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Chapter 25

Antenna Materials and Construction

This chapter contains information on materials and techniques amateurs use to construct antennas. Included is a discussion of useful material types that are readily available at reasonable cost, and tips on working with and using these materials.

The National Electric Code (NEC) from the National Fire Protection Association contains a section on amateur stations in which several recommendations are made concerning minimum size of antenna wire and the manner of bringing the transmission line into the station. The code in itself does not have the force of law, but it is frequently made a part of local building regulations, which are enforceable. The provisions of the code may also be written into, or referred to, in fire and liability insurance documents. See the chapter Building Antenna Systems and Towers for more information on applying the NEC to your station’s antenna system.

Although antennas are relatively simple structures, they can constitute a potential hazard unless properly constructed. Antennas and supporting ropes or wires should never be run under or over public utility (telephone or power) lines. Stay well clear of utility lines when erecting antennas and give yourself plenty of safety margins. Amateurs have lost their lives by failing to observe these precautions.

Basically, any conductive material can be used as the radiating element of an antenna. Almost any insulating material can be used as an antenna insulator. An antenna system must also include some means to support those conductors and maintain their relative positions — the boom for a Yagi antenna, for example. The materials used for antenna construction are limited mainly by physical considerations (required strength and resistance to outdoor exposure) and by the availability of materials. Don’t be afraid to experiment with radiating materials and insulators.

The two types of material most often used for antenna conductors are wire and tubing. Wire antennas are generally simple and therefore easier to construct, although arrays of multiple wire elements can become rather complex. When tubing is required, aluminum tubing is used most often because of its light weight, reasonable cost and strength. Aluminum tubing is discussed in a subsequent section of this chapter.

An excellent resource for selecting and using fasteners of all type is Carroll Smith’s Nuts, Bolts, Fasteners and Plumbing Handbook which is widely available and applies to many facets of antenna and equipment construction.

25.1 Wire for Antenna Systems

25.1.1 Wire Types

Solid copper wire is used for most wire antennas although the use of stranded wire is common. Solid wire is less flexible than stranded wire, but it is available “hard-drawn,” which offers good tensile strength and negligible stretch. Special stranded wire with a larger-than-usual number of fine strands (such as Flex-Weave) is available for building antennas. It withstands vibration and bending in the wind better than common stranded wire and better than solid wire. Galvanized steel and aluminum wire are generally not used for antennas because of higher electrical resistance than copper. Galvanized wire also has a strong tendency to rust and making good electrical connections to aluminum wire is difficult — it cannot be soldered directly without special solder fluxes.

Solid wire is also available with and without enamel coating. Enamel coating resists oxidation and corrosion, but bare wire is far more common. Solid wire is also available with a variety of different insulating coatings, including plastics, rubber, and PVC. Unless specifically rated for outdoor use however, wire insulation, including enamel, tends to break down when exposed to the UV in sunlight. Insulation also lowers the velocity factor of wire by a few percent (see the Transmission Lines chapter) making it electrically longer than its physical length — this will lower the resonant frequency of an antenna compared to one made of bare wire of equivalent diameter. In addition, insulation increases wind loading without increasing strength. If enameled or insulated wire is used, care should be taken to not nick the wire when removing the coating for an electrical connection. Wire will break at a nick when flexed repeatedly, such as by wind.

“Soft-drawn” or annealed copper wire is easy to handle and obtain. Common THHN-insulated “house wire” is soft-drawn. Unfortunately, soft-drawn wire stretches considerably under load. Soft-drawn wire should only be used in applications where there will be little or no tension, or where some change in length can be tolerated. For example, the length of a horizontal antenna fed at the center with open-wire line is not critical, although a change in length may require some readjustment of an impedance matching unit. Similarly, if the wire stretches significantly, it can be re-trimmed to the desired length. Repeated cycles of stretching followed by trimming and re-tensioning will result in loss of strength and possibly in mechanical failure.

Copper can be applied to a steel core for added tensile strength in two ways. One is through plating, which results in a relatively thin layer of copper on the outside of the steel core. The other is through a process called “cladding” and the resulting copper outer layer is much thicker than plated. Copper-clad steel is manufactured to ASTM-B-452 standards with 40% conductivity in two tempers: soft and hard drawn. The thickness of the copper layer is most important when the wire is used for RF purposes so that the RF energy does not penetrate through the copper layer and into the high loss steel core. Plating is rarely sufficiently thick in relation to the required skin depth for the frequency of operation to maintain the highest efficiency. Another type of wire with a steel core is aluminum clad steel, often called “Alum-O-Weld.” This wire is manufactured to ASTM B415 standards with a conductivity of 14% to 40% IACS (relative to annealed copper). It is primarily marketed as stranded for overhead power lines and guy cables. Occasionally it can be found as a single wire (i.e. #12) and is useful for antennas, although the steel core (hard drawn) can cause it to be somewhat brittle and difficult to safely handle. Copper clad steel shares this characteristic.

“Hard-drawn” copper wire and CCS (copper-clad steel, usually sold as the trademarked product Copperweld) wire are more difficult to handle because of their mechanical stiffness and, in the case of CCS, the tendency to have “memory” when unrolled. These types of wire are ideal for applications where high strength for a given weight is required and/or significant stretch cannot be tolerated. Care should be exercised to make sure kinks do not develop in hard-drawn and CCS wire — the wire will have a far greater tendency to break at a kink. The “memory” or tendency of CCS wire to coil up can be reduced by suspending it a few feet above ground for a few days before final use. The wire should not be recoiled before it is installed. The electrical quality of CCS wire varies considerably. A conductivity class of 30% or higher is desirable, meaning the wire has 30% of the conductivity of copper wire of the same diameter but for RF applications at HF it will have close to 100% conductivity due to skin effect.

At MF and LF, such as 160 meters, 630 meters, and 2200 meters, CCS wire may have unacceptably high losses due to insufficient thickness of the copper layer. (See the Transmission Lines chapter’s section on “Choosing and Installing Feed Lines” for the effect on feed line loss.) Figure 25.1 compares the resistance of copper-clad and solid copper wires at 100 kHz and higher frequencies. As a general guideline, for resistance losses to be equivalent to solid copper, the cladding should be approximately 3 times the skin depth which is:
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1.80 MHz (160 meters) —49 µm

475 kHz (630 meters) — 95 µm

136.5 kHz (2200 meters) — 177 µm

Assume the cladding thickness is the typical 10 percent of the overall conductor diameter at 30% conductivity. To have equivalent resistance to solid copper at 1.80 MHz the overall wire diameter must be 490 × 3 = 1470 µm or 0.058 inches and #14 AWG is the smallest wire gauge that is thick enough. Similarly, the smallest wire gauge is #8 AWG at 475 kHz. Less cladding such as for the 20% conductivity CCS will result in increased losses, so at 630 and 2200 meters solid copper conductors are recommended. N6LF also notes that stranded CCS is inferior to solid CCS below 40 meters.

Copper cladding can be damaged by abrasion (typically at insulators) or sharp bends. Plastic insulators of sufficient strength are preferable to ceramic insulators when using CCS; they are soft in comparison and less likely to degrade the copper cladding over time. Induced defects in copper cladding eventually result in mechanical failure due to rusting of the steel core. Breaks in the copper cladding also form high resistance points to RF and will heat considerably when running high power. Heat accelerates oxidation (rusting).

Concerns about the effect of insulation on copper wire for ground radials are addressed by N6LF in his QEX article “Insulated Wire and Antennas” (available in the online material), a study of using insulated wire. There are esthetic concerns — the outermost transparent sheath of THHN electrical wire degrades with exposure to UV and is shed by the wire. N6LF also considers mechanical issues — adding insulation increases the weight but also causes ground surface or buried radials to last longer than bare wire. Overall, the effects of the insulation are insignificant with the exception being when used in sparse radial systems. Those effects disappear for more than 12 elevated radials and 16 to 20 radials on or below ground level.

The velocity factor (VF) of bare copper wire is approximately 0.95 compared to the free-space speed of light. Plastic insulation causes additional slowing of a few percent. The exact value varies with the type and thickness of the insulation, but the most common materials (PVC, polyethylene, Teflon) have a VF of 0.95–0.98. Thus, copper wire insulated with one of these materials would have an overall VF from 0.95 × 0.95 = 0.90 to 0.95 × 0.98 = 0.93. If the electrical length of insulated wire is critical to your design, it is recommended to measure the wire’s VF or allow for a few percent of adjustment.

Using Strap or Braided Conductors

Communications systems expert Frank Donovan, W3LPL, contributed these guidelines for the use of strap (solid metal) or braided conductors. Wide, flat, copper strap is the standard for grounding and bonding when flexibility isn’t required — at least 10 mm wide, wider is better. Thin, round conductors are always inferior. Properly designed grounding and bonding systems use wide, flat, copper strap everywhere except for the short lengths where flexibility is required for the last foot or two of connections to moveable equipment.

Braided conductors should not be used for grounding (connections to a facility’s grounding electrodes as discussed in the chapter on Building Antenna Systems and Towers) and should be as short as reasonably practical. Unnecessarily long pigtails should always be avoided. Terminals should be installed on both ends of the braid conductors, firmly and securely fastened to the equipment and conductors at each end of the braid. (Use a crimp terminal specified for use with braid.)

Tinned, tightly woven, wide (at least 10 mm, preferably much wider), flat copper braid is an excellent bonding conductor provided it is not corroded. Skin effect may force RF to jump across each wire crossover, but there are very many tight connections in parallel.

Braid removed from coaxial cable is an exceptionally poor choice for a bonding conductor because it is round, relatively small diameter, loosely meshed and usually not tinned. It works very well inside coaxial cable because the jacket maintains tight connections in the braid mesh and protects the copper from water and other corrosion agents.

Braid of any kind should never be used outdoors, especially on antennas and towers where lightning currents might be present. The standard is wide, flat, copper strap or #2 AWG solid copper wire where lightning currents might be present. Seven or nineteen strand copper wire can be used where flexibility is required.

25.1.2 Wire Size and Tension

Many factors influence the choice of wire type and size (gage or gauge). Important considerations include the length of the unsupported span, the amount of sag that can be tolerated, the stability of the supports under wind pressure, the amount of wind and ice loading anticipated and whether a transmission line will be suspended from the span. Some sag is desirable. Removing most or all sag requires additional unnecessary tension and increases the likelihood of failure. Table 25.1 shows the wire diameter, current-carrying capacity and resistance of various sizes of copper wire. Table 25.2 shows the recommended maximum working tension of hard-drawn and CCS wire of various sizes. The recommended working tension is approximately 10% of the minimum guaranteed breaking strength of the wire. Together with a calculation of span sag, these two tables can be used to select the appropriate wire size for an antenna.
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The National Electrical Code (NEC) specifies minimum conductor sizes for different span-length wire antennas. For hard-drawn copper wire, the NEC specifies #14 AWG wire for open (unsupported) spans less than 150 feet, and #10 AWG for longer spans. CCS, bronze or other high-strength conductors may be #14 AWG for spans less than 150 feet and #12 AWG for longer runs. Lead-in conductors (for open-wire transmission line) should be at least as large as those specified for antennas.

The RF resistance of copper wire increases as the size of the wire decreases. In most common wire antenna designs; however, the antenna’s radiation resistance will be much higher than the wire’s RF resistance and the efficiency of the antenna will be adequate. Wire sizes as small as #30 AWG, or even smaller, have been used successfully in the construction of “invisible” antennas in areas where more conventional antennas cannot be erected. In most cases, the selection of wire for an antenna will be based primarily on the mechanical properties of the wire, since the suspension of wire from elevated supports places the wire in tension.

Wiring Techniques
Working with antenna wire, cables, and terminals re-quires heavier tools and different techniques from ordinary electronic wiring. Manufacturers of tools and materials often supply “how to” tutorials on their websites and others can be found on YouTube and other internet video sites. A comprehensive course by CED Engineering on wiring techniques can be found online at cedengineering.com/upload/Wiring%20Techniques.pdf.


Calculating Wire Sag

The following section is based on a QST “Technical Correspondence” item by Darrell Emerson, AA7FV, in the March 2014 issue of QST. Given the horizontal distance between two antenna masts supporting the wire, the weight per foot of the wire and the tension in the wire, it is possible to predict the wire sag at the lowest point of the wire, halfway between the supports (Figure 25.2). Previous editions of the Antenna Book used a nomograph based on the original article “Predicting Sag in Long Wire Antennas” in the January 1966 issue of QST, by John J. Elengo, Jr, W1DQ.
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The equation describing the catenary, the curve of a rope or chain held horizontally between two supports, was first derived in 1691 by Johann Bernoulli and others. The equation is now found in many engineering and mathematical textbooks. One form of the equation is:
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where

cosh = the hyperbolic cosine

T = the tension in the wire in pounds

w = the weight of the wire in pounds per foot

S = the span of the wire, here defined as the total horizontal distance in feet between the two supports of the wire.

(There has been some confusion in previous publications about whether S represents half the distance or the total distance between supports. Here, it represents the total distance.) There is a much simpler approximation that is valid in all cases likely to be of interest to the radio amateur.
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This equation is also given in Edmund Laport’s Radio Antenna Engineering, in his chapter on “Wire Stringing.” (For sag between two supports of unequal height, see the “Miscellaneous Data” chapter of Reference Data for Engineers or electricalengineeringinfo.com/2015/01/what-is-sag-tension-in-electrical-transmission-lines.html)

An example calculation:

w = 0.011 (pounds per foot, 11 pounds per 1000 ft)

S = 420 feet (span, being the total distance between supports.

T = 50 pounds (wire tension).

Substituting w, S and T into the full equation, the computed result for sag is 4.860 feet. Using the much more convenient approximation, the result is 4.861 feet. The simpler formula is certainly adequate.

If the calculated sag is greater than allowable, it may be reduced by any one or a combination of the following:

1) Providing additional supports, thereby decreasing the span

2) Increasing the tension in the wire

3) Decreasing the size (gage or gauge) of the wire

These calculations do not take into account the weight of a feed line supported by the antenna wire.

25.1.3 Wire Splicing and Connections

Wire antennas should preferably be made with unbroken lengths of wire. In instances where this is not feasible, wire sections should be spliced as shown in Figure 25.3. Any insulation should be removed for about 6 inches from the end of each section (take care not to nick the wire). Enamel may be removed by scraping with a knife or rubbing with sandpaper until the copper underneath is bright. The turns of wire should be brought up tight around the standing part of the wire by twisting with broad-nose pliers.
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The crevices formed by the wire should be completely filled by using solder that does not contain an acid-core flux. A soldering iron or gun may not be sufficient for heavy wire or in cold temperatures; use a propane or butane torch instead. The joint should be heated sufficiently so the solder flows freely into the joint when the source of heat is removed momentarily. After the joint has cooled completely, it should be wiped clean with a cloth and then sprayed generously with acrylic to prevent oxidation.

25.1.4 Radial Systems

See the chapter Effects of Ground for complete informa-tion on the requirements for ground radial systems, including references showing how to get the best results from a specific amount of wire.

Bare copper wire is the least expensive for radials with #18 or #20 AWG, the smallest size likely to last due to mechanical abuse. Smaller wire will function electrically and is a good choice for temporary or portable installations. Good prices can be obtained by buying wire in bulk directly from a distributor. Copper will also withstand corrosive soils much better than aluminum.

When attaching radials to the antenna ground system, try to avoid direct contact with the ground due to corrosion from minerals in the ground. Tin-lead solder should not be used in connections in contact with the ground. If soldering is required, such as to a ground ring or plate, use silver-bearing plumbing solder or brazing rods. High-temperature MAPP gas torches are available at plumbing supply stores.

Radials need not be in direct contact with soil except for appearances. Shallow burial slits in a lawn can be made with an edging tool or a wire burial plow. See the previous cautions about avoiding direct contact between soil and solder joints.

Radials can also be placed on closely cropped grass and the grass will grow over and around them in a few weeks, allowing them to lie directly on top of the soil. To hold radials firmly to the ground, landscaping staples can be used, or iron rebar tie wire can be cut into 6-to-10-inch pieces and bent double.

25.2 Antenna Insulators

Insulation is particularly important at the outer end or ends of wire antennas, since these points are always at a comparatively high RF potential. If an antenna is to be installed indoors, it should not touch any building materials. Electric fence insulators are inexpensive and work well for this purpose. Much greater care should be given to the selection of proper insulators when the antenna is located outside where it is exposed to wet weather. Antenna insulators should be made of material that will not absorb moisture. The best insulators for antenna use are made of glass or glazed porcelain although plastic insulators are widely available and suitable for most antennas.

The length of an insulator relative to its surface area is indicative of its comparative voltage stand-off and RF leakage abilities. A long thin insulator will have less leakage than a short thick insulator. Some antenna insulators are deeply ribbed to increase the surface leakage path without increasing the physical length of the insulator. Shorter insulators can be used at low-potential points, such as at the center of a dipole. If such an antenna is to be fed with open-wire line and used on several bands however, the center insulator should be the same as those used at the ends, because high RF potential may exist across the center insulator on some bands.

Insulator Stress

As with the antenna wire, the insulator must have sufficient physical strength to carry the mechanical load of the antenna without danger of breaking. Elastic line (“bungee cord” or “shock cord”) or woven fishing line can provide both the end-insulator and support functions at antenna ends, subject to their ability to carry mechanical load. They are often used in antennas of the “invisible” type mentioned in the Stealth and Limited Space Antennas and Portable Antennas chapters. Abrasion between a woven line and a wire loop will cut through the line fairly quickly unless a fishing swivel or similar metal attachment point is used.

Use of high power approaching and up to the US legal limit of 1500 W may cause sufficient leakage current to melt woven or monofilament line directly connected to a wire loop at the end of a dipole or similar antenna. Bungee cord and similar black products can contain conductive materials and are not suitable in applications where high current and/or high voltage are present in the antenna system. Depending on the antenna type (i.e., dipole, magnetic loop), the voltage and current can vary greatly for the same transmitter output power. A suitable antenna insulator as explained below must be used for the intended antenna system.

For low-power operation with short antennas not subject to appreciable stress, almost any small plastic, glass, or glazed-porcelain insulator will do. Homemade insulators of plastic rod or sheet are usually satisfactory. Many plastics rated for outdoor use make good insulators — this includes Lucite (polycarbonate), Delrin, plexiglass, and even the high-density polyethylene (HDPE) used in cutting boards. More care is required in the selection of insulators for longer spans and higher transmitter power.

For a given material, the breaking tension of an insulator will be proportional to its cross-sectional area. It should be remembered that the wire hole at the end of the insulator decreases the effective cross-sectional area. For this reason, insulators designed to carry heavy strains are fitted with heavy metal end caps, the eyes being formed in the metal cap, rather than in the insulating material itself.

The following stress ratings of ceramic antenna insulators are typical:

• 5⁄8-inch square by 4 inches long — 400 pounds

• 1 inch diameter by 7 or 12 inches long — 800 pounds

• 11⁄2 inches diameter by 8, 12 or 20 inches long, with spe-cial metal end caps — 5000 pounds

These are rated breaking tensions. The actual working tensions should be limited to not more than 25% of the breaking rating. Plastic insulators have significantly lower tension ratings.

The antenna wire should be attached to the insulators as shown in Figure 25.4A. Care should be taken to avoid sharp angular bends in the wire when it is looped through the insulator eye. The loop should be generous enough in size that it will not bind the end of the insulator tightly. If the length of the antenna is critical, the length should be measured to the outward end of the loop, where it passes through the eye of the insulator. (See the note below about the loop area affecting the antenna’s electrical length.)
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Soldering should be done as described earlier for the wire splice. If CCS wire is used, care should be taken to ensure insulator holes and edges are smooth. Any roughness at contact points between the wire and the insulator will cause the copper to be abraded away over time, exposing the wire’s steel core and eventually leading to mechanical failure from rust. Assuming they are of sufficient size to handle the mechanical load, plastic insulators are a good choice for use with CCS wire.

An alternative to soldering antenna wires is the use of “split bolts” to clamp wires together as in Figure 25.4B. This allows wire connections to be adjusted, such as when trimming a dipole length. If the proper-size split bolt is used, the connection is secure even for large conductors. Using a pair of split bolts provides a more secure attachment and less stress on the wire than a single bolt. Split bolts are available in solid copper, tinned copper, and aluminum. They can be used for both similar and dissimilar metals and some are designated for direct burial applications (e.g., attaching to rebar or buried ground wires).

Note that the large area of the loop through the insulator adds capacitance to the antenna. The larger the insulator loop, the more capacitance is created, and the greater its effect in lowering the resonant frequency of the antenna. This effect increases with operating frequency. When building a wire antenna, attach the insulators temporarily (without soldering) and adjust the resonant frequency of the antenna before soldering the insulator loop.

Strain Insulators

Strain or “egg” insulators have their holes at right angles since they are designed to be connected as shown in Figure 25.5. This arrangement places the insulating material in compression rather than tension. An insulator connected this way can withstand very high mechanical load.
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The principal attribute of strain insulators is that the wire will not fall or fail to carry load if the insulator breaks, since the two loops are interlocked. Insulator failure may go unnoticed however — strain insulators should be visually checked periodically. Because the wires are wrapped around each other, the leakage path is shorter than it would be otherwise and both leakage and capacitive end effects are higher compared to insulators where the wires are not interlinked. For this reason, strain insulators are typically confined to applications such as breaking up resonances in guy wires, where there is high mechanical load and where RF insulation is of minor importance.

Strain insulators are suitable for use at low-potential points on an antenna, such as at the center of a dipole. They may also be used at the ends of antennas used for low power operation.

Boom-to-Element Insulators

Black insulators often incorporate carbon or other mater-ials to provide UV resistance. These materials can increase the insulator loss and electrically shorten the section of element next to it, particularly at VHF and UHF. If such insulators are used, every element on the antenna may need to be lengthened a small amount to achieve best performance as modeled. Polypropylene, polyamide (without carbon), and UV-resistant Plexiglass (used for outside signage) are good materials to use. Generally, if the insulator is not black, the impact on the antenna performance is likely to be small if any.

Feed Point Insulators

Often referred to as “center insulators,” the insulators used at the feed point of a wire antenna often have special features that help attach and support feed lines. A “dog bone” style insulator as in Figure 25.6A is the most common. To attach a coaxial feed line using this style of insulator, the cable’s shield and center conductor are separated into “pigtails” that are soldered to the wire at each eye. The cable can be supported by looping it over the insulator and securing it with tape or a clamp. Note that the length of the separated shield and center conductor count as part of the antenna length — that may be significant at higher frequencies. The cable must be carefully waterproofed with a coating such as silicone sealant or Liquid Electrical Tape to prevent water from being wicked into the cable by the exposed shield.
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To avoid having to solder or clamp coax pigtails to the antenna, the “Budwig” style of insulator in Figure 25.6B includes an SO-239 connector so that the coaxial cable can be attached with a PL-259 connector instead. The PL-259 and exposed portion of the SO-239 connectors in this case should be waterproofed. This type of center insulator can be made from a PVC pipe cap or other plumbing fittings as shown later in this chapter. The DX Engineering DXE-FPC-SO239 is an updated style of feed point insulator seen in Figure 25.6C. W6NBC has designed a 3D-printed connection block shown in Figure 25.6D for coax terminated in pigtail leads without a connector. (See the online material for details.) If one of these insulators is used, remember that the connection between the connector and the antenna element contributes to the antenna length. This may be significant at VHF and higher frequencies.

