8-Size coax: Two 6-inch diameter turns through one 1-inch ID type #31 clamp-on (Fair-Rite 0431177081) yields about 1 kΩ of resistive impedance. Use multiple chokes in series as in Figure 24.65A to achieve the desired choking impedance.
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RG58, RG400-size coax: Two turns through two 0.75-inch ID type #31 clamp-ons (Fair-Rite 0431173551) yields about 1.2 kΩ resistive impedance. Use multiple chokes in series to achieve the desired choking impedance.

Remember that each pass of the cable through a ferrite core counts as one turn, so each loop of cable in the figure counts as two turns.

Chokes should be placed along the feed line starting as close as possible to the antenna’s feed point with a few inches between cores. Coax and cores should be spaced from the boom so that capacitance to the boom does not add stray capacitance and lower the parallel resonance of the ferrite core. An insulating spacer about ½-in thick should be sufficient. In Figure 24.65B, the cores are lashed under the antenna’s boom (elements had not yet been attached), with the spacer in place and turns hanging below the boom. The spacer is made of nested sections of 11⁄2-inch or 2-inch UV-resistant PVC conduit.

The coax in the figure is a PTFE-insulated cable comparable to LMR-400. The cores are clamped tightly closed to minimize any air gap where their two halves meet, and the turns are also held in place on both sides of each core. Cable ties are protected with UV-resistant Scotch 88 tape.

Chokes For 144 MHz and 220 MHz

RG58, RG400-Size coax: Apply enough Fair-Rite #31 clamp-ons to achieve the desired choking impedance. Each Fair-Rite 0431164951 core provides about 300 Ω of resistive impedance on 144 MHz and a bit less on 220 MHz.

RG213-Size coax: Apply enough Fair-Rite #31 clamp-ons to achieve the desired choking impedance. Each Fair-Rite 0431164181 core provides about 360 Ω resistive impedance and a bit less on 220 MHz.

Chokes For 430 MHz

Apply enough Fair-Rite #61 clamp-ons to achieve the desired choking impedance. Each Fair-Rite 0431164951 core provides about 280 Ω resistive impedance.

24.7.4 Using Ferrite Beads in Choke Baluns

The ferrite bead current baluns developed by Walt Maxwell, W2DU, formed simply by stringing multiple beads in series on a length of coax to obtain the desired choking impedance, are really common-mode chokes. Maxwell’s designs utilized 50, 100, and 200 very small beads of type #73 material as shown in Figure 24.66. Product data sheets show that a single type #73 bead has a very low-Q resonance around 20 MHz, and has a predominantly resistive impedance of 10-20 Ω on all HF ham bands. Stringing 50 beads in series simply multiples the impedance of one bead by 50, so the W2DU balun has a choking impedance of 500-1000 Ω and because it is strongly resistive, any resonance with the feed line is minimal.
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This is a fairly good design for moderate power levels, but suitable beads are too small to fit most coax. A specialty coaxial cable such as RG-303 must be used for high-power applications. Even with high-power coax, the choking impedance is often insufficient to limit current to a low enough value to prevent overheating. Equally important — the lower choking impedance is much less effective at rejecting noise and preventing the filling of nulls in a radiation pattern.

Newer bead balun designs use type #31 and #43 beads that are resonant around 150 MHz, are inductive below resonance, and have only a few tens of ohms of strongly inductive impedance on the HF bands. Even with 20 of the type #31 or #43 beads in the string, the choke is still resonant around 150 MHz, is much less effective than a wound coaxial ferrite choke, and is still inductive on the HF bands (so it will be ineffective at frequencies where it resonates with the line). Be aware that the heat-dissipating capability of small-diameter ferrite beads can be exceeded where there is a serious imbalance that results in large common-mode currents. Beads nearest the feed point can become very warm and can even shatter under extreme conditions of imbalance. Use enough beads to provide the necessary choking impedance to keep power dissipation at safe levels. The original W2DU designs should be limited to use at 100 W power levels if there is significant imbalance in the antenna system.

24.7.5 Measuring Choke Balun Impedance

A ferrite RF choke creates a parallel resonant circuit from inductance and resistance coupled from the core and stray capacitance resulting from interaction of the conductor that forms the choke with the permittivity of the core. If the choke is made by winding turns on a core (as opposed to single-turn bead chokes) the inter-turn capacitance also becomes part of the choke’s circuit.

These chokes are very difficult to measure for two fundamental reasons. First, the stray capacitance forming the parallel resonance is quite small, typically 0.4-5 pF, which is often less than the stray capacitance of the test equipment used to measure it. The key to accurate measurement of high impedance ferrite chokes is to set up the choke as the series element, ZX, of a voltage divider with a calibrated load.

The coax-wound ferrite chokes in this section were measured with a two-port vector network analyzer (VNA) using a test fixture built by K9YC and W6GJB that places the choke in series between the input and output of the VNA, forming a voltage divider between the choke and the 50-Ω input impedance of the VNA. The VNA was calibrated to a measurement plane at the point where the choke is inserted, and S21 (the gain from output to input) is measured. See the Antenna and Transmission Line Measurements chapter for information about using VNAs.

In a vector network analyzer, S21 is complex — that is, the result contains both magnitude and phase data. Math functions built into the VNA operating and display software solves the voltage divider equation to convert S21 (the voltage divider ratio) to ZMAG, RS, and XS. See the online paper “A New Choke Cookbook for the 160-10M Bands” for more information about the VNA test fixture.

Obtaining R, L, and C Values

The VNA will provide a data file including ZMAG, RS, and XS. In a spreadsheet worksheet, create columns that compute parallel L and C values from the VNA data. (The required equations can be found in the section Parallel Circuits of Moderate to High Q of the Electrical Fundamentals chapter in the ARRL Handbook.)

The spreadsheet should also plot impedance of the same range of frequencies as the measurements and with the same plotted scale as the measurements.

1) R is equal to the resonant peak of the measured impedance.

2) At a point on the resonance curve below the resonant frequency with approximately one-third of the impedance at resonance compute L for that value of inductive reactance (L = XL / 2pf).

3) Calculate a value for C that produces the same resonant frequency of the measurement.

The resulting values for R, L, and C form the equivalent circuit for the choke. The values can then be used in circuit modeling software (NEC, SPICE) to predict the behavior of circuits using ferrite chokes.

Accuracy

The test fixture can be constructed so that its stray capacitance is small but it won’t be zero. A first approximation of the stray capacitance can be obtained by substituting for the unknown a noninductive resistor whose resistance is in the same general range as the chokes being measured, then sweeping through the VNA range to find the -3 dB point where XC = R. This test for the author’s setup yielded a stray capacitance value of 0.4 pF. A thin-film surface-mount or chip resistor will have the lowest stray reactances and devices with <0.1 pF capacitance are available.

Since the measured curve includes stray capacitance, the actual capacitance of the choke will be slightly less than the computed value. If you have determined the value of stray capacitance for your test setup, subtract it from the computed value to get the actual capacitance. You can also use this corrected value in the theoretical circuit to see how the choke will actually behave in a circuit — that is, without the stray capacitance of your test setup. You won’t see the change in your measured data, only in the theoretical RLC equivalent.

Dual Resonances

In NiZn ferrite materials (type #61, #43), there is only circuit resonance, but MnZn materials (#77, #78, #31) have both circuit resonance and dimensional resonance. (See the RF Techniques chapter of the ARRL Handbook for a discussion of ferrite resonances.) The dimensional resonance of type #77 and #78 material is rather high-Q and clearly defined, so R, L, and C values can often be computed for both resonances. (Type #77 and #78 material are not recommended for common-mode chokes. Those materials are intended for low-frequency magnetic circuits.)

This is not practical with chokes wound on type #31 cores because the dimensional resonance occurs below 5 MHz, is very low-Q, is poorly defined, and blends with the circuit resonance to broaden the impedance curve. The result is a dual-sloped resonance curve — that is, curve fitting will produce somewhat different values of R, L, and C when matching the low-frequency slope and high frequency slope. When using these values in a circuit model, use the values that most closely match the behavior of the choke in the frequency range of interest.

24.7.6 Power Dissipation in Ferrite Transmitting Chokes

Current through a choke is caused by the voltage across the choke from the load to the common-mode path on the feed line. The resistive component of a choke’s impedance will dissipate power like any resistor but tends to be fairly broadband. The reactive component will not dissipate power but tends to be highest in a narrower bandwidth than resistive chokes. (The following discussion refers only to power dissipation caused by common-mode current. Differential-mode losses in the short transmission line windings can become significant above 20 MHz and at high values of SWR.)

Ferrites used in chokes exhibit both resistive and inductive components that change with frequency so the type or mix and the frequency both affect choke impedance. (See The ARRL Handbook’s RF Techniques chapter and K9YC’s ferrite tutorials at k9yc.com/publish.htm for more information on ferrites.)

If the choke’s impedance is primarily inductive reactance, such as for an air-core choke, there is little power dissipation. This is the case for wound-coax chokes and chokes made with ferrites designed for inductive applications. Feed line impedance at the choke can also affect the net choking impedance by adding to or subtracting from the choke’s impedance.

Inductive chokes, such as air-core coiled coax chokes and chokes wound on high-Q ferrite materials (#43, #52, #61, #67), tend to have limited bandwidths over which choking impedance is high. These chokes work best on the one or two bands containing the self-resonant frequency, but impedance drops quickly above and below that range. As impedance decreases, the choke is not as effective.

For ferrite chokes with an impedance that is primarily resistive, choking impedance is less dependent on frequency and feed line reactance but power is dissipated by the choke’s resistance. If the choke’s impedance is high enough, current through the choke can be reduced to a safe level of power dissipation.

The antenna’s feed point impedance also changes with frequency as does the impedance of the feed line’s common-mode path. Determining the voltage a choke will have to withstand thus requires analyzing the whole antenna system, a job best done with careful modeling. The variability of antenna system impedance is why a choke might work properly on some bands and overheat on others. This problem is addressed in Zack Lau, W1VT’s article, “Why Do Baluns Burn Up?” which is included with this chapter’s online material, and in Jim Brown K9YC’s online paper “A New Choke Cookbook for the 160–10M Bands” at k9yc.com/2018Cookbook.pdf. The article “Don’t Blow Up Your Balun” by Dean Straw, N6BV, includes several excellent examples of antenna systems that place a lot of stress on ferrite chokes and antenna tuners. The article is included in the online material.

Determining the voltage across the choke is done by modeling the system with various impedances inserted in the common-mode current path. A wire representing the common-mode current path is connected to one side of the antenna and follows the geometry of the feed line. (The feed line is not always connected to ground, such as in a link-coupled tuner.) The added wire should be the diameter of the coax shield or twice the diameter of the paired conductors, and with insulation corresponding to the outer jacket of the coax. Modeling software then determines the current at the choke. (See Lau’s article for a description of how this is done in EZNEC.)