Whenever coaxial cable is hanging vertically from a connection, the coax needs to be secured so that the weight of the coax is not pulling on the connector. Wind is another consideration and can add force to the weight on the connection(s) from being blown around by the wind. Securing the coax applies to all connectors. Various types of cable grips and clamps are available — use one that will not cut into or pinch the cable over time.

Figure 25.7 shows a feed point insulator intended for use with parallel-wire feed line. The dog bone style of insulator may be used but cannot support the feed line in the same way as for coaxial cable. Parallel-wire line cannot be looped back on itself with the conductors close together. If left unsupported, the conductors of the feed line continually flex and bend in the wind which causes them to break. The tee-style of insulator in the figure captures the parallel-wire feed line and provides mechanical support, greatly reducing breakage.
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Insulators for PARALLEL-WIRE Antennas

Figure 25.8A shows the sketch of an insulator designed to be used at the ends of a folded dipole or a multiple dipole made of parallel conductor line. It should be made approxi-mately as shown, out of insulating material about 1⁄4 inch thick. The advantage of this arrangement is that the strain of the antenna is shared by the conductors and the plastic webbing of the line, which adds considerable strength. After soldering, the screw should be sprayed with acrylic.
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Figure 25.8B shows a similar arrangement for suspending one dipole from another in a stagger-tuned dipole system. If better insulation is desired, these insulators can be wired to a conventional insulator.

25.3 Antennas of Aluminum Tubing

Aluminum is a non-toxic, malleable, ductile metal with a density approximately 35% that of iron and 30% that of copper. Aluminum can be polished to a high brightness, and it will retain this polish in dry air. In the presence of oxygen, aluminum forms an oxide coating (Al2O3) that protects the metal from further corrosion. Direct contact between aluminum and certain metals (particularly ferrous metals such as iron or steel) in an outdoor environment can bring about galvanic corrosion of aluminum and its alloys. Some protective coating such as Noalox or Penetrox should be applied to any point of contact between dissimilar metals. (See the section on Hardware, Lubricants, and Compounds in this chapter and the section on Corrosion in the chapter Building Antenna Systems and Towers.)

Aluminum alloys can be used to build amateur antennas, towers and supports. Light weight and high conductivity make aluminum ideal for these applications. Alloying typically lowers conductivity, but significantly increases tensile strength. Aluminum is typically alloyed with metals such as manganese, silicon, copper, magnesium and zinc. Cold rolling can be employed to further increase the strength.

A four-digit system is used to identify aluminum alloys, such as 6061. Aluminum alloys starting with a 6 contain di-magnesium silicide (Mg2Si). The second digit indicates modifications of the original alloy or impurity limits. The last two digits designate different aluminum alloys within the category indicated by the first digit.

In the 6000-series, the 6061 and 6063 alloys are commonly used for antenna applications. Both types have good resistance to corrosion, medium strength and are widely available. A further designation like T6 denotes thermal treatment (heat tempering).

6061-T6 aluminum has relatively high strength and good workability. It is highly resistant to corrosion and will bend without taking a “set.” Comparative specifications show 6063-T832 tensile strength (PSI) 42,000 and yield strength 39,000. 6061-T6 is tensile strength (PSI) 45,000 and yield strength 40,000.

Aluminum tube is found either as “drawn” tube, or “extruded” and the difference can be a major consideration due to the tolerances for each manufacturing process. The tolerances for extruded tube (most often 6061-T6, not 6063-T832) are quite “loose.” Extruded tube wall thickness variations might not allow it telescope as expected every time, as will drawn tube. Extruded tube is also not necessarily always round, as drawn tube will be. Instead, extruded can be slightly oval and still be within tolerance.

In recent years 6063-T832 drawn aluminum tubing has become an attractive alternative to 6061-T6, given its good mechanical properties and comparatively low cost. Often found in commercial antennas, this alloy’s low cost is derived from ubiquitous use in household items including aluminum folding chairs. More information on the available aluminum alloys can be found in Table 25.3.
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25.3.1 Selecting Aluminum Tubing

Table 25.4 shows the standard sizes of aluminum tubing that are stocked by most aluminum suppliers or distributors in the United States and Canada. Note that all tubing comes in 12-foot lengths (local metal suppliers sometimes stock 6- and 8-foot lengths) and larger-diameter sizes may be available in lengths up to 24 feet. Note also that 6063-T832 drawn tube of any diameter will fit snugly into the next larger size, if the larger size has a 0.058-inch wall thickness. For example, 5⁄8-inch tubing has an outside diameter of 0.625 inch. This will fit into 3⁄4-inch tubing with a 0.058-inch wall, which has an inside diameter of 0.634 inch. A clearance of 0.009 inch is just right for a slip fit or for slotting the tubing and then using hose clamps. Always get the next larger size and specify a 0.058-inch wall to obtain the 0.009-inch clearance. If the tubing is extruded, be careful to test its ability to telescope before purchasing. For extended telescoping. 0.049-inch wall tubing is a better choice. Table 25.5 provides a cross-reference between common metric and Imperial unit sizes of round tubing.

[image: ]

[image: ]

A little figuring with Table 25.6 will give you all the information you need to build a beam, including what the antenna will weigh.
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25.3.2 Sources of Aluminum Tubing and Mounting Materials

Aluminum tubing can be purchased new and is available from local metal suppliers and some amateur radio dealers. Materials for attaching pieces of tubing, such as boom-to-mast or boom-to-element brackets can be purchased from ham radio antenna manufacturers either as separate products or as replacement parts for a commercial antenna. Stauff clamps (us.stauff.com) are a relatively new product for amateurs; they are used in industrial applications to support pipe and tubing. The polyamide version is preferred.

Formed element-to-boom brackets can be used, as well as flat plate or bar with U-bolts over the boom. The type of mounting of the element to the boom affects the element length, whether it is attached directly to the boom, or insulated from the boom (e.g. with PVC tube). The mounting plate needs to be considered in the computer model. A mounting plate that is 4” × 8” has an equivalent diameter of approximately 2.5” and 4” in length for each element half. A mounting plate that is 3” × 6” has an equivalent diameter of about 1.8” and a length of 3” for each element half. The mounting plate equivalent will be the first section in a model of the half-element. Don’t overlook sources for used tubing, such as a local metal scrap yard.

Surplus metal dealers often have odd lengths and sizes of aluminum tubing. Understand the difference between “tubing” which is extruded and rated for structural use and “pipe” and tubing for household products which are not as strong. Tubing often has an alloy number printed on it.

Some items to look for include irrigation tubing (fairly common in rural areas and nick-named “hand move”), tent poles for small antennas, tubing and fittings from scrapped antennas, and aluminum angle, rod, and round or square extrusions stock. Occasionally, aluminum tower sections can be found in scrap yards. Garage sales are also good sources of used tubing, and every hamfest flea market has a broken or bent antenna or two that can be “parted out.” By being a good scavenger, you can build up a “bone yard” of materials for antenna construction.

Irrigation pipe may be usable as a boom or for longer element sections, although it may require extra support from a truss. Tent poles range in length from 21⁄2 to 4 feet, are usually tapered and can be split on the larger end and mated with the smaller end of another pole of the same diameter. A small stainless-steel hose clamp can be used to fasten the poles at this junction. These make fine elements for small beams, particularly at VHF, and even booms for VHF and UHF Yagis.

For vertical antennas, consumer items such as window-washing and painter’s poles can sometimes be used. These are not made of structural strength tubing but are often suitable and are low cost. For larger low-band verticals, irrigation pipe is often used.

25.3.3 Construction with Aluminum Tubing

Although there is endless variation in the type of antennas designed and built with aluminum tubing, Yagis are by far the most common. Yagi antennas can be successfully built using rules-of-thumb for element and boom material and sizing. Some of these approaches and a set of example element designs are provided in the following paragraphs. YagiStress, a commercially available software program developed and supported by Kurt Andress, K7NV can be used to accurately calculate the loads and survivability of Yagi designs. Designers and builders of large Yagi antennas are well advised to use modeling software such as YagiStress to ensure survivability of the antenna while at the same not using more material than required to achieve desired mechanical performance. YagiStress was used to calculate the wind-speed ratings of the half-element designs in this chapter and is based on the TIA-222-C “Structural Standard for Antenna Supporting Structures and Antennas.” Antenna mechanical design spreadsheets from Physical Design of Yagi Antennas by David Leeson, W6NL (see References and Bibliography), are available from realhamradio.com/Download.htm (the URL is case-sensitive) and have been updated to TIA-222-F. (Support and availability of YagiStress is suspended as of December 2022 but it may be available again at some future date. TIA-222-H is the current revision of the wind speed standard.)

Antennas for frequencies of 14 MHz and above are usually made to be rotated. Rotatable antennas require materials that are strong, lightweight, and easy to obtain. Material selection is dependent on many factors, with weather conditions typically being the most demanding requirement. High winds alone may not cause as much damage to an antenna as does ice loading. Ice in combination with high wind is typically the worst-case condition.

If your location is adjacent to sloping ground, such as a hilltop, be aware of up-lifting winds, as they can cause serious damage by literally lifting the elements and boom, then dropping them. In such locations, large booms and long elements are often trussed on the bottom side, similarly to the typical truss system on the “top side” of the Yagi.

As explained in Section 25.2.1, elements and booms can be made from telescoping tubing to provide the necessary total length. This is referred to as tapering. The boom diameter for a rotatable Yagi or quad should be selected to provide required structural strength and to stably support the elements. The appropriate tubing diameter for a boom depends on many factors. Among them are element weight, element length, number of elements and environmental loads, including static loads such as ice and dynamic loads, principally from wind gusts. Tubing of 1-1/4-inch diameter can easily support a three-element 28-MHz antenna and marginally a two-element 21-MHz antenna. A 2-inch diameter boom will be adequate for larger 28-MHz antennas or for harsh weather conditions and for antennas up to three elements on 14 MHz or four elements on 21 MHz. It is not recommended that 2-inch diameter booms be made any longer than 24 feet unless additional support is added to carry both vertical and horizontal loads. Suitable reinforcement for a long 2-inch boom can consist of a truss or a truss and lateral support, as shown in Figure 25.9.
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A guideline from long-time manufacturers is to decide which component of a Yagi antenna should be the first to fail and which component should be the absolute component “left standing.” The boom is the final choice. It is far better to lose element parts, even full elements, rather than have a boom failure, which means the entire Yagi comes down. Repairing a Yagi with a broken boom is much more difficult than fixing elements.

For boom lengths more than 24 feet, 3-inch diameter thin-wall (i.e., 0.065”) material is usually required. Thicker wall material, such as 0.125” × 2”, 2.25”, and 2.5” can be telescoped for a strong boom in this length range. The larger boom diameters provide considerable mechanical stability as well as large clamping surface area for boom-to-element hardware. Clamping surface area is particularly important if heavy icing is anticipated and helps prevent rotation of elements around the axis of the boom.

Pinning an element to the boom with a bolt or, preferably, a swaged, hardened pin, can eliminate this possibility, but the hole introduces a stress riser that can materially reduce the strength of the boom. Element rotation about the boom axis can be minimized by mounting elements under the boom rather than on top. Pinned elements will work loose over time, especially in windy locations and elongate the pinning holes in both the element and the boom. This is a progressive condition resulting in elements that can be so loose-fitting to the boom that their rotational positions change frequently. Although this condition typically does not adversely affect the electrical performance of a Yagi, the mechanical strength of the members involved degrades as the holes elongate. A Yagi with elements at various angles is unsightly as well, although it will continue to perform electrically.

A 3-inch diameter boom with a wall thickness of 0.065 inch is satisfactory for antennas up to about a five-element, 14-MHz array that is spaced on a 40-foot-long boom. A truss is recommended for any boom longer than 24 feet.

Element Assembly

Figure 25.10 shows tapered Yagi element designs contributed by Stan Stockton, K5GO, that will survive winds in excess of 80 mi/h. With a 1⁄2-inch thickness of radial ice, these designs will withstand winds from 45 to 77 mi/h. Ice increases the surface area subject to wind loading but does not increase the strength of the element. More rugged designs are shown in Figure 25.11. With no ice loading, these elements will survive in 118 to 172-mi/h winds, and in winds from 78 to 92 mi/h with 1⁄2 inch of radial ice. Deviations from the designs provided require analysis with a program such as YagiStress to ensure survivability in the environmental conditions of interest. Except for the very largest 40 meter elements, all required tubing lengths are 6 feet or shorter that can be shipped by parcel services. The file “K5GO Half-Element Designs” showing all element segment lengths, overlaps, tubing specifications and more information on ice loading is included with this book’s online material.
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Figures 25.10 and 25.11 show only half elements. When the element is assembled, the largest size tubing for each element should be double the length shown in the drawing, with its center being the point of attachment to the boom. These designs are somewhat conservative, in that they are self-resonant slightly below the frequency indicated for each design. Telescoping the outside end sections to shorter lengths for resonance will increase the survival wind speeds. Conversely, lengthening the outside end sections will reduce the survival wind speeds. (See the References and Bibliography listing for David Leeson, W6NL [ex-W6QHS], at the end of this chapter.)
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Additional element specifications for HF Yagis built in very high production quantities (>150,000 elements in the field) by Force 12, Inc. and Next Generation Antennas can be found in Array of Light, 3rd and 4th Editions by Tom Schiller, N6BT (nextgenerationantennas.com). These elements use riveted construction and were designed in consultation with Kurt Andress, K7NV (Yagi Stress); the element-to-boom mounts designed with assistance from Dave Leeson, W6NL (Physical Design of Yagi Antennas).

Figure 25.12 shows several methods of fastening antenna element sections together. The slot and hose-clamp method shown in Figure 25.12A works well for joints that require adjustment. Generally, one adjustable joint per element half is sufficient to tune an antenna. Stainless-steel hose clamps work well and are inexpensive. Some do not have stainless steel screws, however. This can be checked with a magnet. Table 25.6 shows available hose-clamp sizes. Wherever tubing sections overlap, a small amount of anti-oxidation compound should be used. This prevents aluminum oxide from forming between the tubing surfaces that can create a high impedance electrical connection and/or mechanically “freeze” the joint.
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Over time in the weather, with the elements flexing millions of times, compression clamps can become loose, and the section(s) can move. A simple added safety measure is to wrap top-quality electrical tape (e.g., Scotch 33+) over the compression clamp and joint and the last wrap should not have tension (stretch) in the tape.

Figures 25.12B, 12C and 12D show possible fastening methods for joints that do not require adjustment. At B, machine screws and nuts hold the elements in place. At C, sheet metal screws are used. At D, rivets secure the tubing. If the antenna is to be assembled permanently, rivets are the best choice. Once in place they are permanent, although they can be drilled out if necessary. They will not work free, regardless of vibration or wind, if properly installed and seated.

The proper rivets are called “closed-end” rivets are specifically designed for vibration (i.e. used in aircraft). These are usually not found at the typical hardware store but are available at many commercial supply companies. They are a “blind rivet”, as there is no back piece and the nickname for them is “pop rivet.” Figure 25.13E shows this type of rivet and how it secures a tubing junction.
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The rivets come with an aluminum body in varying lengths for securing two or three tubing sections. The small 1⁄8-inch body is sufficient for element sections up to 11⁄8” inch diameter and can be pulled by hand. Larger sizes (i.e. 3⁄16”) are can be pulled with an inexpensive pneumatic tool. In all cases, use the smallest nozzle for the rivet tool to secure the rivets.

These rivets are available with a choice of mandrels, the “nail” that gets pulled to seat it in place. The mandrel is attached internally to the aluminum body and “pops” off when the rivet is seated. Steel mandrels seat the rivets more firmly than aluminum mandrels and in either case, the aluminum body of the rivet makes a secure connection to the tubing. There is no danger of dissimilar-metal corrosion with aluminum rivets and aluminum antenna elements. If the antenna is to be disassembled and moved periodically, either B or C will work. If machine screws are used, however, take all possible precautions to keep the nuts from vibrating free. Use nylon-insert (Nylock) nuts or lock washers and a thread-locking compound.

Very strong elements can be made by using a double thickness of tubing, made by telescoping one size inside another for a portion of, or for the total length. This is usually done at the center of an element where more strength is desired at the boom support point, as in the 14-MHz element in Figure 25.11. Other materials can be used as well, such as wood dowels, fiberglass rods, etc.

Antennas for 50 MHz need not have elements larger than 1⁄2-inch diameter, although up to 1 inch is used occasionally. At 144 and 222 MHz the elements are usually 1⁄8 to 1⁄4 inch in diameter. For 432 MHz, elements as small as 1⁄16-inch diameter work well if made of stiff rod. Aluminum welding rod of 3⁄32 to 1⁄8-inch diameter is fine for 432-MHz arrays, and 1⁄8 inch or larger is good for the 222-MHz band. Aluminum rod or hard-drawn wire works well at 144 MHz.

Tubing and rod sizes recommended in the paragraph above are usable with most formula dimensions for VHF/UHF antennas. Larger diameter material reduces Q and increases bandwidth; smaller diameter material raises element and overall antenna Q and reduces bandwidth. Much smaller diameters than those recommended will require longer elements, particularly for antennas for 50-MHz and above.

Element Taper and Electrical Length

The builder should be aware of one important aspect of telescoping or tapered elements. When the element diameter tapers, as shown in Figures 25.10 and 25.11, the electrical length is not the same as it would be for a constant diameter element of the same total length. Length corrections for tapered elements are discussed in the chapter on HF Beam Antennas.

25.3.4 Notes on Aluminum Tubing Construction

Connecting Elements to the Boom

Per theory, there is no RF voltage at the center of a parasitic element and insulation is not required at the boom-to-element interface for elements centered on the boom. Driven elements may or may not be electrically connected to the boom depending on the feed system employed. In practice, parasitic elements are usually directly connected to the boom both mechanically and electrically for designs from HF through lower UHF. At upper UHF, grounded elements are subject to detuning because the element-to-boom contact no longer acts as a point but rather as a complex shape of significant area. At HF, unanticipated and unwanted resonances can occur in center-grounded elements. Highly conservative HF designs and many UHF designs insulate all elements from the boom, typically using Garolite at HF and suitable materials such as Teflon at UHF and above.

Effect of Boom on Element Length

Metal booms have a small “shortening effect” on elements that run through them. With materials sizes commonly employed, this is not more than one percent of the element length and may not be noticeable. It is just perceptible with 1⁄2-inch tubing booms used on 432 MHz, for example. At VHF and UHF, standard design-formula lengths can be used as given and driven element matching can be adjusted at the desired operating frequency. The center frequency of an all-metal array will tend to be 0.5 to 1 percent higher than a similar system built with insulated elements.

Element Vibration

Metal antenna elements have high mechanical Q and if the tubing sections are too long, they will tend to vibrate, especially in light winds. The result over time will be an element fracture. If the design in use is prone to these vibrations, one way to dampen them is by placing a piece of polypropylene rope or similar material line inside the element throughout its entire length. Choice of damping line material is not critical — the line will not be exposed to the sun’s UV. The line will mildew or rot however if something like inexpensive clothesline is used. Cap or tape the end of the element to secure the damping line, leaving a small hole or gap for drainage on each end. If mechanical requirements dictate (a U-bolt going through the center of the element, for instance), the line may be cut into separate pieces for each element half.

The best solution, of course, is to use an element design that does not vibrate, which is one that generally is constructed using shorter segments. This results in more mass towards the element center and a more constant tapering wind load towards the tip. As the element flexes in the wind, the element presents less wind load and sheds the wind vortex.

End Caps

Plastic end caps are often used in an attempt to seal tubing from water. Unfortunately, due to condensation and leakage, the opposite often results and the tubing fills with water. This can lead to unpleasant surprises when an antenna is tilted for lowering or maintenance! Leaving the element open is the preferred choice but if wind noise is a problem or birds or squirrels attempt to store food in the tubing, a plug of porous plastic mesh or stainless steel wool will keep out larger items while allowing water to drain and dampening noise from the wind blowing across the element.

Work Support Fixture

Most tubing antennas for 50 MHz and lower frequencies are Yagis with all of the elements in the same plane. Working on these antennas is much easier if the boom is held at close to chest height. A portable workbench (aka, “Workmate”) holds the boom securely and prevents it from rotating due to imbalance during construction. A portable PA speaker stand will also support a heavy load at adjustable heights.

25.4 Other Materials for Antenna Construction

25.4.1 Wood and Bamboo

Wood is very useful in antenna work. It is available in a great variety of types and sizes. Rug poles of wood or bamboo make fine booms. Bamboo is quite satisfactory for spreaders in quad antennas.

Round wood stock (doweling) is found in many hardware stores in sizes suitable for small arrays. Wood is good for the framework of multi-bay arrays for the higher bands, as it keeps down the amount of metal in the active area of the array. Square or rectangular boom and frame materials can be cut to order in most lumber yards if they are not available from the racks in suitable sizes.

Wood used for antenna construction should be well seasoned and free of knots or damage. Available materials vary, depending on local sources. Your lumber dealer can help you better than anyone else in choosing suitable materials. Joining wood members at right angles can be done with gusset plates, as shown in Figure 25.14. These can be made of thin outdoor-grade plywood. Construction with round material can be handled in ways similar to those used with metal components, such as with U-bolts.
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In the early days of radio, hardwood was used as insulating material for antennas, such as at the center and ends of dipoles, or for the center insulator of a driven element made of tubing. Wood dowels cut to length were the most common approach. To drive out moisture and prevent the subsequent absorption of moisture into the wood, it was treated before use by boiling in paraffin. Of course, today’s technology has produced superior materials for insulators in terms of both strength and insulating qualities. However, the technique is worth consideration in an emergency or if low cost is a prime requirement. “Baking” the wood in an oven for a short period at 200° F should drive out any moisture. Then treatment as described in the next paragraph should prevent moisture absorption. The use of wood insulators should be avoided at high-voltage points if high power is being used.

All wood or bamboo used in outdoor installations should be protected from the weather with varnish or paint. A good grade of marine spar varnish or UV-stable polyurethane varnish will offer protection for years in mild climates, and one or more seasons in harsh climates. Epoxy-based paints also offer good protection. Bamboo can also be protected by wrapping it with electrical tape. Spray varnish is sometimes applied after wrapping with tape and will provide excellent longevity.

25.4.2 Plastics

Plastic tubing and rods of various sizes are available from many building-supply stores. The uses for the available plastic materials are limited only by your imagination. PVC pipe and electrical conduit is quite useful for antenna construction at VHF and UHF. For permanent antennas, be sure the plastic will withstand UV exposure or paint it.

Plastic plumbing and irrigation fittings can also be used to enclose baluns and as the center insulator or end insulators of a dipole, as shown in Figure 25.15. The same fittings and adapters can be used to create a portable antenna that is assembled using friction fits between pipe and fittings.
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Plastic or Teflon rod can be used as the core of antenna loading coils, including for mobile antennas (Figure 25.16), but the material for this use should be selected carefully. Some plastics, particularly PVC, become warm in the presence of a strong RF field. This can result in the core deforming or even catching fire. Where high RF fields are anticipated, fiberglass or Teflon solid rod, or open polycarbonate cylinders are recommended. Home goods stores frequently carry inexpensive drinking glasses made of polycarbonate, in a variety of sizes. These make excellent coil forms for high-power RF applications.
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25.4.3 Fiberglass

Fiberglass is lightweight, withstands harsh weather well, and has excellent insulating qualities. Fiberglass rod and tubing are excellent for the nonconductive structure of an antenna. The strongest fiberglass rod is pultruded, which orients the fibers lengthwise, as compared to G10 laminate’s cross-hatch construction. Fiberglass poles are the preferred material for spreaders for quad antennas, for example. Fiberglass rod or tubing can be used as the boom for VHF and UHF antennas. Extendable fiberglass poles have become very popular as supports for portable wire antennas. The SteppIR family of tunable Yagi, dipole, and vertical antennas use fiberglass tubes with flexible, low-loss, composite metal tape inside as the elements.

Fiberglass should be painted or coated to protect it from exposure to UV when used outdoors. UV breaks down the resin holding the glass fibers together and the surface begins to shed fibers, leading to cracks and water ingress.

Whenever working with fiberglass materials — sawing, cutting, sanding, drilling — gloves and eye protection against loose fiber fragments should be used. If heavy dust is being generated, a dust mask should be worn.

A disadvantage of hollow fiberglass poles is that they may be crushed rather easily. Fracturing occurs at the point where the pole is crushed, causing it to lose its strength. A crushed pole is next to worthless. Some amateurs have repaired crushed poles with fiberglass cloth and epoxy, but the original strength is nearly impossible to regain. Inserting a wooden dowel into the tubing provides additional crush resistance.

25.5 Hardware, Lubricants, and Compounds

The material in this section is an overview of several common topics of interest to antenna system builders. Many more topics are covered in detail by the Workshop Chronicles columns of Don Daso, K4ZA, in the National Contest Journal (see the References section). Table 25.7 is a cross-reference between the closest equivalent standard sizes used in the metric and Imperial unit systems.
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25.5.4 Hardware

Antennas should be assembled with good quality hardware intended for outdoor use. Stainless steel is a good choice for long life. Rust will quickly attack plated steel hardware, making nuts difficult, if not impossible, to remove. Stainless-steel nylon-insert (Nylock) nuts are a good choice for antennas since they are subjected to vibration from the wind.

Good quality hardware is expensive, but over time is less expensive and much less frustrating than poor quality “equivalents.” Antennas built of high-quality hardware need to be taken down and refurbished much less often. When the time does come to repair or modify an antenna, rusty hardware, particularly at the top of a tower, will seem in retrospect to have been a very poor investment.

If stainless-steel muffler or saddle clamps and hose-clamps are not available, steel hardware can be plated or painted with a good zinc-chromate primer and a one or more finish coats. Rust inhibiting paints are also good protection. Stainless lock washers and nuts can be used with plated U-bolts, and they usually can be removed later, even with rusty threads on the U-bolts. When using stainless-steel hardware, use an anti-seize compound on the threads to prevent the threads from jamming due to galling of the thread surfaces.

Larger antennas and tower fixtures are often assembled with bolts that are rated to have specific strengths and characteristics. The ratings are identified by grade markings on the bolt head. A complete list of the markings developed by ASTM, SAE, and ISO standards organizations is available from American Fastener at americanfastener.com/astm-sae-and-iso-grade-markings-for-steel-fasteners. It is important to use hardware with the required ratings to prevent failure from overloaded hardware.

Grades of Bolts

Bolt material strength is determined by the alloy and processing method (cold working or heat treating, for example). The two most important properties are tensile strength and yield strength. Tensile strength refers to the stress at which the material breaks. Yield strength is the stress level at which the material permanently deforms or yields. The load a fastener can carry is calculated by multiplying the material strength by the nominal cross-sectional area of the thread.

A bolt’s material strength is designated by grade. These grades are indicated by markings that may be stamped directly on the bolt head. A list of grades and strengths is presented in Table 25.8 which is a guide for sizes of bolts that are commonly found in tower and antenna construction. Table 25.9 presents guidelines for tightening torque from the standards organization, ASTM International.
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Stainless Steel

Steel is an alloy, made from iron with trace amounts of carbon and other elements. Stainless alloys require adding chromium, manganese, molybdenum, nickel, phosphorous, silicon, and/or sulfur. Depending on the mix and ratio of these, various “grades” of stainless steel are produced, and used to make fasteners. The most common stainless steel is called “18-8,” which simply means approximately 18 percent chromium and 8 percent nickel. Other common grades of stainless steel for fasteners are 304 and 316, both derived from the 18-8 mix.

Because stainless has little carbon, it cannot be heat treated, which translates into reduced strength. (This explains why, if you want to pin something — say a mast or beam — you should not use stainless, but a much harder fastener, such as a grade 8 bolt.) Stainless bolts have reasonable tensile strength, but reduced yield strength, compared to “regular” steel hardware.

The reason for using stainless steel hardware is to avoid corrosion, not for strength. Yet the reduced strength compared to carbon steel means should be considered for the application; ignoring this basic fact could mean disaster.

Stainless steel is also subject to galling, often called cold-welding, which happens when the surfaces of fasteners are put under pressure when tightening. The mating threads rub and break down their surface coatings, which results in friction, causing them to seize together. You’re forced to simply twist the bolt off. The potential for galling can be limited by lubricating the threads with an anti-seize compound. Another option is to switch grades—using a 304 nut on 316 threads, for example, so the surfaces have a sufficiently different chemistry to reduce galling.

Galvanized Steel

Galvanized steel generally has a longer life than plated steel, but this depends on the thickness of the galvanizing coat. In harsh climates rust will usually develop on galvanized fittings in a few years. For the ultimate in long-term protection, galvanized steel should be further protected with zinc-chromate primer and then paint or enamel before exposing it to the weather. Cold-galvanizing spray is useful in repairing damage to galvanized surfaces and preventing rust. It is available in-home goods stores.

25.5.5 Lubricants and Compounds

Lubricants are designed to:

•Minimize friction at the points of contact in bearings.

•Protect the polished bearing surfaces from becoming corroded.

•Dissipate heat.

•Remove or prevent foreign particles from getting into a bearing.

Table 25.10 lists a few common lubricants and associated compounds used with amateur antennas and towers.
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There are two basic types of lubricants — oil and grease. Each has advantages and limitations. Being liquid, oil can lubricate all surfaces and dissipate heat more readily. It retains its characteristics over a broad range of temperatures, making it ideal for high-speed and high-temperature jobs. Oil levels can usually be carefully controlled and monitored.

Grease is thicker and can seal a bearing better than oil. It can easily be confined inside a bearing, allowing you to “pre-lube” fittings, for instance, as it clings to surfaces better than oil. As such, it lasts longer than oil. Grease consists of three components; a base oil, thickeners, and additives.

Thickeners are what give grease its density — its ability to stay in place — and also play a role in lubrication. The thickener allows the oil to “come to the surface” as needed. Additives help address specific problems in lubrication. Molybdenum disulfide (referred to as “moly”) is the most common. Graphite and zinc are also commonly used. Tackifiers make grease sticky, meaning the grease will stay in place. Rust-inhibitors are additives that inhibit oxidation.

Thrust Bearings

The typical Rohn bearing is designed to run dry (unlubricated). The speed is so slow that little heat will be generated. When motionless, the load is distributed symmetrically on the ball and the race. When a tangential load causes the ball to roll, the material in the race will “bulge” in front of the ball, while “flattening out” behind it. Since not enough heat is generated from sliding friction in a typical thrust bearing, metal pickup or welding does not occur. But the aluminum race can show evidence of wear. Since it’s a softer metal than the ball bearings, it will deform first, sometimes to the point of seizure. Lubrication will not solve that problem so if the manufacturer instructions do not require lubrication, don’t add it.

Thread Lubricants

A minimal amount of lubricant is used to lubricate bolt threads. To derive the full benefit of the lubricant, the nut and bolt should be hand-tightened, drawing the nut down the entire length of the threads, coating them with a fine film of lubricant. You do not need lots of lubricant, just enough to coat the threads with a fine film.

Anti-Oxidation Compounds

Noalox and Penetrox are anti-oxidation compounds. Noalox contains suspended zinc particles which penetrate and cut aluminum oxidation, making it excellent for aluminum-to-aluminum connections (i.e., tubing). Penetrox can also be used for aluminum-to-copper connections. These are not lubricants but can keep telescoping tubing joints movable by preventing corrosion and oxidation.

Wire Rope Lubricant

The most common use of wire rope in amateur stations is for crank-up masts and towers. As the rope moves, the strands of wire in the rope move against each other, creating friction and wear. In addition, there can be corrosion at clamps and oxidation or rusting of the wire surfaces. A cable or wire rope lubricant is used to reduce friction and provide corrosion protection both inside the rope and on its outside surface where it moves through pulleys. The mast or tower manufacturer may make specific recommendations for a type of lubricant and a schedule for application which should be followed, particularly under warranty. If no guidance is available, select a penetrating type of lubricant that is sprayed on to the rope. The solvent carrying the lubricant then evaporates, coating the wire strands. A coating type of lubricant is generally not recommended since it will collect dirt, grit, and other contaminants.
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Chapter 26

Safe Practices

This chapter covers three aspects of antenna system safety: work practices and techniques, electrical grounding and bonding, and managing RF exposure. Amateur radio activities are not inherently hazardous, but like many things in modern life, it pays to be informed. Safety begins with our attitude. Make it a habit to plan work carefully. Don’t be the one to say, “I didn’t think it could happen to me.”

Having a good attitude about safety is not enough, however. We must be knowledgeable about common safety guidelines and follow them faithfully. Safety guidelines cannot possibly cover all situations, but if we approach each task with a measure of common sense, we should be able to work safely. If you are contemplating either a simple or significant tower or antenna project, read the articles and references listed in the References and Bibliography

Consider hiring professional assistance if you are not comfortable with doing antenna or tower work yourself. Tower services with amateur experience are listed on various amateur Product Review websites such as eham.net. Be sure to get references and contact recent customers for reviews. Like any service you select to do work around your home or business, the service should be licensed, bonded, and insured in case of accidents or other problems.

Many of the safety products mentioned in this chapter are available from numerous QST advertisers. They should be able to supply everything you need in order to do the job safely and correctly, resulting in years of trouble-free service at the least possible risk. Learning and practicing the right way to do things will save you time, money, and worries.

OSHA and Tower Work
OSHA is the federal Occupation Safety and Health Agency (osha.gov) that sets minimum safety standards for workers. Each state has an agency that is responsible for enforcing the OSHA regulations in that state. In addition, your state agency may have stricter regulations than OSHA; OSHA regulations are just the minimum requirements.
If you are getting paid or paying someone to do tower work, you or they must comply with the federal and state regulations. If you are simply working on your own system, or someone else’s without pay, then you don’t fall under the OSHA/state laws. But you should still observe them! You should use only OSHA/state approved safety equipment and follow the regulations applicable to your activity. By doing this, you’ll be giving yourself a large and acceptable safety margin while working.


26.1 Antenna Safety and Safety Equipment

An antenna at height is a critical component of an effective amateur radio station. Hams have a long history of finding creative ways to get their antennas to the necessary height. We don’t always think of safety first, but regardless of whether the chosen antenna support is as simple as a tree, or as sophisticated as a tall, purpose-built tower, every antenna project can present many potential risks to life and limb. In this section, Jim Idelson, K1IR, guides us through the basics of safely working on antenna systems and the use of safety equipment.

The topic of antenna and tower safety is by no means an academic pursuit. In 2020, there were three recorded fatalities related to amateur radio tower work. There were another three in 2019. Additionally, we know that there have been many additional serious injuries. The causes of these tragic incidents were all identifiable in advance and avoidable. With careful attention and care, no ham needs to lose his or her life or sustain serious injury, when working with an antenna.

Working aloft is dangerous, pure and simple. Whether it’s 20 or 200 feet tall, climbing towers is dangerous. You’re always at risk. Fear of heights is one of the most common phobias, affecting an estimated 3 to 5 percent of the population.

Due to the dangers inherent in such work, working safely is paramount. That translates into having and using the proper equipment to ensure one does not get hurt. Today, that means a proper harness, proper clothing and tools, along with some training or instruction. This focus on safety and equipment is critical.

In this section, we first introduce some important ways of thinking and working that are likely to make for a safe day of antenna work. Next, we focus on some of the specific scenarios and hazards most commonly encountered when working with antennas at height. Some of the more frequently encountered hazards include:

• Electrical hazards

• Structural failure of antenna supports.

• Hazards associated with lifting and lowering equipment

• Falls from substantial height

• Challenging weather

• Falling objects

• Equipment failure

26.1.1 Thinking About Safety: a Big-Picture View

Safety isn’t something you can just set-and-forget. It’s not just buy-and-be-done. It’s a way of thinking; it’s pervasive; it’s ingrained in everything you do. Done right, safety practices result in long-term benefits.

Every antenna project has a lifetime that comprises several important phases. Those phases include Planning, Construction, Maintenance, and Removal. Let’s look at each of these phases and the safety practices can be incorporated into each one.

THE PLANNING PHASE

Every antenna project starts with some sort of Planning. Whether it’s a simple wire antenna or a much bigger installation involving a tower and large rotatable antennas, you’ll need to make a range of important decisions before you begin to build.

Design is perhaps the most critical part of the planning phase. In your design, you will consider questions about the location of the antenna system, the size, weight and strength of the pieces and parts that will be employed, and the strength of all the supporting components. Factors like climate and weather, desired lifetime, maintenance requirements, budgets and local regulations will all factor into your antenna system design. Getting the design right is particularly important because it sets the stage for what will happen throughout the full lifetime of the system. A great design is likely to result in a system that will be effective, reliable, and safe over the course of its entire lifetime.

Conservatism is the watchword for a safe project. Maximum safety can best be ensured by creating the path forward from a conservative perspective. Being conservative in terms of goals and specifications will not only increase safety margins for the project; it will reduce the effort and cost associated with the later phases of construction, maintenance, and removal.

THE CONSTRUCTION PHASE

Construction is the time when the antenna or antenna support structure is erected, usually a day — or several — of concentrated effort by a team of hams. Construction is one of the two phases in the life of an antenna or tower during which risks of injury are at their peak. Some of those involved might have experience while others are new to the process of antenna and tower construction. Fueled by excitement and anticipation of the moment when the project will be ready to test, the build team is often motivated to get the job done quickly. With pressure to complete any job in the least possible amount of time comes the temptation to cut corners. The best of planning is easily compromised when team members decide to skip steps, work with insufficient skills or tools, or omit critical procedures. This is a moment when everyone must be vigilant about keeping safe practices front-and-center.

THE MAINTENANCE PHASE

Once the new antenna or tower has been fully installed and tested, its service life begins. Every owner/operator of an antenna system hopes for a long lifetime of trouble-free operation. But wear-and-tear is a fact of life for all mechanical and electrical devices. Some forms of degradation are predictable, like loosening of nuts and bolts, corrosion, wear on ropes exposed to friction. These can and should be addressed with preventative maintenance steps. Annual checkups on hardware are a must. Replacing antenna support ropes before they fail — every other year is reasonable — will prevent much bigger problems and will help to avoid the need for much bigger and riskier repair projects.

THE REMOVAL PHASE

The second very risky phase in the life of an antenna project — particularly with respect to a tower — is the removal phase. A variety of potential risks present themselves during the take-down of an existing tower. Let’s consider two of the most common safety risks related to removal of a tower.

Unknown Construction Materials and Methods: It is not uncommon for hams to assist in removal of a tower or other antenna structure when a ham is moving or is otherwise no longer able to use it. After asking the first few questions, it is very common to find that the original construction details were not documented. Is there concrete in the base and anchors of a guyed tower? How much? How is the roof tower attached to the roof? What material was used for the mast? Can it be identified simply by visual inspection? When the answers to these questions are unknown, workers face significant risks. If there isn’t sufficient information to make a safety determination, there is only one correct plan of action — walk away and call in the professionals.

Old Installations: When an installation has been in place for many years, the risks multiply. Corrosion is almost certain to have invaded the hardware. Frequently, the corrosion is invisible; even a trained professional may have difficulty detecting it. The opportunity to take on a removal project in exchange for the salvage value of a tower and antennas is a temptation that should be avoided. If you are not highly trained and experienced in working with tower and antenna installations — walk away and call in the professionals.

26.1.2 Build in Safety from the Start

Working at height is a potentially dangerous activity. As you think about climbing a roof or a tree or a tower, it is important to frame every decision you make in the context of safety. Continually asking the question, “Is this the safest way?” should become second nature. In the workplace, this is known as developing a safety mindset. Mature organizations and teams build safety considerations into every project they undertake, fully recognizing the costs in time and resources that come with keeping people and property safe. The world of amateur radio is no different. Payback on investments in safety are returned over the long term, manifest in reduced rates of injury and fatalities. Developing a reputation as a safe pursuit also helps to foster the permissive and trusting environment, we need to pursue the experimental aspects of amateur radio.

In this section, we will focus much of our thoughts on tower climbing, but many of the concepts are transferable to other forms of work aloft.

TAKE ADVANTAGE OF STANDARDS

Commercial and government standards organizations provide a great deal of guidance in the area of safety equipment and technique. In the United States, OSHA, the Federal Occupational Safety and Health Administration, collects and analyzes real-world safety data. The agency then works with industry in the creation and publication of high-level regulations for workplace safety. These rules include minimum standards for equipment and procedures. ANSI (American National Standards Institute) is an independent non-profit organization that encourages further development of detailed requirements for safety in many areas, including tower safety. The Telecommunication Industry Association (TIA) produces the most widely accepted standards package covering tower safety — ANSI/TIA-222-H (publ. 2017). Although amateurs working on their own non-commercial projects without compensation are not bound by these rules and recommendations, you’ll be much better off following them. There are many suppliers of excellent safety equipment that meets and exceeds the industry standards. If you choose compliant equipment and learn safe techniques, you will be on the path to a safe and successful project.

BEFORE YOU BEGIN: PREPARATION

As you contemplate any new project, you will need to scope the entire job.

• What are your goals? How will you define success?

• What strategies could you use to achieve the goals?

Consider a job that’s diagnostic in nature. You believe there is a problem with a coax cable getting hung up on some tower hardware. The goal is to observe the coax as you turn the antenna rotor through 360 degrees of rotation. The traditional approach would be to send a climber up the tower for direct, close-up observation. But new technology can offer faster, easier, and safer options. Consider observing with binoculars from the safety of the ground or an upper floor in a nearby building. Or send a drone right to the location in question and capture recorded video through the full rotation.

Another concept that can greatly reduce risks and make a job go more smoothly is to break the work down into well-defined modules. Successful completion of one module should be required before proceeding to the next. When you break the work down this way, you gain the ability to manage your time more precisely and you have a built-in series of go/no-go decision points.

When you decide that climbing is the right approach, take stock of all elements of the job.

• Skills and experience

• Parts and supplies

• Safety equipment

• Tools

• People

• Time

• Conditions (weather, physical impediments, safety status)

One of the most important aspects of safety that you must assess is whether you have the knowledge and awareness to do a job safely and efficiently. You must have the mental ability to climb and work at altitude while constantly rethinking all connections, techniques, and safety factors. Safely climbing and working on towers is 90% mental. Mental preparedness is something that must be learned. This is an occasion where there is no substitute for experience. Establishing and maintaining the right mental attitude is the hardest step for most people. But when safety gets the focus it deserves, tower work can be done safely, and accidents are relatively rare.

PRE-WORK SAFETY INSPECTION

Before climbing any tower, perform a careful inspection of the base, anchors, and guys. A pair of binoculars allows inspection of the tower and guys above eye level. There should be no visible rust on the base section, especially where it contacts concrete. Look for splits from water freezing in the tower legs. If any of these are apparent, do not climb until further checks and any repairs are done. A small hole (1⁄8 inch typically) may be drilled in the bottom of a tower leg without compromising strength to drain any standing water. Guys should be correctly tensioned and all guy attachments and anchors secure and free of rust.

If the tower is a crank-up model, lower it completely until the lift cable is slack. Tower sections can bind and appear to be lowered completely but slip from a climber’s weight, causing serious injury. Before climbing, block all tower sections with a 2×4 or heavier material so no downward motion is possible. Never assume a crank-up tower is fully nested. For tilt-over towers or tower-lowering fixtures, perform a careful inspection of the winch, cable, and fixture before raising or lowering the tower. When the tower is near horizontal, the tension in the cable can be thousands of pounds. Make sure no one is near the tower as it is raised or lowered and wear protective gear when operating the winch.

26.1.3 Climbing Safely

100% TIE-OFF: A RULE TO LIVE BY

Since its inception in the 1970s, OSHA has focused on workplace safety. In the 1980s, OSHA introduced the 100% tie-off standard requiring a worker’s body belt to be secured by at least two lanyards. This protection factor became essential for employees who executed tasks at heights. Fortunately, the body belt soon evolved into a full harness, which further protected workers from spinal and internal organ injuries.

OSHA’s fall protection standards even cover fall protection for residential construction projects. Personal fall arrest systems must bring a worker to a complete and controlled stop, restrict workers from falling more than 6 feet, and have the strength necessary to endure twice the impact energy of the worker falling 6 feet.

Why is this type of system necessary? 100% tie-off is part of your plan to ‘expect the unexpected’. While you can be in top physical condition, equipped with the most modern tools and trained in the latest techniques, unexpected situations still arise. When everything is going well, there is no reason to expect to suddenly ‘just let go’ when perched on the side of the tower. But workers can and do experience sudden health emergencies. A heart attack or a fainting episode due to dehydration can render a worker unconscious. Unavoidable distractions can occur, as well. What if you were to accidentally disturb a bees’ nest and suddenly get stung while in your work position? Any of these situations could cause you to lose consciousness or the attention needed to maintain your footing. In moments like these, your 100% tie-off will save your life.

Fall protection is continuing to evolve in today’s workplace, as employers and regulators seek new ways to protect workers. OSHA has ongoing research on how to identify hazards and is also improving current regulations. As a ham, if you know and take to heart the concept of 100% tie-off, you will be well on your way to making your tower work as safe as possible.

26.1.4 Working Safely

It’s not a race! Take your time and climb safely. If you become tired or uncomfortable, stop and rest with your lanyards securely fastened to the tower. If you feel unsafe at any time for any reason — stop and return to a safe position or configuration!

Safety Climb Systems

Most commercial towers have a safety climb system, typically a 3/8-inch steel cable that runs from the top to the bottom of the tower. The climber attaches to a special trolley with a cable from the climber’s harness. The trolley will slide up freely but clamps the safety cable if weight is put on it, thus preventing you from sliding down the cable and tower. Such installations are rare on amateur towers but are worth considering.

The Mental Aspect

One of the most important aspects of safety is having the knowledge and awareness that will enable you to perform work safely and efficiently. You must have the mental ability to climb and work at altitude while constantly rethinking all connections, techniques, and safety factors. Climbing and working on towers safely is 90% mental. Mental preparedness is something that must be learned. This is an instance when there’s simply no substitute for experience.