For example, Lau modeled an 80-meter dipole operating on both 20 meters and 80 meters with 1500 W. Table 24.18 provides examples of different choke impedances, the resulting common-mode current, and loss in the choke in both watts and decibels. (Note that the paper does not evaluate power dissipation for a variety of ferrite materials. Using different materials would result in different common-mode impedance and power dissipation values.)
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On 20 meters, where the feed point impedance is 2834 + j1214 Ω, almost all of the chokes dissipate significant power. The 12-turn wound-coax choke dissipates the least amount of power but that frequency is near the choke’s self-resonance where it presents a very high resistive impedance. That choke will not present the same impedance on other bands. Conversely, on 80 meters, where feed point impedance in this example is less than 100 Ω, almost any of the chokes will work without significant temperature rise — because of the low feed point impedance, feed line shield current is minimal even with no choke at all!

A high value of resistance increases the ability of a resistive choke to handle higher transmit power. Dissipation due to common-mode current is ICM2RS where RS is the series equivalent resistance of the choke and ICM is the common-mode current. Because power is proportional to the square of current, power dissipation is greatly reduced with very high RS.

The power dissipated by a ferrite bead or core can result in a significant amount of heat buildup. Heat builds up throughout the material, so the problem is getting the heat out through its surface area. Lau also developed the following formula for temperature rise of ferrite components in free air (see his referenced entry):
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where

DT = Temperature rise in °C

Pdis = Power dissipation in milliwatts

A = Surface area in cm2

As Lau determined, even a small amount of power can, over time, lead to a large amount of temperature rise. For example, 4 W of continuous power dissipation in a large 2-inch toroid creates a 25°C temperature rise. Putting the toroid in an enclosure can make the temperature rise even greater. See K9YC’s updated choke cookbook for a discussion of power dissipation and enclosure ventilation. Chokes can be wound on multiple cores to reduce power dissipation in a single core and create more surface area.

You can compute an estimate the amount of power lost in a choke by transforming the polar representation of the winding impedance (impedance magnitude and phase angle) to its equivalent parallel form (Rp resistance and Xp shunt reactance). This procedure assumes the full feed point voltage appears across the choke impedance.

Power dissipated in the choke is estimated as the square of half the voltage across the feed point divided by the choke’s equivalent parallel resistance: (E/2)2/Rp. For example, a choke made with 8 turns of RG-213 on a 6-5/8 inch diameter coil form has a series impedance at 14 MHz of 262 ∠–86.9°. (See the K2SQ table of coiled-coax choke impedances in this chapter’s online material.) Converting polar to rectangular form, this is equal to 14.17 – j 261.62 Ω, then converting series to parallel, we have 4844 – j 262.38 Ω. For an RF power of 1500 W in the antenna, one-half the feed point voltage is 273.9 V RMS. Thus, an estimate of the power lost in the choke is (273.9/2)2/(4844.8) = 3.9 W, while for a 50-Ω load the power is 273.92/50 = 1500 W.

The articles and papers by Lau and Brown go into considerably more detail than this short summary but it is clear that choke selection should be done carefully, with a good understanding of feed point impedance If the antenna will be used on several bands, the analysis should be done for each band.

24.7.7 Determining Balun Polarity

Many baluns, impedance transformers, chokes (a.k.a. “line isolators”), and other similar items are manufactured as sealed units and markings for output polarity with respect to the input connector are not often clear. For designs in which one or more continuous coaxial cables or parallel-wire lines are connected between the input and output terminals, a resistance measurement will suffice to determine polarity. In flux-coupled designs there is no continuity between the input and output terminals at dc so a resistance measurement cannot be used. Similarly, for autotransformer designs there may be a low resistance across the input or output terminals. In these cases, it is necessary to test the units at RF.

The first method is to test the unit using a dual-trace oscilloscope. Analog scopes should be in “Chop” mode so that both traces show display waveforms synchronized in time. Digital scopes must also sample both waveforms at the same time. Do not use “Alt” or an alternating waveform display. Drive the input to the unit with a signal generator’s output in the unit’s specified operating frequency range. Connect one scope channel to the unit’s input and the other channel to the output. If the waveforms are displayed in-phase, the connections to the scope have the same polarity.

The following procedure requires only a signal generator and RF voltmeter (see the Test Equipment and Measurements chapter in The ARRL Handbook) and is used to check two identical units. If the units are substantially different, the test may not be conclusive or reliable. The procedure assumes a 50-Ω system impedance. If the units operate at an impedance very different from 50 Ω, such as for 300-, 450-, or 600-Ω open-wire line, use a 6-10 dB attenuator in the generator output to isolate the generator from the mismatch.

Connect the signal generator output to the input of both units using a T connector and identical lengths of feed line. Connect one output terminal of unit “A” to an output terminal of unit “B” and measure the RF voltage across the combined balun outputs. Swap the output terminal connections on one of the units and measure the RF voltage again. One arrangement of connections should show a substantially higher output voltage — this is the arrangement with the same polarity for both units.

24.8 Transmission-Line Baluns and Matching Devices

The properties of transmission lines, explored in the Transmission Lines chapter can be put to work isolating loads and transforming impedances. Here are a few useful designs for use with your antenna projects. Additional suggestions and construction ideas for VHF and UHF antennas are given by DG7YBN at dg7ybn.de/Symmetrising/Symmetrising.htm.

24.8.1 Detuning Sleeves

The detuning sleeve shown in Figure 24.67B is essentially an air-insulated λ/4 line, but of the coaxial type, with the sleeve constituting the outer conductor and the outside of the coax line being the inner conductor. Because the impedance at the open end is very high, the unbalanced voltage on the coax line cannot cause much current to flow on the outside of the sleeve. Thus, the sleeve acts just like a choke to isolate the remainder of the line from the antenna. (The same viewpoint can be used in explaining the action of the λ/4 arrangement shown at Figure 24.67A but is less easy to understand in the case of baluns less than λ/4 long.)
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A sleeve of this type may be resonated by cutting a small longitudinal slot near the bottom, just large enough to take a single-turn loop which is, in turn, link-coupled to a dip meter. If the sleeve is a little long to start with, a bit at a time can be cut off the top until the stub is resonant.

The diameter of the coaxial detuning sleeve in Figure 24.67B should be fairly large compared with the diameter of the cable it surrounds. A diameter of two inches or so is satisfactory with half-inch cable. The sleeve should be symmetrically placed with respect to the center of the antenna so that it will be equally coupled to both sides. Otherwise, a current will be induced from the antenna to the outside of the sleeve. This is particularly important at VHF and UHF.

In both the balancing methods shown in Figure 24.67 the λ/4 section should be cut to be resonant at exactly the same frequency as the antenna itself. These sections tend to have a beneficial effect on the impedance-frequency characteristic of the system, because their reactance varies in the opposite direction to that of the antenna. For instance, if the operating frequency is slightly below resonance the antenna has capacitive reactance, but the shorted λ/4 sections or stubs have inductive reactance. Thus, the reactances tend to cancel, which prevents the impedance from changing rapidly and helps maintain a low SWR on the line over a band of frequencies.

The Pawsey stub in Figure 24.68A is similar to a sleeve balun but consists only of the single λ/4 wire which is attached to one terminal of the load and the shield of the feed line. This creates a λ/4-wave shorted stub that creates a high impedance in the common-mode current path at the connection of the feed line and the load. The stub creates a dc short-circuit at the load which is a disadvantage in some applications. The Pawsey stub is useful from UHF through microwave frequencies where the length of the connections at the load terminals becomes significant.
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The Roberts or Collins balun in Figure 24.68B is similar to the Pawsey stub but does not place a dc short-circuit across the load terminals. The λ/4 open stub presents a low impedance to RF at the other end of the stub, allowing the same RF current to flow in both load terminals. It is most useful from 2 meters where the length of the stub starts to become unwieldy to above 23 cm where connection lengths start to become significant.

The length of the open stub can be varied to act as a matching element or extend the bandwidth of the antenna. The stub can also act as a quarter-wave transformer for the load impedance. The usual construction is for a ground plane to create the bond between the stub and the feed line. A complete analysis is available from the MIT Haystack Observatory at haystack.mit.edu/ast/arrays/Edges/EDGES_memos/087.pdf.

24.8.2 Quarter/Three-Quarter-Wave Balun

The coaxial balun in Figure 24.69 is a 1:1 decoupling balun made from two pieces of coaxial cable. One leg is λ/4 long and the other 3λ/4 long. The two coaxes and the feed line are joined together with a T connector. At the antenna, the shields of the cables are connected together, and the center conductors connected to the terminals of the antenna feed point. The balun has very little loss and is reported to have a bandwidth of more than 10%.
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The balun works because of the current-forcing function of a transmission line an odd number of λ/4 long. The current at the output of such a transmission line is VIN / Z0 regardless of the load impedance, similarly to the behavior of a current source. Because both lines are fed with the same voltage, being connected in parallel, the output currents will also be equal.

The current out of the 3λ/4 line is delayed by λ/2 from the current out of the λ/4 line (and so is out of phase). The result is that equal and opposite currents are forced into the terminal of the load.

24.8.3 Combined Balun and Matching Stub

In certain antenna systems the balun length can be considerably shorter than λ/4; the balun is, in fact, used as part of the matching system. This requires that the radiation resistance be fairly low as compared with the line Z0 so that a match can be brought about by first shortening the antenna to make it have a capacitive reactance, and then using a shunt inductor across the antenna terminals to resonate the antenna and simultaneously raise the impedance to a value equal to the line Z0. This is the same principle used for hairpin matches. The balun is then made the proper length to exhibit the desired value of inductive reactance.

The basic matching method is shown in Figure 24.70A for parallel-conductor line, and the balun adaptation to coaxial feed is shown in Figure 24.70B. The matching stub in Figure 24.71B is a parallel-line section, one conductor of which is the outside of the coax between point X and the antenna; the other stub conductor is an equal length of wire. (A piece of coax may be used instead, as in the balun in Figure 24.67A.) The spacing between the stub conductors can be 2 to 3 inches. The stub of Figure 24.70 is ordinarily much shorter than λ/4, and the impedance match can be adjusted by altering the stub length along with the antenna length. With simple coax feed, even with a λ/4 balun as in Figure 24.67, the match depends entirely on the actual antenna impedance and the Z0 of the cable; no adjustment is possible.
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Adjustment

When a λ/4 balun is used it is advisable to resonate it before connecting the antenna. This can be done without much difficulty if a dip meter or impedance analyzer is available. In the system shown in Figure 24.67A, the section formed by the two parallel pieces of line should first be made slightly longer than the length given by the equation. The shorting connection at the bottom may be installed permanently. With the dip meter coupled to the shorted end, check the frequency and cut off small lengths of the shield braid (cutting both lines equally) at the open ends until the stub is resonant at the desired frequency. In each case leave just enough inner conductor remaining to make a short connection to the antenna. After resonance has been established, solder the inner and outer conductors of the second piece of coax together and complete the connections indicated in Figure 24.67A.

Another method is to first adjust the antenna length to the desired frequency, with the line and stub disconnected, then connect the balun and recheck the frequency. Its length may then be adjusted so that the overall system is again resonant at the desired frequency.

Construction

In constructing a balun of the type shown in Figure 24.67A, the additional conductor and the line should be maintained parallel by suitable spacers. It is convenient to use a piece of coax for the second conductor; the inner conductor can simply be soldered to the outer conductor at both ends since it does not enter into the operation of the device. The two cables should be separated sufficiently so that the vinyl covering represents only a small proportion of the dielectric between them. Since the principal dielectric is air, the length of the λ/4 section is based on a velocity factor of 0.95, approximately.