Working on a Crank-up Tower
One of the advantages of a crank-up is the ability to bring the antennas down to rooftop level or close to ground level where it’s easier for the station owner to work on it. For this convenience, the price that you pay is the added mechanical complexity and cost of the crank-up apparatus. They can cost two to three times the cost of a guyed tower of the same height.
Another limitation is the fact that a crank-up cannot be climbed safely once it is extended. Do not climb a crank-up tower unless it is totally nested and locked in the lowered position! Again, all of the weight of the system is on the cable and pulley systems and if something breaks or comes loose, your toes and fingers are in the path of the tower sections as they fall! If the tower is jammed and won’t come down, don’t climb it to fix it. Get a boom truck or crane in to lift you up to work on it. Better yet, get professional help.
It is possible to climb a crank-up if you can lock it into place. One method is to use 3- to 4-foot-long pieces of 2×4 or pipes. Another is to place a U-bolt on at least one leg under each section. Insert them at the bottom of each section through the bracing and they’ll catch each section before it can move down very far. You can also gently lower the tower until it rests on the safety pieces, thus jamming them into place and eliminating any tower movement at all.
It will still be quite difficult to climb the nested latticework sections. Having small feet is an advantage here, as silly as that may sound. It may even be difficult to find a suitably rated attachment point for your lanyard. Again, the safest and simplest method of working on a crank-up tower is to utilize a manlift.


When it comes to tower climbing, only a small percentage of people are willing to climb and work aloft. The biggest obstacle is making the mental adjustment. Properly installed towers are inherently safe and accidents are relatively rare. The only thing stopping most people is their own mind and attitude.

Would you have any trouble standing on a 24 × 24-inch piece of plywood on the ground? Probably not! But could you stand on that same four-square-foot platform 100 feet in the air? The only difference is in your mind. It’s easier said than done, but you must make the mental adjustment if you are going to do any tower work.

An important lesson learned from mountain climbing that is directly applicable to tower climbing is that when you climb, you have four points of attachment and security — two hands and two feet. When tower climbing, move only one point at a time. That leaves you with three points of contact on the tower and a wide margin of safety if you ever need it. This is in addition to having your fall-arrest lanyard connected at all times.

Another recommended technique to excel at the mental game is to always do everything the same way every time. That is, always wear your positioning lanyard on the same D-ring and always connect it in the same way. Always look at your belt D-ring while clipping in with your safety strap. This way you’ll always confirm that you’re belted in. Don’t rely on the “clicking sound,” or assume you’re belted in and clipped on. Always look — always!

Principles of Working Safely
The following safety tenets are founded on three fundamental principles: Do it safely or not at all; There’s always time to do it right; and if it’s worth doing, do it better.
1. Never load or operate structures or equipment outside the design limits. Be careful with tools, ropes, pulleys, and other equipment that can cause injury or damage if they fail due to overload. Use the right stuff!
2. Always move to a safe, controlled condition and seek assistance when a situation is not understood. This is particularly important when working on towers and antennas. If something doesn’t look right or isn’t going according to plan, return to a safe state and figure out what to do.
3. Always operate with the safety mechanisms engaged. If a safety mechanism prevents you from doing something, either the task is unsafe, or you may not be using the right equipment.
4. Always follow safe work practices and procedures. Make a plan before you start and don’t do something you know is unsafe.
5. Act to stop unsafe practices. The team’s safety depends on every team member. Do not hesitate to stop work if you see it is unsafe. Don’t be afraid to speak up or ask for help! Regroup and do it right.
6. Clarify and understand procedures before proceeding. This is particularly important when working with a crew. Be sure everyone understands the procedure and how to communicate.
7. Involve people with expertise and firsthand knowledge in decisions and planning. Ask for advice and guidance from experienced hams when planning a task with which you are unfamiliar.


Check Your Safety Equipment

You should also check your safety equipment every time before you use it. Inspect it for any nicks or cuts to your belt and safety strap. Professional tower workers are required to check their safety equipment every day; follow their example.

Inclement Weather

Tower work is the easiest when the weather is nice, and the sun is shining. Unfortunately, that doesn’t always coincide with your construction schedule or repair priority. Don’t hesitate to call off your project and wait for the right weather. If you’re not sure if the weather is good enough, it probably isn’t.

For raising tower sections or antennas, a relatively windless day is preferred. Professional climbers usually do their trickiest lifts first thing in the morning when the chance of wind is the least. Don’t push on in marginal conditions; you may wind up doing more harm than good. Obviously, you don’t ever want to climb during a lightning storm.

As far as rain goes, unless it’s coming in horizontally it’s more of a nuisance. For ham towers, you’ll always be belted in, and you won’t be walking across any rain-slicked surfaces, so working in the rain is possible. Just dress in good rain gear and you’ll be able to still get some work done. Some ham towers have been painted, and their surfaces become slick when wet, so exercise extreme caution if that’s what you’re working on. And while the workers aloft may find they can continue working, the ground crew (or the client) suffers more, getting wet while waiting for something to happen. Again, don’t hesitate to wait for better conditions.

Electrical Safety

Electrocution due to metal antenna or tower parts touching power lines is the biggest cause of tower related electrical injuries. Be very careful if you’re anywhere near power lines.

Even without touching a power line, you can still be electrocuted while working on a tower, which is a large, grounded conductor. A major cause of tower injuries and deaths is electrocution. While there usually isn’t much 120 V ac circuitry on amateur towers, care should still be taken around ac power. Use battery-powered equipment, if possible, both for convenience and safety. If you do use ac extension cords, make sure they’re plugged into a GFCI (ground fault circuit interrupter) for your protection. Power tools operated from ac should be double-insulated. Part of your pre-work safety meeting should be pointing out where the circuit breaker box is in case someone has to turn off the power.

Safety Tips for Tower Work

• Don’t climb with anything in your hands; attach it to your harness if you must climb with it or have your ground crew send it up in a bucket after you’re in position.

• Don’t put any hardware in your mouth; you could swallow it or choke on it.

• Remove any rings and/or neck chains; they can get hooked on things.

• Be on the lookout for bees, wasps, and their nests; there aren’t too many bigger surprises when you’re climbing a tower. If you do get stung, apply a meat tenderizing powder containing the enzyme papain, such as Adolph’s Meat Tenderizer, directly on the sting moistened with a little water or saliva. The enzyme neutralizes the venom and reduces the pain within a minute or two. Keep a bottle in your tower tool kit. If you are allergic to stings, always have an Epi-Pen or the equivalent with you. Benadryl is another recommended medication for stings.

• Don’t climb when tired; that’s when most accidents occur.

• Don’t try to lift anything by yourself; one person on a tower has very little leverage or strength. Let the ground crew use their strength; save your strength for when you really need it, or you’ll quickly run out of arm strength.

• If something doesn’t work one way, rerig, and then try again.

26.1.5 Safety Equipment

Personal Fall-Arrest System (PFAS)

To implement 100% tie-off, you need the right equipment. OSHA specifies the equipment that must be used. Minimum requirements for Personal Protective Equipment (PPE) are given in OSHA Standard 1910.140 - Personal fall protection systems (osha.gov/laws-regs/regulations/standardnumber/1910/1910.140).

The most important pieces of safety equipment are the personal fall arrest system (PFAS) you wear and the accompanying lanyards that attach to it (Figure 26.1). The body harness portion of the PFAS, known as a fall-arrest harness (FAH), has leg loops and suspenders to help spread the fall forces over more of your body and can hold you in a natural position with your arms and legs hanging below you where you’re able to breathe normally.
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Two or more lanyards are used. The first is the critically-important dual fall-arrest lanyard. This lanyard attaches to a D-ring at the base of your neck, between your shoulder blades. Two lanyards extend from this point and attach to the tower above your work position. The dual lanyard design allows you to always have one leg of the lanyard secured to the tower. This is the most flexible and cost-effective way to implement your 100%-attach climbing strategy. The simplest lanyards of this type use 6-foot ropes or ballistic nylon straps. They are inexpensive, but don’t offer any shock absorption. Shock absorbing varieties are much preferred. These lanyards typically have bar-tacked stitches that pull apart under force and decelerate you as you fall (see Figure 26.2). Should you ever have a fall, and the shock-absorbing component is activated, the lanyard is no longer considered safe. It should be disposed of and replaced before the next climb.
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The second lanyard is the positioning lanyard shown in Figure 26.3. That is, it holds you in a working position and attaches to the D-rings at your waist. Positioning lanyards can be adjustable or fixed and are made from materials such as nylon rope, steel chain or special synthetic materials. An adjustable positioning lanyard will adjust to fit various tower diameters, while a fixed-length lanyard is often either too long or too short for the job. The rope type is the least expensive version. It is important to remember that positioning lanyards are not considered part of the safety system. They provide a level of comfort and convenience during long periods on an antenna support structure, but they do not provide protection in the event of a fall.
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Hams should note that leather climbing equipment was outlawed some years ago by OSHA — so don’t use it. This includes the old-fashioned climbing belt that utility pole linemen used for years but which offers no fall protection capability. If you drop down while wearing a safety belt, your body weight can cause it to shift up from your waist to your ribcage where it could immobilize your diaphragm and suffocate you. On the other hand, you can use a safety belt for positioning when it’s worn in conjunction with a compliant FAH. In fact, most modern fall arrest harnesses also incorporate a waist belt with positioning lanyard attachment rings for a single, convenient, comfortable climber safety package.

Mountain Climbing Harnesses
Mountain climbing harnesses are not an acceptable substitute for a tower-climbing fall arrest harness. While less expensive, they are designed to be used only with climbing ropes and hardware, not with tower tools or equipment. The first problem with using a mountain climbing harness is that most require you to tie the harness directly to a rope or to a carabiner and most hams are not skilled at tying climbing knots properly. You could use a locking carabiner as an attachment point, but it is another piece of hardware that could fail or open up at the wrong time.
Second, there are no D-rings for attaching any sort of positioning lanyard; you can only connect one carabiner to the loops in the front. The nylon loop on the front of the climbing harness is only designed to position the leg loops and is intended to be used only with a climbing rope or carabiner, not the metal snaps of your lanyard that are frequently snapped on and off. They also don’t have any provisions for convenient attachment of tool or bolt bags.
The final problems are that a mountain climbing harness may be designed for a force of only 1000 pounds while OSHA-approved fall-arrest gear must be designed for 5000 pounds of strength. Also, the mountain climbing harness has no fall-arrest capability. Although the main advantage of a mountain climbing harness is low cost, its limitations prevent it from being recommended for tower work.
One caveat . . . if you are in the market for new climbing gear, you should not overlook the purpose-built systems offered by manufacturers that have traditionally served the recreation climbing market, but now have professional safety products in their portfolio. Some of their products are outstanding — meeting the highest safety standards while taking advantage of the latest in light-weight, comfortable technical fabrics.
Do not even consider using harnesses not designed for climbing work, such as lightweight tethers or belts for hunting or other recreational uses. Please: use only the tools designed specifically for the job!


But having the right gear doesn’t ensure it is in good working order. Take a page from the OSHA regulations. Professional tower workers are required to check their safety equipment every day. Make it your habit to check your safety equipment before you use it — every time. Inspect for any nicks or cuts to your harness and lanyards immediately prior to each use.

Boots

Boots should be leather with a steel or fiberglass shank. Diagonal bracing on Rohn 25G tower is only 5/16-inch rod — spending all day standing on that small step will take a toll on your feet. The stiff shank will support your weight and protect your feet; tennis shoes will not. Leather boots are mandatory on towers such as Rohn BX that have sharp X-cross braces, plus your feet are always on a slant and that combination can be quite painful and hard on your feet.

Hard Hats

The hard hat is highly recommended. Just make sure hard hats are OSHA-approved and that you and your crew wear them. As you’ll be looking up and down a lot while wearing your hard hat, a chin strap is essential to keep it from falling off. Look for the ANSI or OSHA label on the hard hat; that should be the minimum safety compliance for your helmet.

Safety Goggles

Approved safety goggles should be worn to prevent eye injury. Look for ANSI or OSHA approval.

Gloves

If you do a lot of tower work, your hands will take a beating — gloves are essential. Keep several spare pairs for ground crew members who show up without them. Cotton gloves are fine for gardening, but not for tower work; they don’t provide enough friction for climbing or working with a haul rope. Leather gloves are the only kind to use; either full leather or leather-palmed are fine.

The softer the gloves the more useful they’ll be. Stiff leather construction gloves are fine for the ground crew, but the pigskin and other soft leathers allow you to thread a nut or do just about any other delicate job without removing (and possibly dropping) your gloves.

Framers or mechanics gloves (with the fingertips removed) keep your hands warm with enough fingertip exposed to perform fine work. Some types also have straps for hanging the gloves on the tower while you are working.

Safety Equipment Suppliers

Chances are that you’ve got a safety equipment store in your area, but your best bet is to search the Internet for what you need since tower climbing equipment is not very common. Manufacturers such as Klein, Petzl, DBI-Sala and others all provide OSHA-approved safety equipment. These are more expensive products, but they’re preferred by professionals who wear them and work in them all day. These companies will have many other useful accessories and rigging supplies, such as rope, canvas buckets, tool pouches and other hardware.

26.1.6 Tower Climbing Best Practices

Just having the right gear does not ensure that it will save your life; you must use it correctly. The most important rule for using a full body harness and dual fall arrest lanyard is to follow these 100% tie-off steps as you climb. This is illustrated in Figure 26.4.
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• Attach one lanyard hook above you as you start your ascent. In the case of most ham towers, attach to a tower leg, as the leg provides the strongest anchor point. A tower rung is often not strong enough to sustain the downward force of a fall as specified in the OSHA requirements.

• As you climb, attach the second lanyard hook to a tower leg a few feet above the first.

• Disconnect the lower hook and continue to climb.

• As you climb, alternately place the hooks such that you are always securely connected by one of lanyard ends and try to keep your attachment point above you as much as possible. This will limit the maximum distance you can fall at any moment.

• When you reach your work position, attach both lanyards above you for redundant fall protection while you do the job.

• Reverse these steps as you descend.

Note that the sequence described above does not call for use of a positioning lanyard. That is because, while a positioning lanyard is helpful in providing comfort while climbing or while working, it does not meet the stringent requirements for fall arrest. So, you can — and should — use positioning lanyards to make your work easier, but don’t depend on them for fall protection.

The National Electrical Code (NEC)
The National Electrical Code (a.k.a. — “the Code”) is a comprehensive document that details safety requirements for all types of electrical installations. In addition to setting safety standards for house wiring and grounding, the Code also contains a section on Radio and Television Equipment — Article 810. Sections C and D specifically cover “Amateur Transmitting and Receiving Stations”. Highlights of the section concerning Amateur Radio stations follow. If you are interested in learning more about electrical safety, you may purchase a copy of The National Electrical Code or The National Electrical Code Handbook, edited by Peter Schram, from the National Fire Protection Association, Batterymarch Park, Quincy, MA 02269. Both are available at libraries, as well.
Antenna installations are covered in some detail in the Code. It specifies minimum conductor sizes for different length wire antennas. For hard-drawn copper wire, the Code specifies #14 AWG wire for open (unsupported) spans less than 150 feet, and #10 AWG for longer spans. Copper-clad steel, bronze or other high-strength conductors may be #14 AWG for spans less than 150 feet and #12 AWG wire for longer runs. Lead-in conductors (for open-wire transmission line) should be at least as large as those specified for antennas.
The Code also says that antenna and lead-in conductors attached to buildings must be firmly mounted at least 3 inches clear of the surface of the building on nonabsorbent insulators. The only exception to this minimum distance is when the lead-in conductors are enclosed in a “permanently and effectively grounded” metallic shield, such as a conduit. The exception also applies to coaxial cable.
According to the Code, lead-in conductors (except those covered by the exception) must enter a building through a rigid, noncombustible, nonabsorbent insulating tube or bushing, through an opening provided for the purpose allowing a clearance of at least 2 inches or through a drilled windowpane. All lead-in conductors to transmitting equipment must be arranged so that accidental contact is difficult.
Transmitting stations are required to have a means of draining static charges from the antenna system. An antenna discharge unit (lightning arrestor) must be installed on each lead-in conductor (except where the lead-in is protected by a continuous metallic shield that is permanently and effectively grounded, or the antenna is permanently and effectively grounded). An acceptable alternative to lightning arrestor installation is a switch that connects the lead-in to ground when the transmitter is not in use.
Grounding conductors are described in detail in the Code. Grounding conductors may be made from copper, aluminum, copper-clad steel, bronze, or similar erosion-resistant material. Insulation is not required. The “protective grounding conductor” (main conductor running to the ground rod) must be as large as the antenna lead-in, but not smaller than #10 AWG. The “operating grounding conductor” (to bond equipment chassis together) must be at least #14 AWG. Grounding conductors must be adequately supported and arranged so they are not easily damaged. They must run in as straight a line as practical between the mast or discharge unit and the ground rod.


Many climbers have developed ways of thinking about movement on a tower that force safer behavior. One such model is the concept of having four points of attachment and security — two hands and two feet. When climbing, move only one point at a time. That leaves you with three points of contact and a wide margin of safety if you ever need it. This is in addition to having your fall-arrest lanyard connected at all times. When climbing with a pair of lanyard hooks, make a habit of thinking “On Then Off” so that the disconnected hook is attached before taking the connected hook off the tower.

Another recommended technique is to always do everything the same way every time. That is, always wear your positioning lanyard on the same D-ring and always connect it in the same way. Always look at your belt D-ring while clipping in with your safety strap. This way you’ll always confirm that you’re securely belted in. Always look!

26.1.7 Insurance

It is important that you have insurance that covers any potential liabilities (someone getting hurt on the tower, damage caused by tower failure, and so on) as well as the physical equipment itself.

The ARRL also offers the Ham Radio Equipment Insurance Plan (arrlinsurance.com). Your mobile and home station equipment is covered on an all-risk form which includes fire, lightning, theft, collision, and other accidents and natural hazards. Loss or damage to antennas, towers or rotators is covered. Review the policy’s coverage at the insurance plan’s website for complete information.

Ray Fallen, ND8L, an agent for State Farm Insurance for over 20 years, wrote an informative article on insurance in the February 2009 issue of QST, titled “Homeowners Insurance and Your Antenna System,” which is included with this book’s online material. Ray also wrote Chapter 12 of Antenna Towers for Radio Amateurs, which is focused on insurance.

26.2 Grounding and Lightning Protection

The subject of grounding and lightning protection is very broad, covering everything from low-frequency ac safety through RF electromagnetics. As such, a thorough treatment is well beyond the scope of this section although certain important points and concepts can be introduced and discussed. This section covers the requirements for safety grounding of the antenna system components and discusses ground or earth connections used for lightning protection.

Providing “cookbook” solutions for grounding and lightning protection is unrealistic because every station and antenna system is different. Local codes, soils, and lightning environment all vary from location to location. Thus, the goal is to provide general guidance, define common terms, and identify authoritative sources of information so that the underlying principles can be applied to a specific station’s needs.

It is recommended that station builders study the references and articles cited in this section, including those provided with this book’s online material, when designing and constructing their own station. The References and Bibliography list several well-known and respected industry standards for lightning protection of military and commercial communications and broadcast facilities. While a professional-quality installation may be out of reach for amateurs, the references provide guidance for how to best use the limited resources available.

This section also includes material from the Safe Practices chapter of The ARRL Handbook and other ARRL publications such as Grounding and Bonding for the Radio Amateur (see References and Bibliography). This section includes material updated by Jim Lux, W6RMK, and Ward Silver, NØAX. The ARRL’s Technical Information Service web page on Safety (arrl.org/safety) also contains lists of useful references and guidelines for installing protective systems in your station.

26.2.1 Station Grounding

PERMITTING

Most locations impose some kind of permit process on significant outdoor building projects, such as towers. Along with mechanical and civil engineering concerns for whether the structure is sound and appropriately sited, electrical requirements for grounding and lightning protection are also included.

Find out what building codes apply in your area and have someone explain the regulations about antenna installation and safety. For more help, look in your telephone directory or online for professional engineers, electricians, and contractors. Accommodating local code requirements at the beginning of your project is usually a lot less expensive than trying to bring a non-compliant system up to code later.

Your local electrical supply houses and distributors are good sources for both references to contractors and materials.

AC SAFETY GROUNDING

The National Electrical Code (NEC) specifies standard methods for dealing with electrical shock and fire hazards. Article 250 deals with grounding and bonding. Article 810 deals with radio and television equipment. Your local code may refer to these sections or may impose different or more stringent requirements. In either case, the local code has authority over your installation. The NEC is published by the National Fire Protection Agency (NFPA) — nfpa.org.

Reducing the detailed language of the NEC to simple terms, you must connect all exposed metal from ac-powered equipment to a central, common ground. All equipment electrically connected to an ac-powered device should have a permanent safety connection, even if the equipment is unpowered, such as an antenna tuner or audio switch. This includes masts and towers, along with any other outdoor equipment.

This connection is usually referred to as the ac safety ground and the connection is made through the “third wire” of your ac power wiring; the bare or “green” wire. If a short circuit develops between the ac wiring and the enclosure of a piece of equipment, the resulting fault current in the ground connection trips a circuit breaker in the hot conductor. Leakage current is mostly due to capacitance between the phase (hot) ac conductor and the equipment chassis or enclosure. This includes capacitors used for ac line filtering and stray capacitances such as between a power transformer’s windings and its metallic frame, which is usually bonded to the equipment enclosure and thus to the equipment’s ground connection.

Ground-Fault Circuit Interrupter (GFCI) breakers go one step further and monitor the balance of current on the hot and neutral lines of an ac circuit. If an imbalance is detected, it is assumed that the missing current is flowing on the equipment chassis or enclosure, where it can present a shock hazard and the GFCI trips to remove power.

Since the ac safety ground is concerned with currents at the power line frequency and its first few harmonics, the length of the connection is relatively unimportant. Similarly, resistance in the ac safety ground path or imbalances of a few ohms between circuits doesn’t matter much from the perspective of safety. (Imbalances might be significant for signal-level connections.) The important thing is that hazardous current takes a path that doesn’t go through a human being.

BONDING

Bonding refers to connecting equipment enclosures and earth connections (ground rods) together, so they are at the same electrical potential, even if there is a short-circuit in the ac power connection or a lightning strike. The goal of bonding is to minimize the voltage between exposed metal surfaces to reduce shock hazards. In the amateur station, bonding also minimizes RF current flow between pieces of equipment that can cause improper or degraded operation.

Equipment can be bonded together regardless of whether there is an earth connection. Bonding connections should be made with conductors that are heavy enough to be mechanically secure and that have minimal resistance.

The minimum recommended grounding conductor for bonding earth connections together is #6 AWG stranded wire. Copper strap (or flashing) should be a minimum of 1.5 inches wide and 0.05 inch thick. In the station, bonding equipment enclosures together can be done with #12 or #14 AWG wire or flat-woven, tinned copper, braided strap. For lowest impedance, the ratio of length to width of the braid should be about five or less. Mounting holes should be installed at each end of the braid, not solder lugs. Use grounding fittings and blocks for connecting the bonding wires and strap together. Use stainless steel washers or shim when connecting conductors of dissimilar metals.

Do not use braided strap outdoors or where exposed to moisture because the individual strands oxidize over time, greatly reducing the effectiveness of braid at RF. Use bare copper for buried ground wires. (There are some exceptions; seek an expert’s advice if your soil is corrosive.) Braid removed from coaxial cable should not be used as an RF bonding conductor. Without the protection and compression of the jacket, the weave of round braid loosens, and the individual wires will oxidize.