24.8.4 Impedance Step-Up/Step-Down Balun

A coax-line balun may also be constructed to give an impedance step-up ratio of 4:1. This form of balun is shown in Figure 24.71. If 75-Ω line is used, as indicated, the balun will provide a match for a 300-Ω terminating impedance. If 50-Ω line is used, the balun will provide a match for a 200-Ω terminating impedance. The U-shaped section of line must be an electrical length of λ/2 long, taking the velocity factor of the line into account. Note that this type of balun is a voltage balun and does not force equal currents into each load terminal.
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In most installations using this type of balun at HF, it is customary to roll up the length of line represented by the U-shaped section into a coil of several inches in diameter. The coil turns may be bound together with electrical tape. At VHF and UHF, the λ/2 section is formed into a small circular loop and the shields soldered directly together as shown by DG7YBN on the web page referenced at the beginning of this section.

Because of the bulk and weight of the balun at HF, this type is seldom used with wire-line antennas suspended by insulators at the antenna ends. More commonly it is used with multielement Yagi antennas, where its weight may be supported by the boom of the antenna system. See the K1FO designs in the VHF, UHF and Microwave Antennas chapter, where 200-Ω T-matches are used with such a balun.

24.8.5 Matching with Parallel Line Sections

Two sections of coax can also be connected in parallel to create a section with a characteristic impedance equal to half that of either section. This creates a quarter-wave transformer for values of load impedance less than the main feed line characteristic impedance which is usually 50 Ω. Figure 24.72 shows two examples. Note that RG-83 coax has a characteristic impedance of 35-Ω coax and can be used in place of the parallel 75-Ω lines, providing an exact match between 25 and 50 Ω. Adding a ferrite choke at the load improves performance by decoupling the matching section shields.
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Because the parallel lines are usually close together, the shields may couple and add some inductance that increases the difference between internal electrical length and outer surface electrical length. Foam-dielectric cables with their higher velocity of propagation will reduce the electrical difference between the internal and external electrical lengths.
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Figure 22.33 — Horizontal pattern for two K9AY Loops, spaced
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Figure 17.18 — An example of offset crossed-Yagl clrcularly
polarized antennas with fixed polarization. This example Is a
pair of M2 23CMM22EZA antennas for 1296 MHz, mounted on an
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Figure 22.70 — The active dipole Is constructed from %Inch
(18-mm) EMT and mounted on PVC pipe. The antenna preamp
s point. (Photo by ,

NT4RT)
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Figure 15.87 — Geometry of parabolic dish antenna.
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Figure 15.101 — Mounting the electronics under the feed horn
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heavy-duty tripod. Mounting the dish over the electronics (B)
requires more feed line but Is more balanced.
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Table 15.13
4-element 50 MHz LFA Yagl

10.6 dBi @ 50.150 MHz
319dB @ 50.150 MHz.

Below 1.3.1 from 50 MHz 0 50.400 MHz
ore Al parameters are free-space

Half-element dimensions and placement [Iengms arefor hat lgments)
Element  —Section 1 (Mid 5 “--Section 3——mr

Posmon{m) OD{m/mm)Lengm(m) OD{m/mm) Lengm(m) 0D (inimm) _ Length (m)
%/10 0788

1 os i [ (2
%/16 0415 %113 084 (2)
%/16 0415 %113 0315 %/10 0674
%/16  0.415 %113 084 %/10 0610

Note 1— End of boom Is zero (0) reference.
Note 2 — The ends of DE1 and DE2 are connected together with % Inch / 10 mm tube.
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Figure 18.13 — The 1/2 balun provides
2 4:1 transformation ratio, stepping up.
the feed line 50 2 Impedance to the

2002 at the T-match.
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ground plane using the center screw
and, in this case, the SMA connector.
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Figure 15.112— A waveguide slot for 1296 MHz and ts maker,
Rene Barbeau, VE2UG.
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Figure 19.22 —Two
examples of drive-on
‘mounts for portable
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Figure 1751 —The SalNOGS antenna system of Corey Shields, KBSJHU, Is shown In photo A. The Internal construction of the
az-ol rotator Including the 3D-printed gears and other components Is shown In photo B. [Photo B courtesy of Comzeradd and the
SatNOGS wiki]
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Figure 17.44 — AMSAT-NA LVB Tracker Box assembly.





OEBPS/image_rsrc7WW.jpg
Figure 22,58 —The Integrated antenna, handle, and recelver are
bulltInto an aluminum box at A. The controls are designed to be
‘operated with one hand while using the antenna. The loop wiring
and sense amplifier schematics are Included with the article In
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Table 24.9

Reflection Coefficlent, Attenuation, SWR, and Return Loss

Reflection
Coefficient (%)
1000

1517
2000
3.000

Attent
(d5)
o

uation

Max
SWR
1020
1031

Reflection Attenuation  Max
Coeffcient (%)  (dB) SWR
233

40.000 07572
42,000 08428 2448
42857 08814 2500
09345 2571
45351 10000 2660
48.000 1.1374 24
50.000 12494 3
52.000 13 3167
54,042 15000 3352
56.234 16509 3570
58.000 17808 3762
10382 4000
60.749 2.0000 4005
000 2.1961 405
66.156 49090
667 2558 000
70627 3. 5809
70711 30103 5829

where [p| = 0.01 x (reflection coefficient in %)
lpl=10"2

where RL = retum loss (dB)
Ipl=y1-(0.1%
where X = A/10 and A = attenuation (dB)

I+p|
1-pl

SWR =

Return
Loss (dB)
7%

754

736

713
6.
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Table 15.9
WAS5VJB 1296 MHz Yagl Dimensions
Ref DE DI D2 D3 D4 Ds D6 D7 D8
10-element Leugm 43 — 39 38 375 375 365 36 36 8!
Spacing 0 17 28 40 63 87 122 156 193 230
Dimensions in inches.
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Table 23.6
Advantage from Upgrading Feed Line
Feet Required For 1 dB Advantage IfRepIaced By LDF5-50A (7/8-nch Helwx)

MHz 18 26 212 284
LDF4-50A 2500 1430 1250 910 715 625 475
RG-17 1666 1430 110 770 560 475 420
FXA1250) 1250 1000 770 525 435 355 255
9913 935 500 455 320 280 220 150
Feet Required. Rx 1dB Advantage If Replaced By LDFLSOA (1/2-inch Hellax)
MHz 26 284 501
RG-17 - - - -
FXA12-50) - Z 200 1250 100
9913 1430 1000 715

345 235
RG-213 618 434 308 212 171 146 106

145
29

5558

88888
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Table 24.16

Transmitting Choke Deslgns for TFE Coax and
Wire-Palr Lines on 4-Inch OD Type #31 Torold

(5 k2 min Impedance)
See sidebar “Minimum Bend Radius™
G400

Freq R TFE #12 Pair
(MHz) Tums Tums
18 16 15
35 13 13
70 12 15
10 12 1314
14
1835 16 21
187 16 15
18-10 16

57 19 15
3510 14 13

High Impedance design, If avallable,
given as "Tllms(
18

22:23(15)
3 1&20 (11) 16-18 (75)
4(75) 1314(57)
1635 b (13,10)  18(9.58)
187 7(7,95,6) 15(55,72,5)
1810
357 5(8.5,75)  14(65,458)
3510 16(85755) 13(585.85)

NMTHHN
#12 Pair Tums

20
12-14

2123 (125)
1516 (67)
1214 (5)
17 (8565)

14(65,5)

Notes:
Chokes for 18, 3.5 and 7 MHz should have closely spaced tums.
Chokes for 14— 28 MHz should have widely spaced turns.
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Figure 15.86 — Coffee-can 2304 MHz feed
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Table 15.16
IMIsmsm 144 MHz OWL Yag!

F/B:
Beamwidth (E-plan

(H-plane): rees
Performance specified at 144.2 MHz
Note: All parameters are free-space

Element Eloment Half-Element  Element
Position (m)  Length (m)  Length (m)
0.030 05115 1023
DE (Note) 0253 0.469 0.938
05785 0. 0.961
DIR2 1156 0.4665 0.933
DIR3 18525 0.4 0.914
DIR4 2686 0.4495
DIR5 3526 0.4435
DIR6 4.4265 0.4395 0.879
DIR7 5.3365 0.436 0.872
DIRE 6.254 0.433 0.866
IRY 71735 0.4295 0.859
DIR10 8.108 0.425 0.850
DIR1{ 060 0.416 0.832
DIR12 9.8625 0.427 0.854

Note: All elements are %" diameter
Note: DE Is 0.948 m wide and 0.026 m high, measured on
outside edges
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Figure 22.17 —The EWE antenna designed for use on 160 and
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Figure 16.7 — A typical
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Figure 19.16 — A one-pound portable HF station consisting of a
radio with a paper og clipped 0 the back.a touch paddle, LIPo
ttery, Impedance transformer plugged directly into the ruﬂlo,
PaTodk el pole that collapecs 1418 Inches. and a 425 A
Teflon wire 20/30/40 (trapped) end fed halfwave on a llgure-u
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Figure 24.66
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Table 15.25
Pyramidal Horn Dimenslons
Gain  Flare Length A(mp:ane) B(E«plane)

(dB)  (2)

10 0.08 1.45 | 09
13 06 209 155
16 17 295 218
19 4 416 3.08
22 87 5.88 436

25 183 831 6.15
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Figure 18.10— Four forms of the Wilkinson power combiner/
divider. A and B show a lumped-element implementation. The
version at C uses a pair of /4 transmission lines acting as.
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Table 15.14

Common Dimenslons and Notes for the High-
Performance 144, 222, and 432 MHz Yagls

Boom is 1.25” square aluminum unless otherwise specified
Element diameter Is " unless otherwise specified

DEH, DE2 diameter 1" (sliding sections are %" diameter)

Note 1~ End of boom Is zefo (0) reference.
2 DE position dimension Is the centeriine of the rear-

most loop tubing

Note 3 — DE1 and DE2 width are the outside edge of the loop.
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Figure 18.3 — Waveguide switches for WR-75 (10 GHz),
R-42 60 MHz).
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Table 24.12

Stub Selector Operation

See Fig 24.16 for circuit detalls

Relay K1 Relay K2 Bands Passed Bands Nulled

Position  Positon  (meters) ( lsrs)
Open Open Al

Energized  Energized 80 40 20 15,10
Energized  Open 40,15

Open Energized 20, 10 40 ®
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Figure 19.21 — A five-gallon plastic bucket filled with sand and
rocks weighs from 40 to 60 pounds and makes a solid base for
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Figure 16.A — A squalo (square halo) Is
a popular horizontally polarized VHF/UHF
mobile antenna.
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Figure 22.5 — AtA, azimuthal patiers of a 2. (solid line)

and a 11 (dashed line) Beverage antenna, termi

With 550.0 resistor at 1.83 Mz, at an elevation angle of
patter around more than 20