Exposed runs above ground that are subject to physical damage may require additional protection (such as a conduit) to meet code requirements. Wire size depends on the application but never use anything smaller than #6 AWG for bonding conductors. Local lightning-protection experts, electricians, or building inspectors can recommend sizes for each application.

STATIC DISSIPATION

Wind and precipitation can develop a large static charge on any ungrounded antenna or tower, up to thousands of volts. If not discharged to ground, the charge will eventually build up and arc to a convenient grounded point. This can obviously lead to equipment damage. There are several methods of dissipating static charge without affecting the antenna system. The first two suggestions are primarily useful at HF.

• High-value, non-inductive resistors of 10 kΩ or more connected from ungrounded feed line conductors to ground allow small currents from static electricity to be discharged safely. The resistors should be rated for at least 1 kV to avoid arcing from high RF power levels and induced voltage surges from nearby lightning strikes. Metal-oxide resistors of 1⁄2-W or higher power rating can withstand short pulse overloads and are inexpensive.

• RF chokes below their self-resonant frequency provide a dc path to ground for static while having sufficiently high reactance to have a minimal effect on impedance. Note that wire-wound chokes use fine wire that can act as a fuse and become an open circuit from a lightning-induced transient.

• DC-grounded antenna designs use shunt inductors to ground at the feed point or have driven elements connected to a supporting structure, such as a gamma-matched Yagi. These antennas dissipate static charges continually.

• Quarter-wave shorted stubs (see the Transmission Line System Techniques chapter) act as an open-circuit at the design frequency while providing a direct path to ground for static electricity. This technique only works on a single band and can’t be used on multiband antennas.

26.2.2 Lightning Protection

Effective lightning protection system design is a complex topic. There are a variety of system tradeoffs that must be made and that determine the type and amount of protection needed. Hams can easily follow some general guidelines that will protect their stations against high-voltage events that are induced by nearby lightning strikes or that arrive via utility lines. The basic techniques are thoroughly explored in the three-part 2002 series of QST articles “Lightning Protection for the Amateur Station” by Ron Block, KB2UYT (now NR2B), that are included with this book’s online material and at arrl.org/lightning-protection. Another useful document on lightning protection is available from the IEEE, “How to Protect Your House and Its Contents from Lightning” (see the References and Bibliography).

You may also wish to use the services of a local lightning protection expert to advise you on specific techniques appropriate for your area. Companies that sell lightning-protection products may offer considerable help to apply their products to specific installations. The References and Bibliography section of this chapter contains a partial list of PolyPhaser’s publications (polyphaser.com).

TOWER AND FEED LINE GROUNDING

Because a tower is usually the highest metal object on the property, it is the most likely strike target. Proper tower grounding is essential to lightning protection. The goal is to establish short multiple paths to the earth so that the strike energy is divided and dissipated.

Connect each tower leg and each fan of metal guy wires to a separate ground rod. Space the rods at least 6 feet apart. Bond the leg ground rods together with #6 AWG or larger copper bonding conductor (form a ring around the tower base, see Figure 26.5). Connect a continuous bonding conductor between the tower ring ground and the station’s cable entrance panel.
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Welded Earth Connections
The best way to ensure that a buried ground rod connection remains effective is to weld it. Conventional welding may be used but a far easier method is to use exothermic welding in which a fast-burning fuel melts the rod and connecting wire together, resulting in a mechanically and electrically secure connection. Often referred to as “one-shots,” the best known products in this line are the CADWELD products by Erico (erico.com) and the Harger Uni-Shot (harger.com).


Make all connections with fittings approved for grounding applications. Do not use lead-tin solder for these connections — it will be destroyed in the heat of a lightning strike. If the fitting is to be buried, use welded connections (see the sidebar) or clamps that are specifically rated for direct burial.

Because galvanized steel (which has a zinc coating) reacts with copper when combined with moisture, use stainless steel hardware between the galvanized metal and the copper grounding materials. Alternatively, Burndy GC-18A and Panduit both supply “dual-rated pipe ground clamps” to connect aluminum and copper or galvanized surfaces and copper. They accept tubing or pipe up to 2” in diameter.

To provide an alternate path for strike energy to entering your home or station via the feed line, ground the feed line outside the home. Ground the coax shield to the tower at the antenna and the base to keep the tower and line at the same potential. Several companies offer grounding blocks that make this job easy to do properly.

BONDING EARTH CONNECTIONS

Significant voltages can be created between separated earth connections, especially during lightning surges. The solution is to bond all external earth connections together, creating a perimeter ground as shown in Figure 26.6. The perimeter ground may extend completely around the building but if that is not practical, extend the ground system as far as you can with ground rods every 10 feet or so.
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The ground rods and buried bonding conductor provide a low impedance path for the lightning’s charge outside the building and help keep equipment at close to the same voltage at low frequencies. Both are important — keep as much of the lightning energy as possible outside while minimizing large voltage differences and current surges that damage equipment inside.

The service entrance ground connection from the ac power distribution panel to a ground rod establishes a local earth connection for lightning protection of ac-powered equipment and appliances. All other earth connections should be bonded to the service entrance ground.

All earth connection bonding requires at least #6 AWG copper wire. This includes lightning protection conductors, electrical service, telephone, antenna system grounds, and underground metal pipes. Any ground rods used for lightning protection or entrance panel grounding should be spaced at least 6 feet from each other and the electrical service or other utility grounds and then bonded to the ac service entrance ground as required by the NEC and local codes.

UFER GROUND

If you live in a dry or rocky area where ground rods are difficult to install or ineffective, a Ufer ground or “concrete-encased electrode” is often used. The Ufer ground relies on the conductivity of concrete to contact the soil over the large area of a foundation slab or tower footing. Reinforcing bar (rebar) inside the concrete is bonded to building steel or a tower with a heavy bonding conductor.

More information on Ufer grounds is available in NEC section 250.52, the PolyPhaser book Lightning Protection and Grounding, and in Lightning Protection & Grounding Solutions for Communication Sites (see References and Bibliography).

CABLE ENTRANCE PANEL

The basic concept for lightning protection is to make sure that all the radio and other equipment is bonded so that it “rises and falls together” in the presence of a transient voltage. It’s not so important that the station be at “ground” potential, but, rather, that everything is at the same potential. For fast rise-time transients, such as the individual strokes that make up a lightning strike, even a short wire has enough inductance that the voltage drop along the wire is significant, so whether you are on the ground floor, or the 10th floor of a building, your station is “far” from Earth potential.

The easiest way to ensure that everything is at the same potential is to tie all the signals to a common reference. In large facilities, this reference would be provided by a grid of large diameter cables under the floor, or by wide copper bars, or even a solid metal floor. A more practical approach for smaller facilities, like an amateur station, is to have a common connection point for all the cables. Often referred to as an entrance panel or single-point ground panel (SPGP), the object is to provide a common potential reference for shields and signal connections.

The easiest way to create an entrance panel is to install a large metal enclosure or a metal panel as a bulkhead and grounding block in the exterior wall. The panel should be bonded to the lightning dissipation ground with a short wide conductor, and, like all grounds, bonded to the electrical system’s ac service entry ground. This is illustrated in Figure 26.6 which shows the various grounding systems at a typical home station. (W8JI’s website at w8ji.com/station_ground.htm shows examples of an entrance panel system and wiring practices.)

If multiple entry panels or lightning arrestors are used for different services, such as telephone or cable TV, connect those panels or lightning arrestors to the outside bonding conductor that connects all the ground rods together.

Every conductor that enters the structure, including antenna system control lines, should have its own lightning arrestor or surge suppressor on an entrance panel. Suppressors are available from a number of amateur equipment vendors, as well as the usual electrical equipment suppliers such as Square-D, Graybar, and so forth. (See Parts 1 and 2 of the QST articles by Block for illustrations.)

Mount all lightning arrestors, protective devices, switches, and relay disconnects on the outside facing wall of the bulkhead. The enclosure or panel should be installed in a way that if lightning currents cause a component to fail, the molten metal and flaming debris do not start a fire. To avoid creating another path to ground around the panel, route the feed lines, rotator control cables, and so on at least six feet away from other nearby grounded metal objects.

LIGHTNING ARRESTORS AND SURGE SUPPRESSORS

Feed line lightning arrestors (known as antenna discharge units in the NEC) are available for both coaxial cable and parallel-conductor or balanced line. Most of the balanced line arrestors use a simple spark gap arrangement, but a balanced line impulse suppressor is available from several vendors.

DC-blocking arrestors for coaxial cable have a fixed frequency range. They present a high-impedance to lightning energy below 1 MHz while offering a low impedance to higher-frequency RF.

DC-continuous arrestors (gas tubes and spark gaps) can be used over a wider frequency range than those that block dc. Where the coax carries supply voltages to remote devices (such as a mast-mounted preamp or remote coax switch), dc-continuous arrestors must be used. Figure 26.7 shows examples of typical arrestors for coaxial cable.
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UPPER FLOOR STATIONS

A common situation is for an amateur station to be on the floor of a building well above ground level. For these stations, Figure 26.8A shows two common methods of routing feed lines and control cables to an upper floor station, either from ground level or above ground directly to the station. In both cases, an SPGP must be created at the station as close as practical to the cable entry point with its own grounding conductor to the external ground electrode. All lightning protectors must be mounted on the SPGP so they will fire at the same time. Even if lightning protectors are added elsewhere outside the building, an SPGP at the station is still required. If a separate feed-through panel is used, it must be bonded to the SPGP. The SPGP must have its own grounding conductor to the external ground conductor to the external ground electrode. All cables must be run outside the building until they reach the entry point where the SPGP is located. Your first choice should be running above-ground cables to ground level before they reach the station entry point.
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Running antenna feed lines and other cables directly into an upper-floor station as in Figure 26.8B creates a very difficult lightning protection challenge. An entrance panel on the upper floor will help equalize voltage differences between the cables but unless building steel framework is available as a low-impedance earth connection, the long bonding conductor to the perimeter ground will result in significant voltage differences with respect to other ground-referenced wiring such as ac power. In such cases, it is best to disconnect all cables at the entrance panel when not in use or when storms are in the area.

PROJECT: ANTENNA FEED LINE PROTECTION UNIT

This project was originally published as “Antenna Feed Line Control Box” by Phil Salas, AD5X, in the August 2014 issue of QST. The complete article, including a parts list, all construction details, design formulas, and performance measurements, is included with this book’s online material. Commercial versions of this project are sold as “antenna disconnectors” by Inrad (vibroplex.com) and Paradan Radio (paradanradio.com) — see the Product Review of these items in the April 2019 issue of QST.

Regardless of whether you build the device yourself or purchase it, the connection to your station’s ground system is very important. The connection should be direct, low-impedance, and short, using heavy wire or strap. This will help reduce the voltage difference between the protector and any other piece of station equipment also connected to the ground system. The commercial versions completely disconnect both conductors of the feed line from the radio. See this chapter’s section on “Grounding and Lightning Protection” for more information about lightning protection.

Design

While the design in Figure 26.9 is not a substitute for a fully grounded entrance panel with lightning arrestors, it can make a good backup protection system, particularly for stations on upper floors of buildings or with marginal lightning protection grounding. The intent is to deal with voltage pulses caused by nearby lightning strikes and static buildup on antennas, both of which can damage equipment in the station.
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Static buildup (often termed precipitation static) on antennas can reach thousands of volts. This can be prevented with bleeder resistors connected from the coax center conductor to ground.

As most of the energy in a lightning strike is concentrated well below 500 kHz, the high reactance of the blocking capacitors will attenuate much of this low frequency energy. This high reactance also allows the voltage to spike. Therefore, gas discharge tubes will fire for impulse voltages greater than about 800 V, shunting that energy to ground.

Normally the blocking capacitors will simply serve to pass RF current from the unit’s inputs to the ANT outputs. Capacitors passing heavy current are subject to heating and will dissipate power Pd proportional to the product of the equivalent series resistance ESR and the square of the RF current I: Pd = I2 × ESR. This power dissipation can be minimized by choosing capacitors with a low dissipation factor DF. Because ESR = DF × Xc where Xc is the capacitor’s reactance, the power dissipated by the capacitor can now be expressed as Pd = I2 × DF × Xc. Stating Xc in terms of the frequency f and capacitance C yields Pd = (I2 × DF) / (2π × f × C).

Capacitor heating can be further reduced by paralleling capacitors, which reduces the current through each capacitor. Assuming the aggregate current remains the same, paralleling two equal-value capacitors will reduce the current through each by a factor of 2. Because the power dissipated is proportional to the square of the current, the net effect will be to reduce the individual capacitor power dissipation by a factor of 4.

Schematic

When remote switch S1 is set to LOAD, power is removed from SPDT relays K1 – K4. The disposition of the relay contacts shown in the schematic is for the power off condition, which is also the state of the unit when the station is off the air. In the power off state, relays K2 – K4 connect signals ANT1 – ANT3 (J5 – J7) to chassis ground, which in turn is connected to the station single point ground via a wing nut connection on the outside of the aluminum box. This prevents static charge buildup on the antennas and provides a path to ground for pulses due to nearby lightning strikes. Additionally, when S1 is set to LOAD, relay K1 connects KAT1 to DUMMY LOAD through SO-239 connectors J1 and J4 respectively.

When remote switch S1 is set to ANTS, +12 V is supplied to the unit through POWER input J8, which in turn is connected to the coils of relays K1 – K4. Diode D1 suppresses the kickback voltage from the relay coils when power is removed and capacitors C8 and C9 bypass any RF voltage to ground.

In the power on state, the ground shunt connections made by relays K2 – K4 of signals ANT1 – ANT3 are removed along with the KAT1 connection to DUMMY LOAD through K1. Then, KAT1 is connected to ANT1 via K1 and K2 and blocking capacitors C1 – C3. The author paralleled three capacitors on this port because this is his only 160-meter connection.

The paths through the unit are similar, so we’ll take the path from KAT2 (J2) to ANT2 (J6) as a representative case. Capacitors C4 and C5 are wired in parallel to share RF current in order to minimize heating due to their equivalent series resistance. In the power on state, since ANT1 – ANT3 are no longer grounded, the unit is vulnerable to pulses from nearby lightning strikes and to static charge buildup on the antennas. In the event of a nearby lightning strike, the high reactance of C4 and C5 will block much of the energy from the pulse. And if the voltage spike should reach 800 V, gas discharge tube GDT2 will fire, and the energy will be shunted to ground. While operating, static charge buildup is prevented by bleeder resistor R2 connected from the signal line to chassis ground.

The small-value capacitor C10 compensates for the impedance bump due to the unit’s internal wiring. Without the capacitor the SWR of the unit degrades to about 1.3:1 on 6 meters when the unit is perfectly terminated. With the capacitor, the SWR is less than 1.03:1 (36 dB return loss) on 6 meters. Of course, these capacitors are not really necessary as the protection box follows any antenna tuner. However, any impedance bump can degrade a less-than perfect feed line SWR enough to make the difference between bypassing a tuner and the need for a tuner to be in-line, especially at the higher frequencies.

Note that the voltage ratings of the components in this path are higher than typical: R2 is rated at 3.5 kV, where an ordinary resistor is only rated for a few hundred volts; blocking capacitors C4 and C5 are rated at 2 kV and C10 is rated at 1 kV. The relays, while inexpensive, work well through 6 meters, providing 1 kV RMS of isolation between contacts, 5 kV RMS of isolation between the coil and the contacts, and contacts rated at 12 A continuous current.

Construction

Figure 26.10 shows a photo of the completed unit built into a cast aluminum box that has a mounting bracket that permits it to be rigidly mounted in place. The relays (with pins up) are hot-glued to the aluminum box. A step-drill or 5⁄8-inch Greenlee punch works well for cutting the SO-239 connector holes. Note that there is also a ground stud consisting of a #8 stainless steel screw, nut, lock washer, and wing nut for connecting to your station’s single-point ground.
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26.3 RF Safety

(This section was written by Gregory Lapin, PhD, PE, N9GL, chair of the ARRL RF Safety Committee. Additional contributions were made by Ric Tell, K5UJU, Kai Siwiak, KE4PT, Peter Zollman, G4DSE, and Ian White, GM3SEK. The ARRL’s RF Safety Committee reviewed this content. RF Safety is also addressed in the Safe Practices chapter of the ARRL Handbook that was updated with the 100th edition and applies to references here.) Additional material is available on the ARRL’s RF Exposure web page at arrl.org/rf-exposure.

26.3.1 Safe Use of RF Energy

As licensed radio amateurs, we all need to ensure that our transmissions do not expose any people beyond the levels that have been deemed to be acceptably safe by regulatory agencies. Standards organizations have reviewed and analyzed scientific research that has been performed for over 60 years and derived safe levels of exposure for people. Regulatory agencies, such as the FCC in the United States, have developed rules that require all operators of RF transmitters to maintain human exposure levels below specified limits. (See the sidebar “Standards, Science, and the Community.”)

An RF safety program should be developed for each amateur radio station. The program begins with an analysis of potential exposure levels around the station. If exposure of people greater than the regulatory limits is possible, the program then determines what forms of mitigation will be necessary to prevent any person’s exposure from exceeding the regulatory limits. Although not required by the FCC, documentation of the RF safety program should be filed away so that it can be referred to if there is ever a question about RF exposure from that station.

Standards, Studies, and the Community
You or your neighbors are likely to have questions about where standards for RF Exposure come from or how science evaluates the effects of RF on people. There are two papers on the arrl.org/rf-exposure web page and in this book’s online material to help understand these questions: “RF Safety Standard Development” and “Types of Scientific Studies.” To help you explain to your neighbors that amateur radio is safe because you operate your equipment safely, the discussion “How to Interact with a Concerned Neighbor” can make the conversation easier for everyone. Finally, there is much information online with more coming out every day. “Interpreting the News About RF Exposure ‘Discoveries’” will help you deal with information that might be out of context or simply untrue. These documents will be helpful as you navigate questions about RF and amateur radio transmissions.


The ARRL RF Safety Committee
The ARRL maintains an RF Safety Committee that is composed of engineering, scientific and medical experts in the many aspects of the study of RF safety. The RFSC serves as a resource to the ARRL Board of Directors, the ARRL Laboratory, and to the amateur community. It monitors new scientific research and many of its members participate in the scientific committees that develop safety standards for RF exposure. The RFSC participates in generating the RF safety questions for FCC amateur question pools and works with the FCC in developing its environmental regulations. For more information about the RFSC, see arrl.org/arrl-rf-safety-committee.


Part of RF safety is recognizing that non-ham acquaintances and family members may have concerns about RF exposure. Material in the ARRL Handbook will help you explain what hazards exist and what steps you have taken to ensure that you are operating safely. Some people may have concerns that are difficult to address. For such cases, the ARRL provides “How to Interact with a Concerned Neighbor,” which offers some guidance in responding. In addition, the internet is a frequent source of information that is taken out of context, or simply false, which can also raise unwarranted concerns. The paper “Interpreting the News About RF Exposure ‘Discoveries’” may be helpful when such issues are brought to you. Both papers are available at the ARRL’s RF Exposure website, arrl.org/rf-exposure.

26.3.2 What Exposure Limits are Based On

Past health studies have been summarized by standards bodies that then identified levels of exposure considered to be safe. The two most recognized standards bodies are the IEEE International Committee on Electromagnetic Safety, ICES, and the International Commission on Non-Ionizing Radiation Protection, ICNIRP. The FCC has based its exposure regulations on both the IEEE C95.1-1991 standard and recommendations from the National Council on Radiation Protection (NCRP), a scientific group chartered by the U.S. Congress, in their NCRP Report #86. Other countries have based their exposure regulations on the ICNIRP guidelines. When using exposure tools, it is important to be aware of which standards have been used to make the calculations. To read more about the history of electromagnetic energy exposure standards development see the RF Safety Standard Development on the ARRL’s RF Exposure web page (arrl.org/rf-exposure).

26.3.3 FCC RF Exposure Requirements

The FCC is given the responsibility under the National Environmental Policy Act of 1969 to control the operations of transmitters that it regulates to prevent adverse effects on the environment. In 1996, this duty was expanded to prevent the signals from all transmitters, including those of the Amateur Radio Service, from causing excessive human exposure. Since the FCC is not a health and safety agency, it has relied on accepted RF safety standards and advice from the FDA, NIOSH, and EPA to develop its rules.

MEASURES OF HUMAN EXPOSURE

The FCC RF exposure limits are based on an older IEEE standard, IEEE Std. C95.1-1991, which was later adopted as an American National Standard ANSI/IEEE C95.1-1992. The latest revision of IEEE standard is IEEE Std C95.1-2019, IEEE Standard for Safety Levels with Respect to Human Exposure to Electric, Magnetic, and Electromagnetic Fields, 0 Hz to 300 GHz. While the older IEEE standard used specific absorption rate (SAR), which is essentially a measure of the amount of RF energy the human body absorbs from a given source, as a basic dosimetric parameter in the formulation of RF exposure limits (Ed. — a dosimeter is an instrument that measures exposure to doses of radiation, e.g., radio waves, X-rays, etc.), the most recent IEEE standard uses Dosimetric Reference Limits, or DRLs, to specify the maximum rate at which RF energy may be safely absorbed within the body. (DRL is equivalent to Basic Restriction, or BR, used in the ICNIRP standard.) A difference introduced in the latest IEEE standard is that SAR is used as the DRL only from 100 kHz to 6 GHz. Incident power density is used as the DRL above 6 GHz, since at the higher frequencies, energy does not penetrate the body but is mostly absorbed at the surface. At those frequencies, the most sensitive organ that could be exposed is the cornea of the eye.

Exposure limits are divided into two classes: Occupational (or Restricted or Controlled), for those people who are aware of their exposure and have been trained how to control it, and General Population (or Unrestricted or Uncontrolled), for everyone else. The FCC considers radio amateurs and the other people living in their homes to be in the occupational category. To make that classification valid, radio amateurs are expected to educate the people living in their homes about the potential for RF exposure caused by operation of their stations and how to reduce exposure if they so desire. The household members should also be made aware of when the station is transmitting.

The basic measure of exposure is the SAR, measured in watts per kilogram of body mass. The SAR limit is a fixed value over much of the frequency spectrum and only varies with the part of the body that is exposed. The DRLs are lowest for whole body averaged exposure (0.08 W/kg for general population and 0.4 W/kg for the occupational population). Higher DRLs apply to localized exposure, which is averaged over a specified mass of tissue. The limits for localized exposure to the head and torso are 2 W/kg (in the C95.1-2019 standard, or 1.6 W/kg in the FCC regulations) for general population and 10 W/kg (in the C95.1-2019 standard or 8 W/kg in the FCC regulations) for the occupational population, averaged over any 10 grams of tissue in the C95.1-2019 standard or over any 1 gram of tissue in the FCC regulations. For the extremities (defined as the limbs and the external portions of the ears, in the C95.1-2019 standard or as the hands, wrists, feet, and ankles in the FCC regulations) the localized exposure limits are 4 W/kg for general population and 20 W/kg for the occupational population, averaged over any 10 grams of tissue.

It is very difficult to measure or model SAR. To measure SAR, one would have to place a probe directly in the tissue at many locations and monitor the rate of absorbed electromagnetic energy over time. Modeling SAR is also complicated since the varying shapes of anatomical structures and their electromagnetic properties must be modeled over the entire body. While these tasks are not impossible, they are complex enough that few amateur licensees would have the ability or means to determine if exposure from their stations exceeds the FCC SAR limits.

To overcome this problem, the C95.1-2019 standard also provides Exposure Reference Levels, or ERLs (also known as Reference Levels in the ICNIRP guidelines), each of which relates a SAR limit to corresponding quantities that can be more easily measured or modeled. Unlike SAR limits, however, ERLs do vary with frequency, largely because of the different resonances that arise from the dimensions of body parts relative to the wavelengths.

Although most things affecting radio amateurs are unchanged between the C95.1-2019 standard and the FCC rules, some of the terminology is different. Most obviously, ERL is the new name for the FCC’s Maximum Permissible Exposure (MPE) term. Another difference that is important to radio amateurs is that the FCC now requires any body part that is exposed within 20 cm of the source to be evaluated with the SAR. A potentially confusing difference between FCC regulations and the current standard is that the FCC references localized exposure to 1 gram of tissue in the head and torso, while the C95.1-2019 standard bases its DRLs on absorption in 10 grams of tissue.

In Figure 26.11, which represents MPEs recommended by the IEEE C95.1-1991 standard, the resonance effect is clear. The average human body and its larger structures are most resonant in the VHF range, and because of this the MPEs in that frequency range are the lowest (most restrictive). The entire VHF range, from 30 to 300 MHz, is assigned the most restrictive MPEs in order to encompass the different body sizes in the population, including children, as well as smaller resonant structures in the body, and differences between exposure in free space, and when standing on ground. Where the difference between wavelength and the size of body structures is greater, both at VLF, LF, low HF frequencies, and at microwave and higher frequencies, absorption is less and the MPEs are higher (less restrictive).
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At lower frequencies the interaction between electromagnetic energy and the human body differs for the electric and magnetic components of the energy. To address this, in the frequency range up to 300 MHz there are different MPEs for the electric field strength (E, in V/m) and the magnetic field strength (H, in A/m), and both limits must be met. Above 300 MHz the MPE limits are expressed only by the power density (S, in mW/cm2). When measuring or modeling power density at frequencies below 300 MHz one must be careful to work in terms of “plane-wave equivalent power density.” Plane-wave conditions are a defining feature of the far-field, but this assumption is not valid in the near-field. Instead, the power density must be derived from both E and H at any given location, using a vector calculation that takes account of the direction and phase of each component. Because of this complexity, a common, but conservative, practice is to ensure that both the MPEs for E and H are complied with separately.

The graph in Figure 26.11 can also be expressed as a table in Table 26.1. The FCC has published their MPE limits in that form in their rules, in 47 CFR §1.1310(e). Unlike the plots in Figure 26.11, power density is also shown in the table for frequencies below 30 MHz, under the condition that it be plane-wave equivalent power density. However, as illustrated in examples in this section, depending on the antenna type, either E or H can determine the minimum compliance distance below 300 MHz, so both must be evaluated.
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Localized Exposure

The MPEs in the FCC rules presume uniform whole-body exposure. This may or may not be the case for typical amateur radio situations. In some circumstances, exposure is mainly limited to a portion of the body. Handheld radios are an important example of this. When you hold a handheld radio in front of your face, most of the exposure from its antenna is to your head and hand. The FCC uses 20 cm (about 8 inches) between the antenna and any portion of a person’s body to distinguish between whether whole body MPE can be used for assessing compliance with their rules, or if a localized SAR determi-nation must be made. For any antenna that is used less than 20 cm from a person, the only acceptable form of exposure determination is SAR.

Since SAR determination is beyond the capabilities of most radio amateurs, it is expected that manufacturers of handheld radios will perform that test and provide the results to the amateur, who will be able to use those test results to show compliance with the FCC exposure requirements. This requirement became official on May 3, 2021, and any handheld radios manufactured before that time are assumed to meet the exposure requirements even without SAR testing by the manufacturer. In support of this, a survey was made of the FCC equipment database for commercial handheld radios at frequencies just above the amateur 2-meter band with similar power output and manufacturer-provided flexible “rubber duck” antennas. This limited survey confirmed that the SAR measurements were below the FCC SAR limits, implying that the same could be presumed for comparable devices in the amateur market. Similar results were seen for devices that operated at frequencies just above the amateur 70 cm band (see the reference for Tell).

26.3.4 Averaging Factors Affecting Exposure

The MPEs are based on eliminating the whole-body heating effects caused by RF exposure. Both spatial averaging and time averaging affect actual whole-body exposure. In addition, the duty cycles of modulation type and operating pattern affect time-averaged exposure levels. Although these considerations add complexity to the evaluation process, doing so creates a more accurate determination that may change what seems to be an exposure exceeding the MPE to one that is actually in compliance.

SPATIAL AVERAGING

MPEs are expressed as spatial averages over the dimensions of the human body. This could become important in some circumstances where combining direct and reflected fields results in the observed field strength changing significantly with height. For comparison with the MPE, the spatially averaged E or H value is the square root of the average of the sum of the squares of the field strength samples along the averaging dimension. The FCC defines the vertical spatial averaging dimension to be 2 meters. In lieu of spatial averaging, the FCC also accepts the maximum field strength determined over the same dimension.

TIME AVERAGING

When exposed to RF, the body takes some time to heat up. The MPEs therefore apply to time-averaged exposures over a designated time period of either 6 minutes for the occupational population or 30 minutes for the general population. This process results in controlling the average level of thermal load imposed on the body. The time averaging permits short exposure to very high-power signals if followed by a period of very low exposure. This has the same heating effect on the body as a continuous lower exposure, as long as the average does not exceed the MPE over the designated averaging time.

MODULATION DUTY CYCLE

Many forms of modulation cause the peak power of the transmitted signal to vary over time. In addition, the human voice has variations that may be described in terms of peaks and valleys of voice amplitude and the natural pauses between syllables and words. Digital communication modes also have predictable spaces between transmitted symbols.

The modulation duty cycle averages out any short-term variations in power level created by the chosen mode of modulation. The modulation duty cycle of a constant-level unmodulated carrier is 100% as are frequency and phase modulation, which involve no changes in amplitude. The same is true for digital modes based on frequency or phase modulation.

By definition, all forms of amplitude modulation involve variations of amplitude with time. Notable examples include on/off keying of a carrier, AM, and SSB forms of voice modulation. In all these cases the modulation duty cycle is less than 100%, resulting in a reduction of the average RF exposure.

The combined effects of these types of variations lead to an average signal power that can result in lower exposure than would occur with an unmodulated signal. Some common averaging duty cycles for typical amateur radio modulation types are shown in Table 26.2.
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OPERATIONAL DUTY CYCLE

During the mandated exposure averaging times of 6 min-utes or 30 minutes, almost all amateur communication switches between transmit and receive several times. Since exposure occurs only during the transmit portion of the conversation, the transmit-receive cycle represents another reduction factor to the overall time-averaged value of exposure. A typical conversation between two radio amateurs would have each station transmitting for about 50% of the time. While contesting, the transmit duty cycle could either be lower, with short calls and longer times listening or higher with frequent CQ calls and short pauses for a reply. Each amateur should make a best estimate of the duty cycle of transmission for their form of operating.

An operational duty cycle is meaningful only if transmissions are significantly shorter than the averaging period. The mandated averaging times of 6 or 30 minutes represent ‘rolling’ periods, meaning that one should always evaluate the worst case. For instance, if an amateur transmits continuously for 5 minutes and then listens for 5 minutes, the worst-case duty cycle within a rolling 6-minute averaging period of occupational exposure, is 5 minutes out of every 6 minutes, or 83%. However, for this same transmit-receive timing in calculations for exposure of the general population, with a 30-minute averaging period, transmission takes up 15 minutes out of the 30-minute averaging period and the resulting duty cycle is 50%.

In ‘freestyle’ operation where much depends on human behavior, determining specific values of operational duty cycle can be difficult and the amateur should make exposure calculations based on the expected worst-case timing. However, the exact opposite is true of many modern digital modes because the operational duty cycle is fixed by the protocol used and can thus be applied with full certainty.

ACTUAL EXPOSURE AFTER AVERAGING

The exposure that is calculated for a person standing near an antenna can be lowered by factoring in both the modulation duty cycle and the operational duty cycle. For instance, imagine that you have calculated that a person in the general population could be exposed to the equivalent of 1.0 mW/cm2, a power density that exceeds the FCC MPE of 0.2 mW/cm2 by a large margin, when standing in a certain location near your 10 meter dipole. You may then apply time averaging. If you normally operate with uncompressed SSB and converse with a friend where you each talk for one minute and listen for one minute, Table 26.2 indicates that your modulation duty cycle is 20% (factor of 0.2) and your operational duty cycle will 50% (factor of 0.5). The actual averaged exposure of the person in question would then be:

1.0 mW/cm2 × 0.2 × 0.5 = 0.1 mW/cm2

Therefore, this location will meet the FCC MPE for the general population provided the station is operated as described. However, if you were to switch your modulation from SSB to FM, the modulation duty cycle would increase from 20% to 100% (factor of 1.0). With all other operating parameters being the same, the averaged exposure of the person in question would then become:

1.0 mW/cm2 × 1.0 × 0.5 = 0.5 mW/cm2

which is more than double the FCC MPE for the general population.

From a practical point, however, exposure evaluations are based on several assumptions, particularly about operating behavior. If a station is so close to the MPE limits that it depends on specific operating conditions be compliant, then the amateur should consider other ways to make sure that the station is always below the MPEs. For instance, the assumption of the 50% operational duty cycle may be incorrect the first time the amateur has a long story to tell. The section on RF Exposure Mitigation below may be useful to give the station some margin to allow for variability of the operating assumptions.

26.3.5 Responsibilities of the Radio Amateur

The FCC requires every amateur radio licensee to abide by its exposure rules. Even when you are not required to perform a complicated analysis, it is still your responsibility to make sure that no person is ever exposed above the MPEs listed in the FCC rules.

There are several ways to evaluate the exposure from your amateur radio station. For the purposes of exposure analysis, it is not necessary to determine the exact levels to which people might be exposed. It is only necessary to affirm that any exposure will be less than the FCC MPE limits. Any assessment method that provides credible confirmation of that point is all that you need to demonstrate compliance. Unless you want to explore your station’s exposure levels further, you may use the simplest assessment method that serves your purpose.

The simplest forms of evaluation are designed to be highly conservative so that any operation passing the evaluation is highly unlikely to ever cause overexposure to any person near the antennas. However, this conservatism may sometimes indicate non-compliance in cases where a more exact analysis could show that no overexposure would occur. For that reason, whenever a simple and conservative calculation indicates non-compliance, that should be interpreted as a signal to analyze the situation in greater depth. For instance, the FCC provides simple, conservative calculations to determine if a situation may be classified as exempt from more detailed analysis. A favorable result indicates compliance, but a negative result does not automatically indicate non-compliance. It only indicates that further analysis may be needed.

Most amateur stations will require multiple analyses to account for differences in frequency bands, antennas, operating modes, power levels, and any other factor that could affect the final outcome. It is not necessary to use the same analysis methods for each set of operating parameters and, as stated earlier, the simplest method that shows compliance with the FCC MPEs is generally the best to use.

The FCC does not require that amateurs submit the results of their exposure assessments to the Commission. However, it is wise to document the assessments for your own records. If there is ever a question about overexposure from your station, you will then be able to provide documentation to show why that is not the case.

CHOOSING AN ANALYSIS METHOD

The two most common analysis methods, measurement and computer modeling, are described in detail in the ARRL Handbook. Both measurements and modeling are time consuming and can be complex. Why go to that kind of trouble when simple online calculators exist, such as the one located on the ARRL website? (arrl.org/rf-exposure-calculator)

Online calculators are usually based on far-field calculations and specified to their stated exposure limit. Even in the near-field these can be accurate for some simple antennas, such as half wave dipoles in free space (the proof of this can be found in the reference for Jordan and Balmain). However, it is important to be aware that all simplified online calculators can give incorrect results in more complex situations. These include:

• Compact antennas with dimensions much smaller than one-half wavelength

• Potentially all antennas that are less than one-tenth wavelength above ground

• Highly directional antennas

Directional antennas are an important case where simplified online calculators will give incorrect results. Such calculators take account of antenna gain by calculating the compliance distance for the main beam of the antenna, but they then apply that same compliance distance in every other direction as well, which is conservative but also physically impossible. Even for a rotatable antenna, where the main beam could be pointing in any horizontal direction, there are still locations at which the antenna is never pointed, such as directly below or above the antenna, leading to false indications of noncompliance in those locations. For example, if the online calculator determines that the compliance distance for a Yagi antenna is 10 meters and the antenna is mounted on a 10-meter high tower, then its results cannot be used to show compliance for a person standing at the base of the tower. Similar inaccuracies exist for roof mounted towers and people inside a house. The only correct conclusion from such an analysis is that a simplified calculator is not applicable to that case.

A very important note is that online calculators must not be used for an antenna operated within 20 cm of the body surface, such as handheld transceivers. The FCC requires a localized SAR assessment of exposure for that operating condition.

PERFORMING AN EXPOSURE ASSESSMENT

Before choosing what type of exposure assessment is needed, there is certain information that must be gathered, which will be used with any assessment. When using modeling techniques, the measure of power that is supplied to the antenna is needed. For this, you need to know the output power of the transmitter and the loss in the feed line. The simplest way to calculate this is to first convert transmitter output power to dBW (dB with respect to a watt, e.g., 100 watts = 20 dBW). Next subtract the feed line loss, which is specified by coaxial cable manufacturers in dB/100 feet, or dB/100 meters, at various frequencies. Choose the closest frequency that is reported by the manufacturer and factor in the length of the coaxial cable. Then subtract cable loss in dB from the transmitter power output in dBW.

If you have a power amplifier that you use occasionally, try applying that high power output in the analysis. If the assessment suggests that exposure may not comply with the MPE, you can analyze with and without the amplifier separately. Clearly, if analysis with the higher transmit power indicates no potential exposure problems, then it is not necessary to repeat the analysis at a lower power level.

Knowledge of the minimum distances that people can be from the antenna is necessary for assessing compliance. It is advantageous to distinguish between exposure to people in the occupational population and exposure to the general population. This can be important for some stations since the FCC MPE values for the occupational population are significantly less stringent. The FCC has designated licensed radio amateurs and the members of their households as members of the occupational population, so it may be necessary to perform two analyses for each antenna on each band, with the distance from the antenna to the nearest people in the occupational population used in one calculation and the distance from the antenna to the nearest people in the general population used in the other calculation.

DECIDING TO MEASURE OR MODEL

Measuring RF fields, particularly in the near field, is not easy to perform accurately. Calibrated equipment is necessary, including both the antenna and the measuring device. In the near field, both E and H must be measured, and the measurement antenna orientation also must be varied to account for differences in polarization. To further complicate matters, objects in the field can also perturb the measurements. Such objects include the person making the measurements and the ground.

Usually, the most accurate measurement is accomplished with a small non-resonant field probe rather than large, full-sized antennas. This is because of the need to evaluate field levels at many points in space to characterize the field distribution. It would be difficult or impossible to orient such a resonant antenna properly, particularly at HF, to perform the necessary measurements. All measurement equipment must be calibrated for its response to determine actual E or H strength. Such calibration is challenging and explains why professional field measurement equipment is usually expensive.

Since measuring RF fields requires expensive equipment and exacting technique in order to obtain accurate results, most radio amateurs are likely to use computer modeling to perform their exposure assessments. Computer software that models emissions from antennas is inexpensive and readily available to most radio amateurs. Often these calculations are used to predict antenna characteristics such as gain and directionality. Such results are only valid in the far-field of the antenna, where the RF signal becomes a plane wave. This is not often particularly useful in determining human exposure since levels of concern occur much closer to the antenna in most cases. Most of the popular antenna modeling software programs also contain calculations for determining near-field E and H strengths.

Near-field calculations in most NEC-based antenna modeling software are typically presented as arrays of numbers. How these are used depends heavily on the frequencies being modeled. One commonality is that the end goal of such modeling is to identify locations in the vicinity of an antenna that exceed the FCC MPE values and to determine whether any person has access to those locations. Keep in mind that such locations might include a neighbor’s home or property.

SINGLE POINT ANALYSIS VS. SPATIAL AVERAGING

Generally, the easiest form of analysis is to determine field strengths at individual points in the space around the antenna. To find the locations at which the field is highest, the spatial resolution of the result array must be sufficiently high. With finer and finer spatial resolution, especially if you analyze in 2 or 3 dimensions, the number of analysis points grows quickly and can exceed the capabilities of the modeling software or the computer memory. As long as no point in the space in which a person may be found exceeds the MPE limits, this form of analysis is sufficient to ensure compliance with exposure regulations. However, the actual exposure is classified as the average over the entire body. Thus, even if there is a hot spot that exceeds MPE limits, it is still possible that the whole-body average exposure is below the limits. Under those conditions it is necessary to perform a spatial average of all points in space that can be occupied by the body at one time.

For FCC compliance, the spatial average is taken over a 2-meter vertical line that starts where the person is standing. Spatial averages of both E and H provide a complete assessment of potential RF field exposure.

PRE-ASSESSED EQUIPMENT CONFIGURATIONS

For many antennas, detailed computer modeling of their near-field strengths under a wide range of installation conditions and power levels can be used to create extensive databases of pre-assessed equipment configurations (PAECs). Individual amateurs can then use these results to estimate exposure levels and potential exclusion zones for their own stations. The Radio Society of Great Britain has published a large collection of such assessments that can serve as an interesting analysis of different antenna types and locations, and they have been accepted as valid exposure assessments by the British regulator, OFCOM (rsgb.org/emf). However, radio amateurs in the United States should be cautioned that the RSGB analysis generates compliance distances based on the ICNIRP 2020 guidelines and not the FCC MPEs, which can be different.

GROUND EFFECTS

Particularly in the near-field, ground reflections play a major part in determining exposure. The ground below an antenna can have a significant effect on the near-field exposure patterns. It is for this reason that the FCC exemption formulae utilize a perfect ground power reflection factor of 4.00, to be highly conservative and ensure that no station that qualifies for the exemption could possibly overexpose persons at distances greater than those specified in the calculations. Online far-field calculators, such as the ARRL calculator, also factor in ground power reflection, but use a more common factor of 2.56.

Reflections from the ground result in complex interference patterns that can lead to regions of high exposure in unexpec-ted locations. An example of this effect is illustrated in Figure 26.12b.
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TYPICAL NEAR-FIELD ANALYSIS

In the near field of an antenna, ground reflection can have a strong effect on the pattern, which may spell difficulty for defining a high exposure region. Ideally, a 3-dimensional analysis of all locations around an antenna would be performed, with identification of all locations in space at which the power density exceeds the FCC MPE. This will not be practical for most radio amateurs, since it requires a very large amount of computer memory and relatively long computation times. Instead, modeling portions of space around the antenna can identify areas at which the MPE levels could be exceeded. A common name for such areas is exclusion zones, since these are locations at which the presence of a person must be excluded.

One way to limit the number of calculations is to make use of known symmetries around an antenna. If the near-field pattern is known to be symmetric, such as with the vertical plane passing through the center of a horizontal antenna as the plane of symmetry, then it is only necessary to model the near-field in half of the total space irradiated by the antenna and then to mirror the field strength patterns to the other half across that plane.

Another important consideration for near-field analysis is to accurately model the power delivered to the antenna. Although some modeling software permits the input power to the antenna to be defined, other modeling software requires the input of a voltage or current at the feed point and then models the power delivered to the antenna from that input. The relationship is not easily calculable beforehand because the exact antenna feed point impedance is not known until it is accurately determined by the modeling software. A two-pass process permits accurate input power to be modeled. In the first pass, an arbitrary voltage source is applied to the antenna. The results of this pass of the model produces the actual antenna input power based on the modeled input voltage. Using that result, the modeled input voltage can be adjusted as:
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After this calculation, the Initial Input Voltage is replaced by the Desired Input Voltage in the modeling parameters and then subsequent modeling results will be based on the Desired Power being applied to the antenna. Note that any change of the antenna design or height is likely to change the Initial Modeled Power and the two-pass process must be repeated.

EXAMPLE EXCLUSION ZONES

As an example of determining appropriate exclusion zones, both the RF field on the ground below the antenna as well as the field in nearby buildings must be considered. For example, refer to the plot in Figure 26.12a. It shows the exclusion zones for a person in the general population category standing on the ground below a 5-element, 2-meter beam mounted about three wavelengths above the ground (6 meters). It is calculated at a plane parallel to the ground surrounding the antenna. A typical point analysis might be at a height of 2 meters, or at the top of the head of a tall person. This height is chosen on the presumption that this is as close to the antenna as any portion of an average person can get (a shorter person would be farther away from the antenna and thus would be assumed to have a lower exposure). Exclusion zones for various power levels are indicated by shading of the near-field pattern. Ground effects could result in lower heights with higher field strengths in some locations. A resolution on compliance in this case could be to model several heights between the ground and the 2-meter height and then select the largest calculated power density at each location. A more elegant solution to the question of ground effects, that also more accurately determines the whole-body exposure of a standing person, is to calculate the spatially averaged power density between the ground and the 2-meter height. Figure 26.12a was produced this way.

Analysis of an End-Fed Wire Antenna
The wide availability of automatic antenna tuners (a.k.a., autotuners) enables the use of random-length or resonant end-fed half-wave wire antennas as described in the General Purpose MF and HF Antennas chapter. If fed directly without a feed line, the end of the antenna is connected to the tuner’s single-wire terminal or the center pin of a coaxial connector. Tuners allow such wires to be loaded on many frequency bands, greatly simplifying multi-band operation, particularly in difficult situations such as portable operation or when stealth antennas are required.
Be aware that such an antenna is prone to creating high field strengths near the operating position. The end of the wire connected to the tuner is part of the antenna and can radiate a strong electric field, E, magnetic field, H, or both, that greatly surpass exposure limits for the occupational population, such as the amateur operator. During portable operation in public areas, such as parks, the exclusion zones are even larger for any non-amateur that is observing the operation, or just happens to be walking past. The operator should determine the exclusion zones for the general population and then make sure that no one is permitted closer than that to the antenna when transmitting.
A near-field analysis was conducted for a second-floor home station with a 20-meter-long wire connected to the autotuner, strung out of the window to a nearby tree. The transmitter generated 100 watts and, for the sake of comparison, transmitted with 100% operational and modulation duty cycles. Analyses were performed at 3.8 MHz, 7.1 MHz, 10.1 MHz, 14.1 MHz, 18.1 MHz, 21.2 MHz, 24.9 MHz, and 28.5 MHz using NEC-5 with near-field sample spacing of 0.1 meters. Figure 26.A shows the region in which E exceeds the FCC occupational MPE at 14.1 MHz. Analysis of H showed smaller compliance distances than for E with this antenna on all frequencies studied. The shapes of the exclusion zones were similar on all bands with only the dimensions changing. For comparison, the ARRL online calculator was used to determine the minimum compliance distance at each frequency from the end of the antenna for an occupational person (the amateur radio operator at the operating position). The comparative results were instructive.
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On some bands, the online calculator overestimated the compliance distance to the operating position (i.e., the calculated compliance distance was too high). These were all the bands for which the wire length was greater than or equal to one wavelength (i.e., 20 through 10 meters). On the 40-meter band, where the wire length was approximately equal to one-half wavelength, the calculator and the model were in close agreement. On the 80-meter band, where the wire length was one-quarter wavelength, the online calculator greatly underestimated the compliance distance determined by the model. In every case, however, the occupational compliance distance from the feed point on the tuner was a substantial distance, the greatest being 1.4 meters (4.6 feet) on both the 80- and 30-meter bands and the smallest being 0.3 meters (1 foot) on the 40-meter band. The average was 0.75 meters (2.5 feet) on the 17 through 10-meter bands. For most of these bands, the operator would be sitting in the exclusion zone while transmitting. If more than 100 watts is used or other people who are in the general population are observing the operator, such as at a Field Day site or in a park setting, special care should be taken with this type of antenna.