10°. The rearward n
dB down from the front lobe for each antenna. At B, the
elevation-plane patterns. Note the refection of very high-
angle signals near 90°.
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Figure 22.81 — The process called “folding” adds together
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Figure 15.58 — A hand-held UHF Moxon bullt by WEVE for use In
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Table 15.29
Dimenslons of Two Dual-Mode Feeds and the
original W2IMU Feed
Dimensions shown In wavelengths may be scaled 1o any
frequency
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Figure 22.68 — Gable-mounted, Sun-tracking, 21-lement LPDA
antenna with design frequency range of 50 10 1300 MHz used
in the e-CALLISTO solar radio spectrometer network. (Photo by
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Table 19.2 Feed Line Loss
50 feet of cable, 2:1 SWR, 28 MHz

Loss (%)
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25%
44%

Loss (dB)
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Table 15.19
m-eiemenl 432 MHz LFA Yagl

Posmon (m)
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Figure 1740 — KSGNA's “circularized” mesh modification of an

MMDS dish antenna with a hellx-CP feed and preamp.

modification recuces the spilver 085 by making the antenna
S
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Figure 16.11 —The vertical
dipole consists of the
38-inch vertical radiator,
a1/4 section of coax, and
shorted tuning stub, and
‘coax of any length to the.
transcel
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Table 22.1
Recelving Table RDF Performance Summary
mall Recelving Anteninas (RDF 410 11 dB)
4dB jlameter ‘magnetic” loop on
5d8  Sing| % gt )
6dB  225-foot Beverage on Ground (BOG)
7dB  250-foot Beverage Shou 7 eet mm beterow angle response
7dB nd (lag, pennar, EWE, VESDO)
8dB  Two switchable small, right angles (K9AY Array, Loop Array)
8dB  Par of 250-foot staggered Beverages about 7 feet high
9dB  Two phased short verticals with 60 to 80-foot spacing
9B Tianglo aray of phased short vertals wih 6 to B0-oot spacing
10dB  LIXA double-triangle, 85 feet long by 23 feet high
loops.

High-Performance Recelving Antennas (RDF 10 to 14 dB)
Large antennas are than local RFI sources within about 1,000 feet
10dB  Palr of 400-foot staggered Beverages about 7 feet high
1045 500 600-doot Baveraga aboun 7 fat igh doal or both 160 and 80 motors
10 600-

11d8 close spaced 501 foot Beverages, staggered 125
N Vemonwaier Flag, 2 pnased ‘5058 Spacel verii bops dlose 0 he ground

1208 4-square amay of active or passive short verticals 80 x 80 ft

1208 3-element YCGC tr-band array of short acive vericals, 120 ft long

1208 E-clomont YOOC wrkband anay of short acivo vertical. 84 x 84

1208 9-circle YOOC tr-band array of short active vericals 120-foot diameter
158 Horzontal Waller Flag. 2 phased horizontal loops

1208 2« LIRA (Pair of LIXA), 272 feet long

1308 BSEF array of 4 short vericals switchable in two directions, 350 feet x 65 feet
1308 8-circle amay of short verticals with 106-degree phasing, 200-foot diameter
1868 & chuks BEE ar) o st peseh vortcal 3.0 4ot e el
1408 Four broadside/endfire 750-1000-foot Beverages 330

1508 Staggered pair of 1000-foot Beverages, 1150 ot 200 0t

1508 4x LIFA (Four LIXA), 706 feet long

Single Small Loop Antennas (RDF 4 to 7 dB, 120 o 150.-degtee beamwidh)
'RFI from sources within about 1,000 feet
B &Imxaam eter bidirectional ‘magnetic” loop
525 4p Uniireciona st amal loop antennas (Flag, Pennant, EWE, K9AY, VE3DO; 120-degree beamwidih)
7 dB Mechanicall rotatable unidirectional terminated small loop antenna (fotatable flag, 120-degree beamwidth)

Information based on 2022 Contest University presentation “Easy to Build Low Band Receiving Antennas for Small and Large Lot"
by W3LPL
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Table 15.1
Optimized 6 Meter Yagl Deslgns

(Lengths are for half elements)

Spacing
Between
Elements
(inches)

42

24
2

28225 No

Seg?
oD

engt
(inches)

0750
36

Seg2
oD

(inches)

Midband
Gain
FIR

79 dBi
272d8

10.1 dBI
2478

11.3 dBi
20.9dB
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Table 15.15
9-element 144 MHz OWL Yagl

14.8 dBI
Less than 11:1
3 .7 dB.
Beamwian (Eplane): 34 degrees
Bearmwidih (H degre

plan
Performance specified at i
Note:All parameters are free-space

Element Element Half-Element  Element
Position (m)  Length (m)  Length (m)

REF 0. 0514 1028
DE (Not)  0.1625 0.4765 0953
DIRY 0453 0.4705 0.941
DIR2 1 0.455 0910
DIR3 17275 0.444 0888
DIR4 2533 0.437 0874
DIRS 3358 0.432 0864
DIRE 4222 0. 0854

IR7 49685 0.429 05858
Note: All elements are 72" diameter
Note: DE Is 0.953 m wide and 0.026 m high, measured on

outside edges
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Table 23.3
Coaxlal Cable Connectors

UHF Connectors

Milary No. Style  Cable RG- or Description

PL-259 Sw(m) 89 1,13,63 67,149,213,
14, 216, 25

UG-ttt Sw(m) 59,6271, 140,210

SO23  Pni) St micaphenoiic insulation

UG266  Bkhd() Rear mount, pressurized, copolymer of
styrene ins.

Adapters

PL-258 St (#f)  Polystyrene ins.

Uo-zmaam B Fostree e

ussie ang(um) Fostene e

M350A  Ang (m)

M358 FE) oemene e

Reducers

UG-175 55,58, 141, 142 (except 55A)

UG-176 59,62, 71, 140, 21

Family Characteristics:

' Fre-
quency range 9: (peak).
N Connectors
Miltary No. ~ Style  Cable RG- Notes
UG-21 str(m)  8,9,213,214 500

G- sw(m) 11, 13,149,216 700
UG-536 Str(m) 58, 141, 1. a
UG-603 Str(m) 59,62, 71, 140, 210 500
UG23,BE St() 898213214225 a

602 () , 62,71, 140, 210 -
UG-2288,D,E Pni() 89,87,2i3,214,25  —
UG-1052 Poi( 58,141, 500
UG- Pni() 59,6271, 140, 210 500
UG-160A,B,D BIKhd () 8,0,87,213,214,225 500
UG- BKnd () 58, 141, 500
UG-58,A nl (1) 500
UG-997A  Ang() 500
Panel mount (1) with clearance above panel
M39012/04- Blknd (1) ot moun hermetcaly e
UG-680 Blknd (1) Front mount pressurized
N Adapters
Miltary No. Style Notes
UG-29A8 sir (1) 500, TFE ins.
UG-57AB Sir(mwm) 500, TFEins.
UG-27A8 Ang (tm)  Mitre'body
UG-212A Ang (tm)  Mitre body
UG-107A T(@m)

2 T () -

UG-1078 T (@) -

Family Characteristics:

@ 3Gz, Tempersure s TFE: R 500 (ot w0,
15 dB max @ 10 GHz. Copolymer of

styrene:

o 59 0 6 ey range: 11 v s votags

500V P-P. Dielectric withstanding voliage 2500V AMS. SWR
(MIL-G-39012 cable connectors) 1.3 max 0-11 GHz.

BNC Connectors
itary Catle AG- Notes
UGSBC  Si(m) 55,58, 141, 142,
223, 400
Mitary No. Style  Cable AG- Notes
uGose su(m 89
UG260A Si(m) 50,62,71,140,210  Rexolte ins.
UG262  Pri() 59,6271140,210  Rexolte ins.
UG262A Prl(l) 59,62,71, 140,210  mwx, Rexolfe ns.
UG291  Pri() 55,58, 141,142, 223,
UG291A Pri() 55,58, 141,142,223, mwx
UG624  BKhd () 59,62,71,140,210  Front mount Rexolte
ns.
UG-1004A  Bkha
UG625B  Receptacie
UG-625
BNC Adapters
Miltary No.  Style Notes
UG-491A st (mm)
401 Str(wm)  Berylum, outer contact
UG914 ()
G306 ng (im)
UG-3064.8 Ang(Um)  Beryllum outer contact
UGH14A i (i) #3.56 tapped flange holes
Ang (tm)
B Ang(Um)  Berylum outer contact
uG27
UG-274A8 T () Berylum outer contact
Family Characteristics:
72500 Froquency angs: 0.4 Gz wiow etecion usable o 1 GHe
Ising 500V - Diecii wihsiandng volage 500V
SRS 04 Ghp. P kg 55 G & 5 S acrton

loss: 0.2 dB max @ 3 GHz. Temperature limits: TFE: ~67° 1o 300°F
(=55 10 199°C); Rexolite insulators:
67 10 185°F (55" 10 85°C). “Nwx" = not Weatherproo.

HN Connectors
Mmmrylvo Style  Cable RG- Notes

Srim 8921321
pre Swl) 8887213, Capwated oomact
UG60A St () a g a2t opoymer o tytens ns.
UG-1215  Pni(i) 8,9,87,213, Captivated

St

UGS60  Pni(h)
UG496 Pl (1)
UG212C  Ang (¥m) Berylium outer contact

P-P. Dielectric withstanding voltage = 5000V AMS

All HN series are weatherproo. Temperature limits: TFE:
(ELolo T (5510 100°); copoymer of st 7t 185°F
(5510

Cmsanmlry Adapters
Familes Descrip Miltary No.

HN10 BNC HN-VBNG- 309
N1oBNC N-mBNC-1 UG-201.A
N-BNG-m UG-249A

BNC- UG-1034

Nto UHF N-mVUHF UG-146

N-AUHE-m UG-838

N-mUHE-m UG-318

UHFBNG  UHFmMBNCT UG-273

HF-BNC-m UG-255
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Table 24.15
Transmitting Choke Deslgns for TFE Coax and
Wire-Palr Lines on 2.4-Inch OD Type #31 Torold

(5 ko min Impedance deslgn)
See sidebar “Minimum Bend Radius”
Freq Band(s) RG-400 TFE#12Par  NWTHHN
(MHz) Tums Turns #12 Pair Tums
18 17 17 16
35 13 14 13
13 13 1

10 12 13 1314
1a 12 12 1
21 112 (48Kk0) 1H12(47kQ) 11
28 10(24k0)  10(43k0)  10-11 (42kQ)
1835 17 17 16
3510 15 14
3514 13 13 13
721 13 12
High Impedance deslgn, If avallable,
given as“Turns (k)"

18 18(10) 18(95) 18(9.5)
35 16 (8) 1516 (65)  14(6)
7 14(62) 15(65) 14(6)
10 14(65) 14(6) 1314 (55)

1a 13 (5. 13(55) 1213 (5)
3514 14(6,6,6,6) 14(58,58,6,5)
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Figure 16.28 — A roof-top tripod for TV antennas Is mounted in

WOZF's pickup truck on a wooden frame bolted 10 the bed. This

also makes Installing a rotator easy and even large arrays can
e oy
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Figure 18.14 — Elevation patterns for 5-element 6-meter
Yagis at heights from 25 through 100 feet. (See text.)
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Figure 22.67 — Tower-mounted, horizontally polarized, rota
d design frequency range of
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Figure 1A — The Double Cross antenna Is made from
four dipoles. [Gerald Martes, KD6DJ]





OEBPS/image_rsrc83A.jpg
11 Balnoss o Uncalarcad

Balanced Veliage Bakn

Figure 24.32 — Three-winding 1:1 voltage balun. These have
i S o A e





OEBPS/image_rsrc7VD.jpg





OEBPS/image_rsrc80J.jpg
T S T e SIS N IR S e

RG-50.






OEBPS/image_rsrc7SM.jpg
53, July 2017) - A
base-loaded whip
antenna mounted






OEBPS/image_rsrc84M.jpg
Figure 24.64— A center Insulator assembly designed by W6GJB
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Figure 1741 — Mesh modification of an MMDS dish antenna
by KSOE, with a helix-CP feed and preamplifier by Down-East
to the helix feed point. [Ge

Brown, K50E, photo]
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Table 15.30

Scallng for the Vivaldl Antenna Template
Opening Low End Frequency Response
40 mm 10 GHz

756 mm 5 GHz

150 mm 2GHz
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Figure 22.1 — AtA, a simple one-wire Beverage antenna with a
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Table 24.3
Characterlstics Of a 10.5-Foot Whip Antenna

Fuats) CwF) RO Z() L(uH)
13.72-2716 240

8.5 306 7.43-11375 625

7.0 7.

10.0 6.5-j408

104232
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Figure 20.9 — A screwdriver antenna can be mounted on a
ground plane for an effective, tunable attic antenna.
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Figure 22.69 —The Long Wavelength Array (LWA) Antenna
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Table 15.20

20-element 432 MHz LFA Yagl
Peak Gain:
SWR:

Beamwidth (E-plan:

idth (H-plane): 24 degrees
Performance specified at 432.1 MHz
Note: All parameters are free-space

Element Element Half-Element
Posttion (m)  Length (m)
0.167
DE1(loop) ~ 0.117 0.153
DE2(loop) ~ 0.189 0.153
IR1 2445 0.15775
IR2 0.4015 0.151
IR3 0556 0.14525
DIR4. 07305 14425
DIRS 0959 0.14305
DIRG 12275 0.14125
DIR7 15135 0.1305
DIR8 1814 0.138
DIRY 2120 0.1365
DIR10 24315 0.13525
DIRT 2750 0.13425
DIR12 30655 0.13425
DIR13 3378 0.135
DIR14 3682 0.13525
DIR1S 3982 0.13425
DIR1E 42835 0.13075
DIR17 4508 0.12425
DIR18 4879 0.120
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Table 24.8
Impedance of Center-Fed 66-Foot Inverted-V Dipole,
50-Foot High Apex Over Average Ground

Antenna Feed Point Total Loss for  Feed
Impedance () 100 ft 450-Q int
Line (dB) SWR
16-] 2257 197 622
X 10-/879 72 153
71 65—]41 06 63
101 22+/648 40 73
141 5287 - 1310 15 139
181 198820 14 108
21.1 1037181 073 48
249 260 +/570 0.84 49

28.4 3080 +/ 774 13 81
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Table 21.1
Approximate Values for 8-foot Mobile Whip
50)  Rc(Q300)

Loading  Re(Q L
f(MHz) L (uH) () Q@ ©
Base Loading

18 a5 77 13 o1
38 77 a7 61 035
72 20 18 3 135
101 95 12 2 28
142 45 13 57
181 30 50 10 100
2125 125 34 05 148
249 09 26 - 200
200 — - —
Center Loading

1 158 23 02
38 150 72 12 08
72 40 3% 6 30
101 20 22 42 58
142 86 15 25 10
181 44 92 15 19.0
2125 270

25 66 b8
R = loading coil esistance; R, = radiation resistance.
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Figure 15.38 — E-plane pattern, 20-element 432 MHz LFA Yagi.
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Table 24.10
Low-Pass L-Network Tuner Settings and Performance

Example Fraquency L c Line Loss Tuner Loss  Total Loss
(Fig 24.10)  (MHz) (uH (pF)  (dB) (dB) (dB)
1 38 2308 84 0.1 85
284 o 13 182 128 1 129
2 38 205 475 12 0.6 18
284 08 59 23 0.4 24
3 38 125 200 10 0.2 12
284 17 9 0.7 0.2 0.9
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Figure 15.6 — At A, exploded assembly diagram of
all-copper J-Pole antenna for 2 meters. At B, detall of

tem”  Qty
1 1

Name
Seinenx otoot Jengih of rigd copper
tubing (enough for 2 ar

60 inches per antens

Yainch x 10 ftlength of rigid copper
tubing (enough for 6 antennas,

20 Inches per antenna)

winch copper pipe clamps.

Yainch copper pipe clamps

Yainch copper elbow

%x Yinch copper tee

winch copper end cap

Yainch copper end cap

Y2 x 1Vench copperniple

(Make from item 2. See text

%ux 3einch copper nipple (um trom
See text)

‘Your choice of coupling to mast fitting
(@ x 1Inch NPT used at KD8JB)
#8.32 x Y-Inch brass machine screws
(round, pan, or binder head)

#8 brass flat washers

#8.32 brass hex nuts
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Figure 19.4 —The
‘antenna set
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OEBPS/image_rsrc84N.jpg
re 24.65 — AtA, the 6-meter chokes are shown prior
{0 nstallatlon and ahtached to the antsnna boom at B, The
elements are not yet attached In the second photo. (Photos
S o Ji S V)





OEBPS/image_rsrc7X2.jpg
(8)

Figure 22.64— A method of securing a vertical mast In a car
door for RDF-Ing. A shows the mast held In place by a sleeve at
the top of the window frame. B shows a method of supporting
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Figure 19.23 — KSACL's welded mast mount ataches to a
conventional trailer hitch recelver. [Courtesy Johnny Twist,
KSACL]
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Table 24.2
Impedance of Center-Fed 66 Foot Inv-V Dipole,
50 Feet at Apex, 120° Included Angle Over
Average Ground

Frequency  Antenna Feed point Impedance at Input of
Impedance (@) 100 #t 450-Q2Line ()
16—/ 2257 16—

5000 +,774
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Table 15.4

WA5VJB 144 and 222 MHz Yagl Dimenslons.

144 MHz Yag
3element  Length
acing
d-element  Len
acing
6-element  Length
Spacing
222 MHz Yagl
3element  Length
pacing
4-element  Length
Spacing
6-element  Length
Spacing

Dimensions in inches.

)
0
410
405
0

DE

85
85
75

D1 D2

370

20.0

375 330

19.25 405

375 365

165 340
DE D1
— .
55 135
— 244
50 1175
— 249
50 1075

D3 D4
365 3275

520 700

D2 D3
220

235

285 235
220 375

210
455
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Bott

are placed through hole info the tube:
with epoxy appiied nside. Two boltsin opposte irectons.

Gamma

made with 14 nch piece
o134 tubing and 10 inch piece of RG-5

Side 8 inches of RG-S center conductor nside,
leaving 21
conducior

to center
3 5inch aluminum plate.
With oles for u-bots (not
shown) for aftaching fo mast
Figure 16.22 — The N3JO halo matching section detalls.
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Figure 22.11 —The unloaded loop's azimuthal pattern at 0
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Figure 22.61 — Photo of the driven element halves mounted
10 PVC cross using hose clamps. The halrpin match Is showr
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Table 18.2

Antenna Helghts and Elevatlon Angles for s-mexer Es Pmpagauon
Elevat Single-Hop Distance (km) ~ Optim Occurrence
Below 5° 1400-2300 km 70 leel Frequent

° 10 8° 1200-1400 km 50 feet \Very Frequent
8% 10 12° 800-1200 km 25 feet Not Frequent
12°10 15° 700-800 km 17 feet Rare
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Table 15.23

Operating in
Rectangular ~ Circular
Cutoff wavelength 2x 2.41r
Longest wavelength transmitied 16X 32r
with litle attenuation
11X 281

Shortest wavelength before next 1.
‘mode becom: i
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Figure 172 — Eqgbeater antennas are popular for base station
LEO op This M2 for

70 cm Is small enough to put in an attic. Antenna gain pattern Is
e e S s Sy





OEBPS/image_rsrc809.jpg
28
=2761o
g(d)





OEBPS/image_rsrc800.jpg
Z, .
E,=E, [cosh yl - Z_O sinhyl ] volts

m





OEBPS/image_rsrc7J2.jpg
Table 15.22

HB9YCV Beam Dimenslons by DK7ZB

All dimensions in mm

Band Lewp Leer Lsee  Peun Pheen C(oF)
10m 4900 5300 1330 760 800 56
6m 2770 3000 750

2m 945 1020 260 180 190 12
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Figure 1732 — Stacking four Yagis Improves pattern in both
h fagis "
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Table 24.7

Impedance of Center-Fed 100-Foot Fiattop Dipole,
50 Feet High Over Average Ground

Frequency
(MHz)

Antenna Feed point
Impedance (Q)

24931375

Total Loss for
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Figure 18.7—Typical Isolators and circulators. Largest Is for
286 Wiz Circulitor marked -390 2040" Idlcatos st It covers
2010 40 GHz Small Isolators all work at 10 GHz.
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Figure 18.16 — In stacking Yagl arrays one above the other, the

\gth of the .
in should be . o at
AtA,

2-meter Yagis on a 12- bwnwaaseumnbmvag.
also on a 12-foot boom. At B, 5-element 2-meter beam on a

At C, a 14-element 70-centimeter beam on a 9-foot boom, ;
inted over a 6-element 2-meter beam on a 12-foot boom
and a 7-element 6-meter beam on a 22-foot boom.
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Table 15.11
High-Performance LFA and OWL Yagls

Freq  No. Boom Peak  Peak  Eplane  H-plane
(MHz)  Elements  Length Gain)  FIB. Beamwidth  Beamwidth
(@8j)  (dB) (degrees)  (degrees)
50 4 1287 @86m 106 319 22 &
w9 173 (526m) 148 247 34 a7
w1 a24"(@86m) 170 330 27 29
1 1'5"(348m) 145 346 a7 a1
222 19 2927 (888m) 181 7 24 25
20 67"(201m) 14! 256 36 40
170°(518m) 186 370 23 2

432
Note: All pammelers are free-space
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Table 15.18
19-element 222 MHz LFA Yagl
Peak Gain:
SWR:

Beam

Element Halr-Element
Position (m)  Length (m)
X 03325
DE1 (loop) 0.1 0285
DE2 (loop) ~ 0.251 0285
IR1 0411 0.3005
DIR2 0676 0288
IR3 0902 02045
DIR4 1320 02925
IRS 1836 0.2885
DIR6 2380 85
DIR7 2946 0282
DIR8 3536 0280
DIRY 4123 02775
DIR10 4725 02755
DIR11 5330
DIR12 5. 02715
DIR13 65415
DIR14 71385 02685
DIR15 77255 0
DIR16 83105 02545
DIRT7 88 02505
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flanges used for oining
sectlons of waveguide.