Analysis of a Small HF Loop Antenna
Amateurs who operate a portable station or in space-limited locations, such as apartments, have found the small HF loop antenna to be convenient and efficient. Articles describing this type of antenna have been published in QST and QEX (see Siwiak and Quick, QEX July/Aug. 2018 and Siwiak and Quick, QST Sep. 2018). These small loops can have circumferences that are far less than 1/2 wavelength and be tuned over a wide range of frequencies with feed point impedance close to 50 Ω.
Particularly in space-limited locations, this antenna may have to be located relatively close to people. In this type of antenna, the limiting compliance distance can be caused by either E or H, so both must be modeled at all frequency bands used. Even though the far-field pattern shows a null in the direction perpendicular to the plane containing the loop, that null does not exist in the near-field. Thus, at some frequencies and power levels the limiting compliance distance may be in that direction.
Modeling the near-field with NEC-5 and identifying the locations near the antenna that exceed the FCC MPE limits for E and H, exposure patterns such as in Figure 26.B are seen. For a loop with a circumference of 2.8 meters mounted 1 meter above the ground, analyses were performed at 3.8 MHz, 7.1 MHz, 10.1 MHz, 14.1 MHz, 18.1 MHz, 21.2 MHz, 24.9 MHz, and 28.5 MHz using NEC-5 with near-field sample spacing of 0.1 meters. The transmitter generated 100 watts and, for the sake of comparison, transmitted with 100% operational and modulation duty cycles. For a person in the general population standing on the ground near the antenna, it is H that most often governs the compliance distance. The highest field strengths around the antenna where a person may be standing were in the 20-meter band, modeled at 14.1 MHz. The uncontrolled compliance distance based on the E model is 1.7 meters (5.6 feet) and based on H is 2.2 meters (7.2 feet).
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The occupational compliance distances are smaller, as expected. The model calculated an E controlled compliance distance of 1.2 meters (3.9 feet) and an H controlled compliance distance of 1.6 meters (5.2 feet). Clearly, in this case, H constrains compliance with the FCC MPEs rather than E.
The online calculator does not perform badly for this antenna. The antenna gain of the small HF loop is 4 dBi broadside to the loop. Based on that gain at 14.1 MHz with 100 watts transmitted, the online calculator gives compliance distances of 2.4 meters (7.8 feet) for the uncontrolled environment and 1.1 meters (3.5 feet) for the controlled environment. The model shows that this compliance distance is not the same in all directions so, if it is important, an elliptical exclusion zone can be drawn around the antenna, rather than the circular zone that the calculator implies.
When space is constrained, the operator must make sure that the operating position is far enough away from the antenna. Of more concern is when this antenna is used in portable operation, such as in a park or at Field Day. With members of the general population at the location, barriers must be placed to ensure that no one gets closer than 7.2 feet from the antenna, or even more distant if higher power is transmitted. Even better would be to raise the antenna so that compliance is achieved everywhere at ground level.


Another useful near-field analysis pattern is a plot in a vertical plane that is parallel to the main beam of the antenna, as in Figure 26.12b. For various power levels it shows the exclusion zones in the air for a person standing at various heights. This type of plot is useful in determining if the exposure of a person on an any floor of a neighboring building will comply with the FCC MPE limits. Reflections from ground result in a highly complex pattern, that, in this example, looks like the fingers of a hand, particularly at higher powers. The exclusion zones are computed by spatially averaging E and H at points along a vertical, 2-meter line above every point and determining the radiated power that would result in a field strength equal to the most restrictive MPE. This accurately accounts for any part of a person’s body potentially occupying any of the exclusion zones.

Other examples of antennas that have complicated near-field exposure patterns and thus require modeling to accurately determine compliance distances are described in two sidebars in this section: the “Analysis of an End-Fed Wire Antenna” and the “Small HF Loop Antenna.” Both antennas can have unexpectedly large near-fields that may not be accurately represented by more simple forms of analysis, such as online calculators.

26.3.6 RF Exposure Mitigation

It is not the purpose of the FCC human exposure regulations to keep you off the air. The goal is to prevent overexposure of anyone while you are operating. If your calculations indicate that there are locations where people may be present and where field strengths can exceed the FCC MPE (i.e., overexposure is possible), you must perform some type of mitigation to prevent that occurrence. There are many ways that you can mitigate an overexposure situation, some of which may actually improve the performance of your station.

In cases where an exclusion zone exists for a person standing on the ground under the antenna, prevention of such an exclusion zone may be as simple as raising the antenna by a short distance. For antennas that have sections mounted close to the ground, such as the ends of an inverted-V, raising those ends by even a meter could convert a noncompliant station into one meeting the FCC MPEs.

POSITIVE ACCESS CONTROL

The FCC requires positive access control (PAC) to prevent people from accessing areas in which they might be overexposed relative to the general population MPE. PAC is a general term that refers to an active measure that keeps people from entering potential overexposure areas. PAC can be as simple as a locked door to a rooftop on which antennas are located. A common way to achieve PAC is to place effective fencing around the areas where access must be controlled.

Wherever PAC is used, the FCC requires that signs be posted to warn about the possibility of overexposure. Signs must be large enough to be read from a distance from which no overexposure can occur. The content of the sign is specified in the FCC rules and, for areas in which the FCC general population MPE may be exceeded, it must have the word “NOTICE” in white letters on a blue banner along with a description of the hazard and your contact information. If exposure to RF fields within the controlled area has the potential to exceed the FCC occupational population MPE, then the sign must have the word “CAUTION” in black letters on a yellow banner along with similar text as the “NOTICE” sign.

OPERATING MODIFICATIONS

Two conditions must be met to cause exposure: the station must be transmitting and there must be a person present in a potential overexposure area. PAC is a means of preventing the latter. However, control of transmissions can also satisfy the requirement that no person be exposed to electromagnetic energy exceeding the MPEs.

The FCC writes its regulations to cover all forms of radio transmission that they regulate. Some of these include broadcast transmitters and cellular base stations. These both differ from amateur radio in two ways: they transmit during all hours of every day of the year and, most importantly, they are usually unattended. In contrast, amateur radio transmissions are generally intermittent, and the amateur radio operator is usually present at the transmitter while it is operating.

Amateurs transmitting with high power into high-gain arrays, such as often used with EME operation, need to pay careful attention not only to where the main beam might intersect adjacent areas where people could be located but also the region immediately beneath the array where high field strengths can occur.

Amateur radio stations that are remotely controlled require special considerations when identifying areas in which individuals might be exposed above the FCC MPEs. For remote operations, the best approach is to design the transmitting site to be inherently compliant with the MPEs without need for real time monitoring of activity within the area.

If a person enters a potential overexposure area and the amateur radio operator then stops operating, no hazard exists, and the station remains compliant with the FCC rules on exposure. Similarly, the amateur radio operator may determine that a lower transmit power removes the hazard, and then decreases the power any time a person is seen to enter the overexposure area. Nonetheless, because the field could exceed the MPE, if the transmitter is not turned off, posting a sign in an appropriate area that alerts individuals to the fact that exposure might exceed the MPE will be expected by the FCC. This scenario could also apply to the situation of an amateur radio operation in a public setting where a person could enter a high field region near the antenna, but the control operator can cease operation upon seeing a person encroaching on the area. The best advice in such cases is to eliminate the potential for overexposure in the first place by moving the antenna further away from places that people can access, which also eliminates the need for posting of RF safety signs.

26.3.7 Research and Guidelines for RF Safety

The preceding material presented an introduction to the reasons for developing an RF Safety program for your station and some basic procedures to help determine those areas around your station in which a person might be exposed to your transmitted signals beyond the limits that the FCC has set. To perform more exact exposure analyses, which may be necessary if your station has marginal exposure results from the more common methods, you can look to the following references:

FCC OET Bulletin 65

The FCC has provided guidance for complying with their rules on human exposure to electromagnetic energy in their OET Bulletin 65. OET Bulletin 65 Supplement B, which was principally written by members of the ARRL RF Safety Committee, provides more specialized information that applies to the operation of an amateur radio station. These documents are available for free download from the FCC website: fcc.gov/general/oet-bulletins-line.

RF Exposure and You

The ARRL published a book in 1998 entitled RF Exposure and You, which delves into most aspects of RF exposure and how to comply with FCC regulations. Note that this book was published prior to the FCC rule changes that went into effect on May 3, 2021 so parts of the text and the compliance distances from some of the tables are no longer applicable. See the ARRL’s RF Exposure website (arrl.org/rf-exposure) for updated information.

STANDARDS, SCIENTIFIC REPORTS, AND STUDIES

•IEEE C95.1-2019: IEEE Standard for Safety Levels with Respect to Human Exposure to Electric, Magnetic, and Electromagnetic Fields, 0 Hz to 300 GHz. Note: The IEEE C95.1-1991 standard was adopted by the American National Standards Institute, ANSI, in 1992, and is what the FCC has used to develop its exposure regulations. The 2019 version of the standard is more up-to-date with respect to the current research, but the parts upon which the FCC exposure regulations are based have few changes from the 1991 version. IEEE RF safety standards are available at no cost through a grant from the United States Department of Defense. To download IEEE C95.1-2019 and any of the associated standards in the C95 family, go to ieeexplore.ieee.org/browse/standards/get-program/page/series?id=82

•NCRP Report #86: Biological Effects and Exposure Criteria for Radiofrequency Electromagnetic Fields, National Council on Radiation Protection, 1986.

•ICNIRP, Guidelines for limiting exposure to electromagnetic fields (100 kHz to 300 GHz). Health Phys 118(5), pp 483-524, 2020. Available at icnirp.org/cms/upload/publications/ICNIRPrfgdl2020.pdf

•Tell, R., K5UJU, “Amateur portable radios (handheld transceivers): exposure considerations based on SAR,” QEX, July/Aug. 2021, pp. 11 – 15.

•Jordan, E.C. and Balmain, K., Electromagnetic waves and Radiating Systems, 2nd Ed., Prentiss-Hall, 1968, pp. 333 – 338.

•Siwiak, K., KE4PT, and Quick, R., W4RQ, “Small Gap-resonated HF Loop Antenna Fed by Secondary Loop,” QEX, July/Aug., 2018, pp. 12 – 17.

•Siwiak, K., KE4PT, and Quick, R., W4RQ, “Small Gap-resonated HF Loop Antenna,” QST, Sept., 2018, pp. 30 – 33.
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Chapter 27

Building Antenna Systems and Towers

Getting an antenna in the air and keeping it there requires decisions and challenges. For example, what kind of antenna support? How do you build it? What tools and techniques should be used? There are many other questions. Begin by reviewing the Safe Practices chapter for information on safety and safety equipment for working on antennas and towers. That chapter also includes important information on grounding and bonding for antenna systems, as well as RF safety around antennas and in your station and home.

If you are contemplating either a simple or significant tower or antenna project, read the articles and references listed in the References and Bibliography and attend or view presentations by experienced individuals, such as the “Amateur Radio Tower Safety” series of videos on the DX Engineering channel at youtube.com/@DXEngineering.

Consider hiring professional assistance if you are not comfortable with doing such work yourself. Tower services with amateur experience are listed on various amateur Product Review websites such as eham.net. Be sure to get references and contact recent customers for reviews. Like any service you select to do work around your home or business, the service should be licensed, bonded, and insured in case of accidents or other problems.

Many of the tools and equipment mentioned in this chapter are available from numerous QST advertisers. Hardware and materials are widely available for all project sizes. There’s no need to use an under-rated item for such important jobs. You should be able to supply everything you need to do the job safely and correctly, resulting in years of trouble-free service at the least possible risk. This chapter also includes text and numerous graphics from publications by Don Daso, K4ZA, and Steve Morris, K7LXC, listed in the References and Bibliography.

27.1 Trees and Masts

27.1.1 Trees

Trees were among the first antenna supports and have been used successfully by many amateurs over the years. If you’re in an area with suitable trees — congratulations! They’re free (compared to towers) and generally unregulated for use as antenna supports. Trees make good temporary antenna supports and with care can support an antenna for many years — even a large one. When attaching an antenna to a tree, it’s important to traumatize the tree as little as possible. This will ensure a strong, enduring attachment.

Although it’s relatively easy to get a wire up into a tree, it’s certainly more difficult to keep it there for the long term. Tree-mounted antennas require more maintenance, but their height and low cost more than make up for the added work. (Although uncommon, even Yagi antennas have been installed in trees using the techniques in the short article “Installing Yagis in Trees” included with this book’s online material.)

Critical Safety Tip — Stay Far Away from Power Lines

Antennas, whether constructed of wire or aluminum tubing, are metallic and must be kept a substantial distance from power lines. A wire dipole coming in accidental contact with a power line is a lethal hazard. When you choose trees as your antenna supports, it is important to avoid using trees that are in close proximity to any power lines. Without expert knowledge, you should assume that any wires on utility poles and any wires entering your home at a service entry point are dangerous and must be avoided by a substantial distance.

Using a Line Launcher or Drone

In this method, you use some sort of line launcher from the ground by which a lightweight line (usually fishing line of a few pounds capacity) with a weight on the end of it is propelled over a branch high up in the tree. Hopefully, the weight drops to the ground, and you use the small line to pull up a bigger line with your antenna attached. Such launchers include slingshots, compressed air cannons, fishing rod and reel, bow and arrow, and even tennis ball throwing aids.

Keep people out of the fall zone around the tree since there will be falling weights, plus lines and antennas at some point. Safety glasses and gloves are always a good idea for these kinds of activities.

Somewhat slower but a lot more controllable, a multi-rotor drone can lift light lines over the highest trees, although not through them. A light line is carried over the tree by the drone, and then the light line is used to pull a heavier line over the tree, just as when using a launcher. The process is described in a pair of QST articles: See the entries for an article by Kam Sirageldin, N3KS (better known as TI5W and TI7W), and another by Michael Shandblatt, W3MAS, and Joe Warwick, KB3ZED in the References and Bibliography.

Attaching an Anchor

A stouter method of securing a rope in a tree is to climb the tree to install an anchor. For light antenna loads, such as the end of a dipole, a threaded eye-screw is the method of choice. (Use welded or forged (closed end) eye-screws and bolts to prevent them from opening up under load.) Just drill a hole into the tree about 1⁄16 inch smaller than the screw diameter, then twist in the screw as shown in Figure 27.1. Be certain you use a cadmium-plated eye-screw threaded for use in wood. A screw thread length of two or three inches should secure most antennas. Allow 1⁄2 inch of space or more between the trunk and the eye; this allows for outward growth of the tree with time.
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For stouter antennas, such as multi-element wire beams, a different method for securing wires to trees is recommended (see Figure 27.2). This procedure involves using an eyebolt longer than the tree diameter, drilling completely through the tree, and securing the eyebolt on each side of the tree with flat washers and nuts. Drilling a hole through a tree causes much less trauma to the tree than wrapping something around it. Much of the core of a tree is dead tissue, used mainly for physical support.
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Although there will be some wounding of the tree at the site of a bolt or screw, such trauma will be far less than that which occurs from wrapping a wire around the trunk. Wrapping a line around a tree’s branch or trunk strangles the veins in the sapwood the same way a noose around your neck would strangle you. It’s important not to wrap anything around the trunk.

You can find a professional tree climber/arborist in the Yellow Pages or perhaps use the services of a talented friend to install a pulley and rope system in your trees of choice. A 3⁄8 or 1⁄2 inch eyebolt screwed into the tree as described above with a pulley attached is the best method. Use a threaded chain link or “cold shut” (a type of chain attachment link) to attach the pulley to the eye.

A non-swiveling pulley is preferred because the lay of the rope can cause the pulley to turn, twisting the rope and possibly jamming the pulley. Use only all-metal pulleys for permanent installations, preferably ones made from stainless or galvanized materials. Plastic parts will either break or be damaged by UV (ultraviolet) radiation from sunlight. Check your local hardware stores for inexpensive stainless-steel pulleys.

Pulleys intended for marine use are excellent candidates for tree-mounted antennas, but they are expensive. Years of trouble-free service offset this expense, however. Harken and Schaeffer are two brands offering quality products.

Keep in mind that with pulleys and haul ropes there should be minimal clearance between the sheave (the wheel in the pulley) and the pulley body; the rope or halyard should be larger in diameter than that clearance so it can’t get jammed between the sheave and the pulley — a major annoyance. The best type of rope for this purpose is black Dacron UV-resistant line because it doesn’t deteriorate when used outdoors. (See the section “Ropes and Rope Care” later in this chapter for more information.)

Have the climber go up the tree to the desired location, screw in the eye-screw, then attach the pulley. It’s all but certain that the tree will have to be pruned to clear a decent window through which the line can travel. It’s better to over-prune since new growth will invariably grow back in just a few years. Small branches are incredibly strong and resilient and can cause major problems in any tree project or installation.

Having brought the line along, the climber will put the line through the back side of the newly installed pulley (closest side to the tree), attach a weight to the end of the line, and throw it out in the direction that your wire antenna will take. The wire antenna must clear all branches to successfully install your antenna. It’s very difficult to install an inverted V in a tree from the ground because it’s just about impossible to get both sides of the antenna through the branches. A climber can help by throwing each leg of the antenna through the branches separately.

When the end of the line reaches the ground, remove the weight, then tie the ends of the line together, making the rope into a loop (see Figure 27.3). This is because in almost all cases it is the antenna that breaks, not the rope. Without the loop, when the antenna breaks the end of the support rope will be at the top of the pulley and you’ll have to send someone up to retrieve it. If you have a loop system, all you have to do is pull the line down and reattach the antenna. Tie an overhand knot loop to form the antenna attachment point (this is usually an insulator) where the rope ends are tied together and you’re ready to start hoisting.
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If the loop does break and you can still reach it, you can run the replacement through the pulley with a careful splice that still fits through the pulley. One method is to butt the broken and replacement ropes together and wrap the joint with a high-quality flexible tape such as Scotch 33+ on either side of the splice. Thin paracord can be wrapped around the broken rope a few times and wrapped with tape, then used to pull up a replacement rope. Whatever method you choose, pull up the replacement rope or cord slowly and patiently to keep it from getting jammed or pulling the splice apart. Good luck!

In a strong wind that will get the trees swaying, you’ll want to have a method that allows the trees to move without breaking the antenna. You can attach a weight of some sort (cement block, plastic milk container filled with water, a bucket with rocks, etc.) to the rope or place tension on it with an elastic cord or strap.

Tree Climbing

If you’re going to climb the tree yourself, you’ll need sturdy boots, hard hat, a safety belt with two lanyards and possibly tree climbing spurs. You’ll need the two lanyards to leapfrog your belts around branches so that you’ll be belted to the tree 100% of the time.

Newer tree climbing techniques don’t use steel climbing spikes as it’s deemed harmful to the tree. The latest methods use a line thrown or shot over a branch and then the rope is used to climb the tree using rope ascenders like the ones used by mountain climbers and cavers. You don’t even touch the trunk of the tree using this technique. The same techniques used to get a line over a branch for an antenna can be used to position a tree-climbing line.

Tree climbing has even become a recreational activity similar to the way that rock climbing has. There are clubs and resources available, and you can find them online. Be sure to check out the equipment and techniques and you can learn to utilize such tools yourself.

27.1.2 Ground-Mounted Masts and Poles

TV and Push-up Masts

Stacking TV mast is available in 5- and 10-foot lengths, 1-1⁄4 inches diameter, in both steel and aluminum. These sections are swaged or crimped at one end to permit sections to be joined together. This type of mast is usually mounted on a chimney or some sort of house-mounted bracket and is not intended to be permanently guyed. This mast is suitable for VHF/UHF verticals and small beams and holding up light wire antennas for HF.

Galvanized steel push-up masts such as Rohn H30 or H40 are intended primarily for TV antennas and wireless Internet antennas. The masts may be obtained with three, four or five 10-foot sections and come complete with guying rings and a means of locking the sections in place after they have been extended. These masts are inherently more suitable for guyed mast installations than the non-telescoping type because the diameters of the sections increase toward the bottom of the mast. For instance, the top section of a 50-foot mast is 1-1⁄4 inches diameter, and the bottom section is 2-1⁄2 inches diameter. The mast can be mounted on the ground or on a roof.

While tricky to install (each 10-foot segment must be guyed separately while pushing the mast up section by section), they can provide years of reliable service if not overloaded with anything larger than small VHF/UHF beams and verticals or HF wire antennas. If you are unfamiliar with push-up masts, a local TV antenna installer can perform the actual installation quickly and properly. They cannot be climbed and must be lowered to work on the antennas. Do not attempt to “walk up” these masts when extended.

Push-up masts are available from numerous sources, but the shipping cost often exceeds the cost of the mast. These masts can be ordered online (search for antenna, pushup and mast), through hardware stores and from TV antenna installers.

AB-155 Multi-Section Masts

The AB-155 is the prototype for multi-section mast kits with aluminum or fiberglass sections. Kits are available with and without a base tripod. Most kits have 4-foot sections which can be stacked safely up to about 40 feet. If a tripod is available, the mast can be assembled like a push-up mast with each new section being added at the bottom with guys attached as the mast grows. Without a tripod base, the mast will have to be assembled lying down and walked up.

The masts are not heavy enough to hold more than very small HF and mid-sized 6-meter beams. They are well-suited to hold wire antennas and VHF beams and verticals. If there is a significant side load, such as holding one end of a dipole, an additional back-guy may be needed, or the guys should be arranged so that one set of guys is aligned to take the extra load.

A critical part sometimes missing from the kits or that may be sold separately are the guy attachment rings. In the original design, the rings slip over the top of each section and rest on collars where the section attaches to the next lowest section. Rings from different types of kits may not fit properly and some kits use a clamp-on ring. If you purchase a used kit, be sure all of the rings are included.

The US Army manual for AB-155, including instructions for putting it up and taking it down safely, is widely available online. The kit also includes a parts list, so be sure all of the necessary items are present before purchasing the kit or starting to put it together. If you are purchasing a used kit, do a careful inspection of all sections, especially where the sections fit together, to be sure the section is not cracked or split.