\e deep grooves In
choke flanges (see
center flange) place a
high impedance In the
path of any RF leakage
out of the flange.
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Figure 1742 — GIRUH's 60 cm spurraluminum
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Figure 24.23 — Example of
series-sectlon matching. A
360 antenna Is matched
1050-0 coax by means of a
length of 75-0 cable.
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Figure 24.30-— The &winding ransformer of Figure 2429
construced for matching ratios f 4:1,6:1,9:

Tatio I the top coaxtal connector and, from \enmr\gmei
911 and 4:1 aro the athers. There are 10 quadriiar s of 14
AWG enameled wire on a type #61, 2.5-Inch OD ferrite core. (see
text for winding taps and numbers of turns on different core
e
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Figure 21.16 — At
. dc power leads
‘are wound around a

spllt ferrte bead to
form an RF choke. B

coax loosely to avold
forcing the center
‘conductor through
the center insulation.
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Figure 20.8 — A mobile antenna

can be 10 a windowsill

or balcony railing. A counterpolse
‘wire approximately /4 long at the
‘operating frequency provides an
‘additional radiating element to
‘complete the antenna. For multiband

‘operation, a counterpoise cut for each
band should be used. f the frame or
ralling is tied Into the bullding’s metal

necessary.
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Figure 15.57 —The elements for this Maxon beam for 220 MHz

by WBBRLC are copper refrigeration tubing with a PVC boom

and handle. Heat.shrink tubing malntains the element tip
i
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Figure 22.83 — The single Yagl (A) used to detect the Vela Pulsar
at the Hawkesbury Radlo Astronomy Observatory. Later, the
antenna was expanded 1o the 2-by-2 array of Yagis (B). (Photos.
by Steve Olney, VK2XV)
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Figure 15.114 — An omnidirectional
discone antenna for frequencles
above 3 GHz made by Don Twombly,
W1EKE.
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Figure 18.2 — Microwave coaxial relays with Type-N and SMA
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Table 15.5

WAS5VJB 432 MHz Yagl Dimensions

Ref.
6-clement  Lengh 135
pacing 0
Belement  Lengh 135
Spacing 0
thelement  Lengh 135
Spacing 0

Dimensions in inches.

DE
25
25
25

ssasse
nglhana

D4
110

240
120
240

240

D5

120
3075
120

3075

D6

1125

120
380

o7

1175
455

D8

1175
53.0

D9

110
595
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Figure 16.5 —This
angle bracket mounts
to the vehicle body
with three sheet
metal screws and

Is driled to accept

a standard NMO
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Figure 16.27 — Heavier traller-hitch masts can support several
antennas, This mast for KKEMC's rover Is supported by a strut
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Table 15.21

Parts List for the 144 MHz 4-element Quad

Boom: % x % x 48-Inch pine

Driven element Support (spreader): % x % x 21% inch pine.

Driven element feed point smn 6K T e

Reflector support (spreader e inch
Director supports (spread els) O pine, 2 2reqid

Mast brackets: % x 1% x 12 Inch he

B e s £ 13 = € lch i

Element gro 0. 15-035)

Wirodamps: /nch ncoams Gopper or zinG pated steel

clamps, 3 re

610.8-32 x 1% Inch stainless steel machine screws
6 1o, 8-32 stalnless steel wing nuts
12 no. 8 stainless steel washers
Mast hardware:
8 hex bolts, %-20 x 3% inch
8 hex nuts, 7-20

washers
Mast material: ¥ Inch 6 wood clothes loset poles,

reqid

Foed point supportpaie: 3 x 21 nch Plexgas shoet

Wood preparation m: Sandpaper, clear polyurethane,
wax

Feed line: Low-loss 50 O feed line
Feed line terminals: Solder lugs for no. 8 or larger hardware,

nuts,

washers; 2 flat-head wood screws
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Figure 1221 —A 16-tum S-band helical antenina. This is bout
the maximum length of any practical hellx.
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Figure 15.83 — Sectoral horns. Left to right In A: 10 GHz horn with WR-90 waveguide Input, front and back of 24 and 47 GHz horn with
W28 wavegulde Input, and a 10 GHz horn with an SUA coaxil Input. The photo at B shows typlcal mourting of the H-plane horn for
“Phot
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Figure 15.15— A close-up of the feed line connection showing
proper technique for creating and attaching coaxial cable to
a driven element. The configuration should be as close to
T-shaped as possible and In Ine with the element to avold
‘higher fr
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Table 15.10

WAS5VJB 421.25 MHz 75-Q Yagl Dimensions

Ref
6-element  Length 140
gelement  Length 140
itelement  Length 140
acing 0
Dimensions in inches.

D2 D3 D4 D5 D6 D7

12.25
12.25
12.25
12.25

12.25
12.25
12.25
1775

110
120

120
245

120 1125
120 120 1175
305 43

D8

175
50.25

D9

115
5725
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Figure 17.35 —ZL1BJQ's homemade 7-meter (23-foot) parabolic
dish, Just prior to adding 1/2-Inch wire mesh. (Photo courtesy
ZL1BJQ)






OEBPS/image_rsrc82P.jpg





OEBPS/image_rsrc831.jpg





OEBPS/image_rsrc7WY.jpg
Reflector

- Driven Element
(cach half = 17-3/4 In,)
Director
= o
413810,
sz, sl
1i24nch
Schedule 40 14172 Inch Stelless Steel
PVC Crosses osa Clamps
'glml g g
RG-55 Coax E i )
1124nch Schedule 40
2anch
Schedule 40 PVCTee
Antenna dements are made of
Inch vido stoel tape-measire
Use tape oncut
~ eciges forsafety L\
wroser
T~ o 12120,

.





OEBPS/image_rsrc7TY.jpg
Figure 21.1 —
A simple HF
moblle whip
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Figure 17.7 — Representative gains of
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frequency. Yag arrays make the most
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for EME on the VHF bands, while
parabolic cishes are generally th best
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Crimp-style F-connector Installation
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=

Figure 2333 —Type F connectors, commonly used fo cableT connections, can be
it e emive-oriy Sl i ih Iniscisive FEDS wind B
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Table 24.14
Legacy Transmitiing Choke Deslgns for Solld PE-Insulated Coax
(not recommended for new Installations)

Freq Band(s) Mix RG-8, RG-11 RG-6, RG-8X, RG-58, RG-59
(MHz) Tums Cores Tums Cores
18,38 #31 7 5 toroids 7 5 toroids
8 Big clamp-on
35-7 6 5 toroids 7 4 toroids
8 Big clamp-on
101 #3lor#43 5 5toroids 8 Big clamp-on
6 4oroids
7-14 3 5toroids 8 Big clamp-on
14 5 4 toroids 8 2 toroids
4 6 toroids 5-6  Bigclampon
21 4 5 toroids 4 5 toroids
4 6 toroids 5 Big clamp-on
28 4 5toroids 4 5 toroids
5 Big clamp-on
7-28, #310r#43  Use o chokes in series: Use two chokes In series:
10.1-28, or #1— 4 1ums on 5 toroids #1—6 ums on a big clamp-on
4-28 #2—31ums on 5 toroids #2— 5 ums on a big clamp-on
14-28 Two 4-tum chokes, 4 tums on 6 toroids, or
each wione big clamp-on 5 tums on a big clamp-on
50 Two 3-tum chokes,
each w/one big clamp-on
14-432 43 1-3 s on a big clamp-on

Notes:
“Core” refers 10 a 2.4-Inch OD, 14-inch ID toroi

“Big clamp-orr refers t0 a +-inch ID, 1.125-inch nlampm core of type #31 material
Turn diameter is nor critical, but 6 inches s good.
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Figure 22.73 — VLF signals received (A) from stations NAA,
NLK, and NML during an W-class Solar flare and the SuperSID
siten s (). {PVioton by Mishand Miradan}
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Figure 21.9 — A “bug catcher” style antenna showing the large,
alr-wound center-loading coll In the center of the antenna with
a capacitance-hat at the top. This antenna was designed and
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for the KSAY Loop at 1.825 MHz.
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Table 16.3

Examples of Antennas on Active Rover Statlons

Band
6 meters/50 MHz

2 meters/144 MHz

11/4 meters/222 MHz

70 /432 MHz

33 cm/902 MHz

23 cm/1.2 GHz

13 cm/2.3 GHz

3.4 GHz

5.6 GHz

10 GHz

Antenna
alement Yagi

Sheased Moron

Hex beam

Dipole

T-element Yag!

Stacked halos or Blg .
8-element “Cheap

& eloment-Gneap vagr

10-element Yagi

Stacked halos or ig Wheels
Yagi

|0elemem “Cheap Yag"

6-elem: eap Yagr”

15-clement Yag!

Stacked halos or Big Wheels

81

12-element LFA Yagi

8-element “Cheap YagP"

1t-element “Cheap YagP

6-f0ot loop Yagl

8-{oot Yagl

33-element loop Yagl

10-element “Cheap Yag"

6-{0ot loop Yagl

8-{oot Yagl

24-clement loop Yagl

10-element “Cheap Yag"

6-f0ot loop Yag!
45-element loop Yagi
18-element Yag!
6-{0ot loop Yag!
45-element loop Yag!
Up 10 2-foot dish
0.9-m dish

Up1o 2dootdisn

“Cheap YagF” refers to deslgns byWASV.IB at wasvjb.comiyagi-pdficheapyagi.pdif.
Yagis above 50 MHzmaynemlmgrorusewmle inmotion.

eap
Nommsomeoimelon

Notes
6-foot boom to meet size limits.

Rotatable in motion
Broad patter, easy 1 lft
Below 6m Yagi on mast

Rotatable in motion
'With 70cm Yagi on cross-boom

Rotatable in motion
With 1%m Yagi on cross-boom

Passive elements mounted with single Screw for easy replacement
Rotatable in motion

Single or on H-frame.

12-foot boom

Rotatable in motion, use on vert pol for FM

Single or on H-frame.

6-f00t boom

Rotatable in motion, use on vert pol for FM

Single or on H-frame.

oot boom

Rotatable in motion, commercial WIFi Yagi
On H-frame

4.5-fo0t boom

Duak-band with 10 GHz

Duakband with 5.6 GHz

Gead Gosigns wih Squvalent umiSa of clemants 0 the Vagls are also popular.
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Figure 17.15 — Co-planar crossed Yagl, circularly polarized
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the antenna I shown at B.
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Figure 19. 20 — A broadband Impedance transformer for use
with low-power HF (A and B). A version tunable from 7-21 MHz
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OEBPS/image_rsrc84T.jpg
= oz

L
)

A Space
fr

&4
Lower End Closad by
Dbc Solcerad o
Outer Conductor
&J &J
m ©

Figure 2457 — Fxec-balun methods for balancing the
oaxial cable I
ananna. These belun work al  singl equoncy. The balun at
known






OEBPS/image_rsrc80Z.jpg
] _ _ P - Flaog I
e z s5 | 2 ] 55 8| E5:3 5 EFE H
e5. | 5. | 281 3 29z E:283) % H I H
243 | i3 | 323 ¢ R LAt
- H 83| % 3 | 378 BxcE| = 3| £3
] 8 33%f ¢ 23| g3
e’
——
—
— e
=
VHE | UHF c X Ku K Ka | mm
e | 0 1268 2408 aachr | sracw | eteow | wamow | ok | aamch
Notes:

1: BNC-75 Ohm connectors operate up to 1 GHz
SMB.-75 Ohm & Mini SMB-75 Ohm connectors operate up to 4 GHz
MCX.75 Ohm connectors operate up to 6 GHz

SMC-75 Ohm connectors operate up to 10 GHz

N-75 Ohm connectors operate up to 1.5 GHz

'NC-75 Ohm connectors operate up to 1 GHz

e e T T Sl





OEBPS/image_rsrc7HR.jpg
Kh-

T

N

NI Y

462 Scrows
@pes)

118" Arinom

T e

- cutonExcess
et Trveacs

N Refector
- oot

[

Pl
L
=3

]
L il
/Wwwer 4’:
goscdl -
. SN |
e oA
|
e 07
A1, the mou

Figure 15.
sty

Is detalled. A
to6or7it






OEBPS/image_rsrc7NH.jpg
Figure 1623 —The stressed Moxon SH-50 by PAR Electronics

nsion. The resulting lightweight construction Is robust under
scompasbirmsbas
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Table 24.6

Efflency (%)
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Figure 22.66 —A

r
MURMUR, which Is used

detectablllty.
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Table 15.26
Galn, Parabolic Antennas*

Dish Diameter (Feet)
Frequency 2 4 6 0 15 20 30
420 MHz 60 120 155 200 235 260 295
125 185 220 265 300 325 360
1215 B0 210 25 20 35 ®O WS
2300 205 265 300 345 380 405
3300 530 o0 w8 o5 a1 a7
5650 285 345 380 425 460 485 520
10 GHz 335 395 430 475 510 535 570

+Gain over an sotroplc antenna (subiract 2.1 0B for ain over @ dpole antenna).
eflector efficiency of 5% assum
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Figure 18.6 — Circulator on left has arow showing one-
RF transmission. Isolator on right opened to show the.
R
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Figure 19.2 — For
multi-band dipole,

alligator clips to short
out Insulators.
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Figure 24.63 — At A Is a coax-wound ferrite transmitting choke
showing RG-400 winding technique. B shows how a wire-pair
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Table 15.12

Stauff Clamps
Standard Serles (DIN 3015-1)
Yain elements: 106,4APP (1 per element)

212,7PP (3 per loop - 1 for DET, 2

Angledweld pate  ~ WSP 1A U W1 (2 per loop ot DEZ)

Avalable from us.stauft.com
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Figure 20.13 —The 2-meter PortaQuad by National RF isn't
intended for permanent outdoor use, but it would be a fine
e e e )
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Figure 21,6 — Relative current
distribution on a base-loaded
vertical antenna of helght

H =30 electrical degrees
(linearized). The base loading
coll Is not shown here.
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Figure 15.
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Figure 1564 —The patt-fength (phase) iference between the
s i St o
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Figure 16.32— A tripod also makes an effective short mast for
portable operation by a rover. K1DS uses a tripod to hold this
short stack of 222 MHz, 432 MHz, and 902 MHz Yagls. (Photo

o losen,
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VF and Loss/100 . vs Frequency, Davis RF RG-11 foam, 176 f. sampe.
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Igure 23.20 — The actual performance of
frec

precision use of a cable, the exact value of
2,,VF, and loss should be measured at the
trequency of use.
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Table 24.11
Quarter-Wave Stub Lengths for the HF
Contesting Bands

Freq  Length(L)*  Remove per
(MFHz) 100 kHz

18 0110l 57%in

35 461,91n 15%zin

70 231, 4In 4in

120 1if8in 1in

210 71,90 “eln

280 5T 10In ain

“Lengihs shown ao for AG-213 and any smiar cable,
assuming a locity factor (L, = 163.5/)
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Table 15.6

WAS5VJB 435 MHz Yagl Dimensions

Ref DE
G-element  Lengh 134 —

ttelement Lengh 134 —
Spacing 0 = 25
Dimensions in inches.

120
120
120

1125

02 04 Ds D5 07 D8

111

175 1175 111
1175 1175 1175
3775 450 520

D9

11
595
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positioning system block diagram.
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Figure 15.40 —The d-element 144-MHz portable quad,
assembled and ready for operation. Sections of clothes closet
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Figure 17.20 —WENBC's
Quadrifilar Helix base station
antenna [John Portune, WNBC,






OEBPS/image_rsrc81J.jpg
Table 24.4
Component Requirements for High-Pass (Shunt L) T-Network Antenna Tuners at 10:1 SWR

Frequency’Z ) citor Inductor (uH)  Capacitor Voltage (V) Effciercy (%)
1.8MHz Input (oF)  Output (pF) 0w 150w

5 1136 3000 24 180 710 %

500 548 500 139 323 1250 %8

25+ /100 a3 300 103 790 3070 92

25~ /100 170 300 20 1040 4030 8

250 + P50 308 200 105 80 1470 98

250 - 250 337 300 6.9 525 2030 %
Frequency’Z ) Capacitor Inductor (uH)  Capacitor Voltage (Ve) Effciercy (%)
35MHz Input (oF)  Output (pF) oW 150W

5 563 1500 11 190 720 %

500 265 200 73 243 1330 %8

25+ /100 275 200 35 613 2373 9

25— /100 104 200 86 880 3403 8

250 + 50 a3 100 56 381 1475 %8

250 - 250 136 100 108 670 2600 9
Frequency’Z ) Capacitor Inductor (uH)  Capacitor Voltage (Ve) Effciercy (%)
30 MHz Input (oF)  Output (pF) oW 150W

5 79 200 012 160 640 %

5« 29 50 077 370 1470 97

25+ /100 ot 30 024 400 1560 %8

25 - /100 24 100 046 440 1710 93

250 + 50 36 100 09 300 1150 %8

250 - /250 20 100 06 360 1410 o7
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Figure 21.26 — Feed point Impedance as a function of vertical
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Figure 22.77 — A simple horn antenna for detecting neutral
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Figure 22.54 — A shielded ferrite-rod loop for 160 Is shown at
the top of

'@ text. The other filter
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203 — A multiband celling dipole fed with ladder line
or twinlead. Unilke a tuned dipole, the length Isn't critical. As a
rule of

allows and make sure both legs are of equal length.
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Figure 22.84 eter offset feed dish on an HEQS tracking
telescope mount. This antenna Is used for recelving 22 GHz
als from water masers. (Photo by Eduard Mol)
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Table 22.2

Recelving Chokes
Choking Impedam:e Rs (ohms) on Band (mefers)
Tums core 630 160 0 30 20
18 Single—#75A/5075001401 3K 77K 5 2K 82K 25K
16 Dolble #75A /5075001401 38K 82K 55K
17 SK K 83K 20K
18 58K 5K 62K 25K
19 65K 125K 59K 21K
72K 125K 5K
21 78K 13K 5BK 2K
16 Single-#75B/2675821502 45K 6K 41K 25K
18 58K 72K 4BK 26K
20 75K BK 47K 22K

2 A
15 Single—#43/5043001601 550 17K 33K 45K 6K
27 22K 9K 10K BEK 15K
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Figure 16.33 — An engineering compass provides better
resolution, magnifying optics, and a crosshair to make aiming a
high-gain antenna easler. (Photo by Ron Ochu, KOGZ)





OEBPS/image_rsrc807.jpg
ookt e koo F

2Zmiasiog 4.0 ToWire Lne

®

!

T
FEAN

Fourre Line

Zgm3810g

vz Contel Lo
PR
e (©) ©

T —





OEBPS/image_rsrc7WJ.jpg
Doppler Shift anTrass

. ‘ \/ \

Figure 22.48 — Frequency shift versus time produced by the

PR





OEBPS/image_rsrc7PS.jpg
P
‘The portable

operation.





OEBPS/image_rsrc81S.jpg
Figure 24.9 — Simple antenna tuners.
for coupling a transmitter 10 a parallel-

diflerent rom the ransmiter's esign
load impedance, usually 500, A and
and parallel
ined ciruits usn.g Variabie Inductive
ipling betweer

Impedance loads (several hundred
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Figure 16.26 — A traller-hitch bike rack can serve as a sturdy
mount for an extendable mast such as this aluminum tele-
scoping pole on NOAX's car. The mast can be attached to the
R R
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Figure 15.105 — Two patch antennas for the 23 cm band. The
patch on the left I constructed from sheet metal and the one on
the right from PCB material.
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Table 172
Typical Antenna and Power
Requirements for CW EME

For use with JTE5 or other encoded digital modes, subiract
appra(lmalely 10 dB of gm or power.

Ant HPBW  TxPwr
(MHz) Type’ (ﬂB'J (deg) (W)
50 4xi2m 197 188 1200
144 46m 210 154 500
432 46m 250 105 250
1296 3m 205 55 160
2304 3m 345 a1
2m 348 3. 120
5760 2m 302 18
10368 2m 443 10 25

1Example antennas for 50, 144 and 432 MHz are Yagi arrays with
statd lenghs; thoss or 1296 MHz and highr e paraboli
dishes of specified diameter.
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Table 24.1
Impedance of Center-Fed 100 Foot Flattop Dipole,
50 Feet High Over Average Ground

Impedance (Q) 100 ft 450-Q) Line ()

45-/1673 20-j20
39-/362 8882265
481 + 64-j24
2584 - /3202 62-]447
& Zjes
2097 +] 1552 2666884
3451073 156.+/614

202.+367
24931375 68— 17
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Figure 24.31 — A three-winding 9:1 wideband unun (un-

baianced 10-unblanced) transformer or 160 through 0 metars.

Each winding consists of 4 ms of #14 o #16 AW Insulated
o Tha cors s a Laird 20B1540.000 (t5tinch 0D} or an

e
rated at 100W. For pair of
8 0D boia e incaiives In § stk
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Table 22.3
Radlo Astronomy Frequency Allocations, USA only

608-614 MHz 1427 MHz 1610.6-1613.8 MHz
5000 MHz 10.68-10.7 GHz 15.35-15.4 G

31.3-318 GHz 5-435 GHz 514-54.95 GHz

86-92 GHz 105-116 GHz 164-168 GHz

265-275 GHz

73.0-74.6 MHz
1660.0-1670.0 MHz
221256H

Saies o

406.1-410.0 MHz
2655-2690 MHz
236-24.0 GHz

217231 GHz
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Table 23.2
Coaxlal Cable Equations

7.26¢

© (PN = o oTa)

L (uHioot) = uwog%

o 58

VF % (velochy factor, ref. speed of light) =

Time delay (nsffoot) = 1.016

7.50
09

Reflection Goefficient = |p| =

f (CUOM/GHZ) =

Z
Z,+2; SWR+1
Return Loss (dB) = ~20 log |p|

SWRAU

-l
v peak= & 155:1:((")90/0)

(K1+K2)]~/i+2 78+ (PF) (1)

= 1D of outer conductor

= = dielectric constant

Note: Obtain K1 and K2 data from manufacturer.

(EqA)

(€aB)

(€qC)

(EqD)

(€aE)

(€aP)
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(EqH)
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Table 19.1

Dimenslons for Inverted V Antenna
cennemngle of 120 degrees Is assumed
‘enter height is with ends of antenna at ground level

nnd
(Meters)

Deslgn
(MHz)
715
537
14.175
181
21175
2404
284

Leg Length

31 feet, 9 inches

7|eer. Zanes

Min. Center Height

16 feet
21 feet
8 feet
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Table 24.17
Measured Characteristic Impedance of Palred-Wire
Lines

Line Type 2,@5MHz VF @5 MHz 10 MHz Loss
SEnENC 0 0725 12dB/100 1t
#10 THHI 73 15dB/100 t
#12 Teflon (Ag/Cu) 56 76 dB/100 Tt
#10 NM 860 0758 15dB/100 t
#12 NM 910 073 12 dB/100 t
#12Enameled 4340 077 245810010

#10 Enameled 4130 0.66 2.36 dB/100
RG-400 5080 0.69 $Seaphoon
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Figure 22.31 — Connecting the resonating capacitor In serles.

resonance that Is sultable for transformer coupling 1o a feed
line (B).
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Figure 15,68 — Two movablefeed pont xures using magnets.
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Figure 22.41 — The pattern of a Watson-Watt RDF system
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Table 15.7
WASVJB 450 MHz Yag! Dimenslons
Ref DE D1 D4
G-clement Lengh 130 — 121 s 1175 1075
Spacng 0 25 55 110 285
Dimensions in inches.
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Figure 22.16 — Alternate lower wire locations.
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Figure 15.109— The basic periscope antenna. This design
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Table 15.2

2 Meter OWA Yag! Dimensions
(Lengths are for full elements)
Boment Elamont " spachg fom  emont

Length  Reflector ‘Diameter

(inches) (inches)  (inones)
Reflector 4052 — %o
Driven Ele. 3970 10.13 %
Director 1 37.36 14.32 %o
Director2 3632 2503 e
Director3 ~ 3632 3728 %o

Director 4 ~ 34.96 5422 ¥
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Table 20.1
Minimum Compliance Distances from Small
(1.0 m diameter) Transmitting Loops.

Freq Controlled Uncontrolled
(MHz) Distance (m) ~ Distance (m)
Power = 10 watts
21 29
1 21 29
18 19
21 18
15
Power = 100 watts
33 43
14 34 a7
18 31 a4
21 29 42
25 39"
Power = 400 watts
a2 57
1 a5 65
18 a2 69
21 40 71
28 37" 73

UK np ‘Safety
small HF loop antennas;’AE7PD, Radcom, June 2017 pages
46 and 47
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Figure 1737 — A 75-foot stress offset dish for 1296 MHz. The
dish was designed by K2UYH for portable operation and EME
)Xpeditions. [Photo courtesy of Al
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Figure 15.12 — Insulated elements up to % Inch In diameter
in be mounted through the boom using plastic Insulators.

Stainless-steel push-nut retalning rings hold the element in
lace.
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Table 15.3

432-MHz Yagl Dimensions

Spacing from
Reflector
(inches)

239

511

1164

1954
27.10





OEBPS/image_rsrc7J4.jpg
avran
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Figure 17.22— A pair of helical antennas for service on 2 meters
and 70 cm, The 2-meter helical antenna Is not small! [Dick
Jansson, KD1K. photo]
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Table 24.5

Component Reqlllemuﬂs for Low-Pass (Serles L) L-Network Antenna Tuners at 10:1 SWR

1.8 MHz
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Table 16.1

“Y-Wavelength Whip Lengths
Frequency Length
(MHz) (inches)
53 53
146 19%e
222 12%

440 6
202 B
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Table 16.2
Dimensions for a Three-Dipole 2 Meter Triangle

Design Element Radius to Dipole
Frequency ~ Diameter  Feed Point  Length
(MHz) (inches) (inches) (inches)
146 05 154 u3
0375 153 u7

X X 347
1445 0375 155 351

Tip-to-tip
Spacing
(inches)
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Table 15.27
Clrcular Wavegulde Dish Feeds

Freq.
(MHz)

5800
10,250 076-0.88
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Figure 15.30 — Same elevation plot as In Figure 15.41 showing

lobe. noise.
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Table 15.17

10-element 222 MHz LFA Yagl
Gain: 14.5dBI
SWR: Less than 1.1:1
34608
Beamwidh (E-planc): 37 dogrocs

degree:
Performance specified at 255 it
Note: All parameters are free-

Element Element Half-Element
Position (m)  Length (m)
REF X 03315
DE1 (loop) ~ 0.128 0233
DE2 (oop) 0235 0233
DIR1 03075
DIR2 0828 0292
DIR4 1316 0289
DIRS 1819 02835
DIRG 2358 0277
DIR7 2039 02675

DIRg 3.455 0.2645
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Figure 15.10 — Element arrangements for 8-, 12- and 16-element
collinear Parasitic
reflector

and 0.27.

black dots. Open circies show recommended support points.
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insulati In this way. Insulator
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Figure 15.20 — The SWR for the
OWA 2 meter Yagl from 144 1o 148
NEC-4.
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Table 15.24

and Coax
Waveguide Dimensions  Freq Freq  Probe
(mm) Range  (GHz)  Diam.
(GHz) (mm)
WRa42 10668x4.318 18-265 24192 127
WR75 19.06¢9.625  10.0-1 0368 127
WRIO 2286x10.16  82-124 10368 127
WR112  2824xi262 70510 10368 127
WR112 576 127
WR137  3585x1580 58582 576 127
WR1S9  4039x20.19 49705 576 127
WR187 ~ 4755x22.15 395585 576 236
WR187 3456 236
WR229  58.17x29.08 3349 345 127
WR229 3456 236
WR229 3456 3175
WR229 3456 476
R229 3456 635
WR284  72.14x3404 26395 345 635
WR284 2304 635
WR340  86.36x43.18 22832 2304 635

Banawidth
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Figure 24.56 — AtA, azimuthal response for two five-element
20-meter Yagis placed 0.71 2 over average ground. The solid line

12

g
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evident than In Figure 24.49. This Yag| loses a bit more forward
AUB, elevation

The
common-mode current due to asymmetry. In this case, placing
1000






OEBPS/image_rsrc7VY.jpg
AT

Figure 22.20 —The Double Half-Delta Loop (DHDL) antenna
designed by AA7JV is an Improved version of the flag and
P in the
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Table 18.1
50-0 Transmisslon Line Dimensions
Dielectric

Type Layer Thickness Center Conductor Gap. Characteristic
of Line. (=) inmils (mm) — in mils (mm) (mm) Impedance ()
Microstrip Prepreg (38) 6 (0.152) 115 (0.292) NA 503

10 (0254 20 (0.508) 500
Stripline FR4 (4.5) 12 (0.305) 37(0.094) NA 500
CoplanarWG  Prepreg (38) 6 (0.152) 14/(0.35) 20(050) 497

Information from Maxim Integrated, Tutorial 5100
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Figure 24.42 — The halrpin match.
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Figure 17.11 — KA6U can set up his portable EME station
antenna system (144 MHz system shown) nfess than an hour.
(AGU)
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Figure 23.35C — Connector side views, set 3 of 4. (Courtesy of Pasternack)
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Figure 16.17 — The circular HPOD sul
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Figure 1746 — AtA, the Yaesu G5500
azlel antenna-rotator mounting
system and control box are. At B Is.
the azlel rotator made by Alfa Radio.
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Figure 19.18 —Wire stub creates a resonant length on 20 meters
sy
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Table 24.18
Balun Impedance and Loss
80-meter

dipole operated on 20 meters
Balun Impedance  Common-Mode ~ Balun
@ Current (A) w)
1000 05 253
4000 02 o
10000 008 72
1300 /4001 o 258
449 + 58332 01 9
50:1cer diole opersiad on 80 meters
Balun Impedance  Common-Mode ~ Balun Loss
@ Current (a) W)
50 002 0022
2000 0015 045
5.+ 5611 0022 00024
No balun 0021 0.000
Notes
1. W2DU bead bal

2.12 tums of RG-213 on 4%-nch form
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Figure 175 — Jerry Brown, K5OE, uses his Texas Potato Masher
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Table 23.4

Cable Attenuation (dB per 100 feet)

MHz 18
LDFZ50A  0.03
FHJ7 0.03
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Figure 22.56 — Schematic
diagram of a rod-loop
antenna with a cardiold
pattern. The sensing
‘antenna, phasin,

and a preamplifier are
‘shown, The s of
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Figure 22.65 — Determining the equivalent nolse temperature of
i y

et





OEBPS/image_rsrc7NJ.jpg
Figure 16.24 — An Inexpensive “pool noodle” makes a coax-
friendly window seal for getting feed lines Into and out of
KKEMC's vehicie. it the foam along one side, slide it over the
window, and raise the window until the foam seats around the
s
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Figure 15.80 — Speclal sections called bends make right- and 45° angles to avold Introducing impedance discontinuities where the
e e






OEBPS/image_rsrc7NS.jpg
Figure 16.30 —The Down East Microwave QDAM
(Quick Disconnect Antenna Mount) Is designed for

tennas. Matching plates on the mast and
antenna boom are placed together and twisted Into
alocking position. A locking pin holds the assembly

In place without threaded hardware. (Photo courtesy
ey b
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Figure 15.3 — Simple
ground-plane antenna
dimensions for the 144-,
222- and 440-MHz bands.
(&)The vercal glament
and raial aro -

nch brass welding rod.
Although %azInch rod I
pr the 144 MHz
antenna, #10 or #12AWG
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used. The pnmg:pn @
shows a 440-MHz

plane constructed uslng
only an S0-239 connector,
#4-40 hardware and 1/16-
Inch brass welding rod.
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Figure 21.10—A
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performance of base- or
center-loaded whips.

‘Spokes Joined by an outer
ring can also be used.
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Figure 15.1
Alford slot antenna
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Figure d
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Table 22.4
Antenna Analysls by K4CSO
‘Standard

Gain Hom
Thot (85°F = 302° K) -66.2848
Sun Noise (Solar Flux 124)  1.03dB
Tegis (15° KeNin) 687848
Y-Factor 2508

3.7-Meter Dish

66,6308
1105 dB.
-60.3008
27608
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Figure 15.29 — Elevation plot of a 9 element Yagl showing the
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Figure 24.3 —Two examples of L-networks. At A Is a full-power
L-network for matching a base-fed tower on 160 meters using

a vacuum variable capacitor and Inductor wound from '/e-inch
refrigerator tubing. At B Is a low-power L-network that Is used as
an adjustable test set for determining what component values
are required for matching a load impedance. [Dick Sander,
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Figure 20.18 — This high-power loop by VKSFSA uses very
heavy conductors to reduce losses. All connections are welded
o B i s A R
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Figure 15.41 —The complete portable quad, broken down for
travel. Visible In the foreground Is the driven element. The pine
box In the background Is a carrying case for equipment and
accessories. A hole In the lid accepts the mast, so the.
doubles as a base for a short mast during portable operation.
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Figure 1728 —Left to right: array of 4 x 23-element Yagl
horizontaly polarized for L band; 1.2-meter dish with 3-turn
helix feed for S band; 15-tum RHCP helical antenna for U band;
60-centimeter dish for X band. All microwave preamplifiers

and power amplifiers are homebrew and are mounted on this
st avogse ooy
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Figure 24.11 — Balanced tuner configurations. At (A)
based

equivalent. (C) shows a hairpin tuner for 144 MHz. The technique
AR iy 70cm.
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Figure 24.14 — Method of
attaching a stb 1o a feed line.