AB-577 Masts

The AB-577 “rocket launcher” mast is an all-aluminum crank-up mast kit that was sold as military surplus. It is designed to be field deployed by one or more people and does not require a prepared surface or foundation of any kind. The complete kit in Figure 27.4 consists of a base section (the “launcher”), eight tube sections, guy wires and all hardware and tools to assemble the 50-foot mast. The standard AB-577 system, with three sets of guys, will support a modest triband Yagi at 45 feet (see Figure 27.5).
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The supply from military surplus dealers has largely been exhausted but kits are available from other hams. Before purchasing a used kit, be sure that all the required pieces are present (a parts list is included with the kits), and no pieces are damaged beyond normal wear-and-tear.

A total height of 75 feet is possible with the addition of the MK-806 extension kit. It’s useful for any application requiring a temporary or permanent tower such as lighting, surveillance, emergency communications, or RF survey work. The quick erection time also makes the mast very useful in neighborhoods where a permanently installed tower is not allowed.

The system consists of several short sections of aluminum tubing, with special end clamp connectors used to join sections. These can be erected from the base fixture, which has a crank-up type winch-driven elevator platform. The tubing sections are installed in the base fixture and connected to the section above it with an over-center locking Marmon-style clamp. Then, the elevator platform is raised with the winch and the new tube is locked in place, high on the base fixture. Then the elevator is lowered to accept the next section. While the tower is extended, the supporting guys are adjusted via the unique snubber assemblies at the anchor connection. One person can erect this system, even in windy conditions, when special care is given to keeping the guys properly adjusted during each extension. There are several videos online showing how the system goes up and the original US Army manual is also widely available.

Fiberglass Poles

Telescoping fiberglass poles have become widely available in recent years. While they are too light to support rotatable antennas, they are popular as supports for wire antennas. Primarily intended for portable use, if you decide to use one in a permanent installation make sure the surface is coated to resist UV from sunlight or paint it. There is more information on these poles in the Portable Antennas chapter.

Wooden Poles

A seldom-used but sturdy alternative is to use a wooden utility pole. They vary from new ones to used poles that have been pulled from service by utility companies. Make some inquiries to find out the availability and installed cost in your area. You’ll need to add pole steps to climb it and will have to fabricate your own antenna mounting hardware. Pole steps are available from suppliers such as MacLean Power Systems. Utility poles are very sturdy, require no guys, and might satisfy your use and budget. Do not use a pole supporting power lines.

27.1.3 Mast Guying

Three guy wires in each set are usually adequate for a mast. These should be spaced equally (every 120 degrees) around the mast. The required number of sets of guys depends on the height of the mast, its stiffness, and the required antenna tension if supporting a wire antenna in one end. A 30-foot-high mast usually requires two sets of guys, and a 50-foot mast needs at least three sets. If supporting the end of a wire antenna, one guy of the top set should be anchored to a point directly opposite the antenna. The other two guys of the same set should be spaced 120° with respect to the first, as shown in Figure 27.6.
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Generally, the top guys should be anchored at distances from the base of the mast at least 60% of the mast height. The separation of the guy anchors from the mast determines the guy loads and the vertical load compressing the mast. At an anchor distance of 60% of the mast height, the load on the guy wire opposite the wire antenna is approximately twice the antenna tension. The compression in the mast will be 1.66 times the antenna tension. For 80% of the mast height, the guy tension will be 1.6 times larger than the antenna load and the mast compression will be 1.25 times larger.

The largest available and practical anchor spacing should be used. Additional compression on the mast caused by closer anchor spacing increases the tendency of the mast to buckle. Buckling occurs when the compression on the unsupported spans between guys become too great for the unsupported length. The section then bows out laterally and will usually fold over, collapsing the mast. Additional sets of guys reduce the tendency for the mast to buckle under the compression by decreasing the unsupported span lengths and stabilizing the mast, keeping it straight where it best withstands compression.

A natural phenomenon, called vortex shedding, can occur when the wind passes over the sections of a guyed mast. For every section size, shape, and length, there is a wind speed that can cause the sections to oscillate mechanically. When all the sections of an antenna support mast are close to the same size and length, it is possible for all of the mast sections to vibrate simultaneously between the guys. To reduce the potential for this, you can place the guys at locations along the mast that will result in different span lengths. This creates different mechanical resonant frequencies for each span, eliminating the possibility of all sections oscillating at the same time.

When determining the guy locations along the mast to treat this problem, you also need to consider the mast buckling requirements. Since compression of the mast is greatest in the bottom span and the least in the top span, the guys should be placed to make the bottom span the shortest and the top span the longest. A general guide for determining the different span lengths is to make the unguyed lengths increase by 10 to 20% with increasing height.

Guy Material

When used within their safe load ratings, you may use any of the ropes listed later in the chapter for mast guys. Nonmetallic materials have the advantage that there is no need to break them up into sections to avoid unwanted resonant interactions, also discussed later in the chapter. All of these materials are subject to stretching, however, which causes mechanical problems in permanent installations. At rated working loads, dry manila rope stretches about 5%, while nylon rope stretches about 20%. Usually, after a period of wind load and wet/dry cycles, the lines will become fairly stable and require less frequent adjustment.

Solid galvanized steel wire is also widely used for light-duty guying. This wire has approximately twice the load ratings of similar sizes of copper-clad wire, but it is more susceptible to corrosion. Stranded galvanized wire sold for guying TV masts is also suitable for light-duty applications but is also susceptible to corrosion. It is prudent to inspect the guys every six months for signs of deterioration or damage. Figure 27.7 shows how to attach guy wire to strain insulators.
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Guy Anchors

Figures 27.8 and 27.9 show two different kinds of guy anchors. In Figure 27.8 one or more pipes are driven into the ground at right angles to the guy wire. If a single pipe proves to be inadequate, another pipe can be added in tandem, as shown, and connected with a galvanized steel cable. Heavy-gauge galvanized pipe is preferred for corrosion resistance. Steel fence posts may be used in the same manner. Figure 27.9 shows a dead-man type of anchor. The buried anchor may consist of one or more pipes 5 or 6 feet long, or scrap automobile parts, such as bumpers or wheels. The anchors should be buried 3 or 4 feet in the ground. The cable connecting the dead-man to the guys should be galvanized wire rope, such as EHS guy cable. You should coat the buried part of the cable with roofing tar to well above the ground and thoroughly dry it prior to burial to enhance resistance to corrosion.
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Heavy auger-type anchors that screw into the ground are also used and are commonly used by utilities to anchor power poles. These anchors are usually heavier than required for guying a mast, although they may be more convenient to install. You should conduct annual inspections of the anchors by digging several inches below grade around the anchor to inspect for corrosion.

Trees and buildings may also be used as guy anchors if they are located appropriately. Care should be exercised, however, to make sure that the tree is of adequate size and that any fastening to a building can be made sufficiently secure. See the section above on using trees as antenna supports regarding anchoring to trees.

Another popular type of anchor is a steel pipe or beam set in concrete with the guy attachment a few feet above ground. This makes maintenance around the guys much easier and lessens the chance of someone walking or running into the guys. This type of anchor places heavy bending loads on the pipe or beam and should be designed by an engineer, including the footing since the anchor will transfer the tensioning load to the soil in the direction of the tower.

Guy Tension

Many troubles encountered in mast guying are a result of pulling the guy wires too tight. Guy-wire tension should never be more than necessary to correct for obvious bowing or movement under wind pressure. Approximately 10% to 15% of the working load is sufficient. In most cases, achieving the necessary tension does not require the use of turnbuckles, with the possible exception of the guy opposite a wire antenna. If any great difficulty is experienced in eliminating bowing from the mast, the guy tension should be reduced, or additional sets of guys are required. The mast should be checked periodically, especially after strong winds, to ensure the guys and anchors have not stretched or moved, allowing the mast to bend away from the required straight alignment.

In the case of rope guys, use of a “trucker’s hitch” (see the section on knots) will provide much more tension than can be obtained by just pulling on the rope since it has a 2:1 mechanical advantage.

27.2 Towers

What ham doesn’t dream of having a tower? It’s a natural yearning that grows out of every ham’s on-the-air experience. Regardless of one’s individual pursuits within amateur radio, superior results can be achieved with antennas that are high and in the clear. Operations at the longest wavelengths, where tall vertical antennas generate the most desirable radiation patterns, the short-wave bands from 40 to 10 meters, where range is often determined by careful selection of antenna heights from 20 to 200 feet, and the VHF and UHF range, where performance is best when antennas reach above nearby trees and buildings for line-of-sight to the horizon, all present the station builder with the challenge of how to get antennas to the right height.

Towers have always been the structure-of-choice to support amateur antennas. Why? The options offered by commercial tower manufacturers allow each individual tower installation to be purpose-built to suit the needs of the station owner. A wide variety of requirements can be satisfied with selection of the right tower type and proper construction.

A tower is the best answer to a reliable, permanent antenna support structure and they basically come in two types — self-supporting and guyed. Beginning with the small, roof-mounted “four-footed tripod” models, amateurs use towers up to and beyond 200-foot tall broadcast-size structures. This section is an overview of various common types of towers with some of their key characteristics.

Lattice towers consist of two kinds of members: legs (often called siderails) and diagonal and horizontal braces. Members can either be round, such as used with Rohn G-series (rohnnet.com), or 90- or 60-degree angled metal. Round-member towers are the most common for amateur towers. The tower face is that outward facing area between the legs with the braces between them. Free-standing and guyed lattice towers are built of pre-assembled sections, usually 8 to 10 feet long, stacked on top of each other to reach some desired height. Lattice towers are constructed from steel or aluminum, with steel the most common for guyed towers. Tubular towers are constructed from telescoping sections of steel tubing. These are referred to as monopoles; some models rotate and can carry significant loads.

Learn About Fasteners
An excellent resource for selecting and using fasteners of all type is Carroll Smith’s Nuts, Bolts, Fasteners and Plumbing Handbook. Written originally from a background in auto racing, it is widely available and applies to every part of this chapter.


The 10 Most Common Tower Building Mistakes
1. Not following the manufacturer’s specifications
Commercially manufactured towers must comply with current standards for wind loading and structural integrity. Engineers design the towers and make the calculations to make them safe. If you don’t follow their specifications at a minimum, the tower will not take the stresses and loads to which it is subjected. In other words, it’ll probably fail.
2. Overloading
This is the most common reason for amateur tower failure. You must not exceed the wind load rating. This is even more important for self-supporting and crank-up towers. While you might get away with exceeding the ratings due to built-in design margins, it’s never a good idea to overload any part of the tower system. When in doubt, err on the conservative side — you won’t regret it.
3. Underestimating wind forces
Wind pressure on a tower and antenna system can be tremendous. Unless you’ve been on a tower during a windstorm to feel the pressure and the forces, it’s difficult to appreciate how significant they are. Increases in wind pressure are not linear; wind loading goes up with the cube of wind speed. An increase of 10 MPH in wind speed can increase the wind force by almost 50% in some cases as shown in Table 27.A.
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4. Not building for the wind speed rating in your county
While many counties and even whole states in the US are only rated for 70 MPH winds (the minimum rating), many other counties have ratings much higher. For example, Dade and Broward counties in Florida have ratings of 140 MPH. Find out what the wind speed rating is for your county or your specific location and use that as the minimum wind speed design parameter for your tower and antenna system. Your county building department can provide wind speed information.
5. Using the wrong mast for the job
This is an all-too-common failure. Stacks of medium to large HF beams can put huge stresses on your mast. Pipe may be fine for small installations where you don’t have much wind speed or loading or when there is only one antenna at the top of the tower. Structural tubing is carbon alloy steel rated for strength and is the preferred material.
6. Not tensioning the guy wires properly
Proper guy wire tension is a critical part of a tower’s ability to handle wind stresses. Having the wrong tension can be like driving your car with over or under-inflated tires; it is potentially dangerous and is not the proper specification from the manufacturer. Having too little tension can result in wind slamming of the tower and guys as the tower is blown back and forth. Too much tension puts excess preload on the guys and lowers the safety margin significantly.
Around 90% of ham towers use 3⁄16 inch EHS steel guy wires. Guy wire tension is typically 10% of the breaking strength — in the case of 3⁄16 inch EHS that would be 400 pounds. The only inexpensive and accurate way to measure this is to use a Loos Tension Gauge, such as the Loos PT-2 for 3⁄16 and 1⁄4 inch wire rope sizes.
7. Not having a proper ground system
A good ground system is necessary not only for lightning protection but will also protect your equipment, your home and your life. Proper grounding is discussed in the Safe Practices chapter of this book and the ARRL Handbook.
8. Not doing an annual inspection
Your tower and antennas are undergoing a slow, but constant process of deterioration. The best way to find and fix small problems before they become big problems and potential calamities is by doing an annual inspection.
Look at everything and push and pull on the hardware. You also want to put a wrench on 10% or more of the tower nuts to check for tightness as well as all of the nuts on accessories like antennas, mounts, U-bolts, etc.
9. Not fitting the tower sections on the ground
Tower sections, new or used, may not fit together easily. It’s much easier to correct alignment problems on the ground than up on the tower during construction. A handy tool for getting tower sections together (or apart) is a tower jack that combines a leg aligner along with a lever for pulling sections together or pushing them apart.
10. Using the wrong hardware
To slow the process of deterioration, use only hardware that minimizes corrosion. Galvanized or stainless steel materials are the only ones that will survive outdoor use reliably. (See the section on “Corrosion” in this chapter.)
Substituting the wrong hardware can also lead to failure, for example using general hardware store bolts for tower legs when the manufacturer calls for a specific SAE grade. Using hardware totally unsuited for the task is common, i.e., installing the wrong type of ‘screw-in’ anchor or anchor rods; use of non-closed-eye eyebolts (use only welded or forged ones); use of the wrong guy material (EHS only!); and more.


27.2.1 Roof-Mounted Towers

The self-supporting roof-mounted tower is a modest way to support small to mid-sized antennas. This might be your first foray into a tower and directional antenna and a roof-mounted tower offers an inexpensive way to get started. Glen Martin Engineering (glenmartin.com) offers several models of four-leg aluminum towers and is a representative source of roof-mounted towers ranging in height from 4.5 to 26 feet. Figure 27.10 shows a typical installation. Follow the manufacturer’s recommendations for installation and grounding.
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A roof-mounted tower is attached to the roof with anchor bolts that extend completely through the roof. Do not use lag bolts into the roof trusses. Use a 2×4 or 2×6 across the trusses inside the attic for a backing plate and attach the anchor bolts to them as in Figure 27.11. Another similar board can be placed on top of the roof to further distribute the load. Any wood exposed to the weather should be pressure-treated or coated with roofing tar. Roofing tar is also used to seal around the mounting bolt holes to prevent leaks (see Figure 27.12).
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Roof-mounted antennas and structures provide practical, easy solutions to getting a directional antenna in the air, but roof mounting can be dangerous work. State and federal safety laws require fall-arrest equipment and it’s highly recommended that you use it as well. A fall-arrest harness (FAH) should be attached to an anchor point on the peak of the roof. Most of these small roof-mounted supports cannot be climbed but require a ladder support against them to provide access to the antenna.

27.2.2 Self-Supporting Towers

Self-supporting towers have a smaller footprint but are generally more expensive to install. Significantly more concrete is required for the base of a free-standing tower and the amount of steel or aluminum (which ultimately determines the cost of a tower) is higher. The advantage of a self-supporting tower is that no guy wires are required. This appeals to hams without enough room for the necessary guying system and the cleaner “look” sometimes helps with aesthetic concerns.

Because there are no guys to keep them standing, self-supporting towers depend on bending strength and a large concrete base. The base is generally required to have a volume of at least five to six cubic yards, requiring significant digging and preparation. The weight of the base keeps the tower system’s center of gravity low or below ground level, minimizing the overturning force from wind. The soil around the base must be solid enough to withstand the pressure from overturning forces on the tower system. If you have any questions about your ability to properly construct the base, consult a professional engineer or hire a concrete contractor.

Freestanding Towers

Towers specifically designed and installed for TV antennas are at the low end of suitability for typical HF beams. TV antenna towers have a maximum height of 40 to 60 feet. The most common are the Rohn AX, BX and HDBX series and a tubular-legged type similar to but lighter than Rohn 25G. Universal Manufacturing (universaltowers.com) offers similar towers made of aluminum.

The common BX-series towers sketched in Figure 27.13 are made from stamped steel with X-bracing of the legs. The X braces are not connected to each other, and the most common failure point is between the braces. Also, the rotator and top plates are made from sheet metal and can crack from wind-induced metal fatigue. For small triband HF beams and VHF arrays they are fine but be careful of overloading towers using the smaller stacking sections. These towers should be limited to antennas with boom lengths less than 10 feet since they have minimal resistance to torsion (twisting).
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For larger antenna arrays, heavier towers are available that are designed for broadcast and commercial applications. These look much the same as the “TV antenna” towers but are made of heavier material and have heavier and stiffer bracing. The most common models of these towers are the Rohn SSV, Trylon (trylon.com), Universal, and AN Wireless (anwireless.com). While significantly more expensive, they can handle very large loads, including high winds and icing conditions.

Crank-up Towers

Crank-ups are a popular type of self-supporting tower. These towers use either a motorized or manual system of cables and pulleys to extend or retract the tower. They are the most expensive tower for the height due to more materials and hardware, but satisfy many hams with limited space, or those who dislike guy wires. When cranked down, a telescoping tower can maintain a low-profile system, out of sight of the neighbors and family.

Tubular crank-ups are generally limited to a single antenna since the rotator is mounted on a plate at the top of the tower without any additional bracing. This limits the size of the antenna and how far above the rotator it can be mounted. Lattice crank-ups generally have the same top structure as a guyed tower and can support much larger antenna and mast combinations.

US Tower (ustower.com) dominates the market for crank-ups, manufacturing good products and offering good customer support. Both lattice- and tubular-type crank-up towers are available as shown in Figure 27.14.
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Do not use guys with normal crank-up towers (those that have no locking devices between sections)! The increased tower compression will be carried by the hoisting cable, which will eventually cause it to fail.

Tilt-over Towers

Some free-standing towers have another convenience feature — a hinged section that permits the owner to fold over all or a portion of the tower. The primary benefit is in allowing antenna work to be done close to ground level, without the necessity of removing the antenna and lowering it for service. Figure 27.15 shows a hinged base used with stacked, guyed tower sections. Many crank-up towers come with optional tilt-over base fixtures that are equipped with a winch and cable system for tilting the fully nested tower between horizontal and vertical positions.

[image: ]

The hinged section can also be designed for portions of the tower above the base. These are usually referred to as guyed tilt-over towers, where a conventional guyed tower can be tilted over for installing and servicing antennas.

Misuse of hinged sections during tower erection is a dangerously common practice among radio amateurs. Unfortunately, these episodes can end in accidents. If you do not have a good grasp of the fundamentals of physics, it might be wise to avoid hinged towers or to consult an expert if there are any questions about safely installing and using such a tower. It is often far easier (and safer) to erect a regular guyed tower or self-supporting tower with gin pole and climbing belt than it is to try to walk up an unwieldy hinged tower.

27.2.3 Guyed Towers

Guyed tubular-leg lattice towers are strong, reliable, relatively easy to erect, and have a wide array of accessories designed and intended for ham use. They are usually less expensive to install but need a big footprint for the guying system. Since the typical recommended guy anchor distance from the tower is 80% of the height, the guys for a 100-foot tower need to be anchored 80 feet away from the tower. A set of three guys spaced 120° around the tower is repeated every 30 to 40 feet up the tower (see Figure 27.16).
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The most widely used guyed towers for amateur applications are the Rohn 25G and 45G. They are well constructed, are hot-dipped galvanized, and have enough accessory items for any use. These towers have tubular legs and Z-bracing rods welded to the legs. The Rohn product catalog (available for downloading from the company website) provides calculations for rated wind load at various heights and all base and guying requirements.

Rohn 25G has a face width of 12 inches and a 10-foot section weighs 40 pounds. A gin pole and a ground crew is the recommended way to install these towers. A practical height limit of 190 feet at 90 MPH wind speed provides 7.8 square feet of antenna load capacity. A 100-foot tower yields 9.1 square feet of antenna capacity, enough for a small stack of monoband Yagis or a high-performance triband beam. An experienced crew can erect up to a hundred feet a day of this popular tower.

Rohn 45G is 18 inches across the face and a 10-foot section weighs 70 pounds. This robust tower is rated up to 240 feet in 90 MPH winds, with a wind load rating of 16.3 square feet. At a height of 100 feet the wind loading is 21.5 square feet.

Rohn 55G is also 18 inches across the face, weighs 100 pounds per section, and can be installed up to 300 feet with 90 MPH wind ratings. It has a gross capacity of 17.4 square feet in that maximum configuration. The standard Rohn gin pole is not rated for 55G because of its weight.

Tubular-leg towers can also be supported by attaching them to a building with a house bracket. The manufacturer will specify how far above a bracket the tower can be extended without guys.

27.3 Engineering the Tower Project

Engineering in this sense means to plan, construct, or manage the practical applications of your tower project. The engineering should be done before you begin digging, pouring, or constructing!

The process you go through to design your system may begin with site selection (“What is a suitable location for a tower?”) or it may start with selecting a tower (“What tower can I put up on this site?”). Everyone’s circumstances are different.

It’s not unusual to repeat the process of planning and tower selection for several iterations as you work through the various types of towers and associated costs and constraints. The important thing is to work through the various interacting issues until you are satisfied you have addressed all of them.

It is often very helpful to the novice tower installer to visit other local amateurs who have installed towers. Look over their installations and ask questions. Ask about local permitting processes and requirements. If possible, have a few local experienced amateurs look over your design plans — before you commit yourself. They may be able to offer a great deal of help. If someone in your area is planning to install a tower and antenna system, be sure to offer your assistance. There is no substitute for experience when it comes to tower work and your experience there may prove invaluable to you later.

27.3.1 Site Planning and Permitting

Local Ordinances and CC&Rs

Most antenna support structures fall under local building regulations as well as neighborhood restrictions. Many housing developments have Homeowner’s Associations (HOAs) as well as Covenants, Conditions and Restrictions (CC&Rs) that may have a direct bearing on whether a tower or similar structure can be erected at all, and if allowed, how it must be constructed for proper safety. This is a broad topic with many facets. Detailed background on these topics is provided in Antenna Zoning for the Radio Amateur by Fred Hopengarten, K1VR, an attorney with extensive experience in towers and zoning. You may also want to contact one of the ARRL Field Organization’s Volunteer Counsels.

The FCC’s PRB-1 memorandum specifies that local regulations must make “reasonable accommodation” for Amateur Radio antennas and support structures but does not pre-empt local regulations including CC&Rs. For more information on PRB-1, consult the information at arrl.org/prb-1.

Even without neighborhood restrictions, a building permit is likely to be required. With the proliferation of cellular and other commercial wireless devices and their attendant RF sites, many local governments now require that all antenna support structures meet local building codes. Building permit applications may also require Professional Engineer (PE) calculations and stamp (certification). The ARRL Field Organization’s Volunteer Consulting Engineer program may be useful with the engineering side of your project. It is important to understand that these building regulations are the cumulative results of decades of experience – and that compliance with them will result in a structure that is both stronger and safer for you and your neighbors. Working closely with the local building department is often a source of useful knowledge and tips for a better installation. It also gives you permits and signoffs that can provide a level of liability protection in the event of a future incident.

Safety

You must consider the safety aspects of your installation. For example, a tower should not be installed in a location where it could fall onto a neighbor’s property. Imagine what would happen if your tower or antenna fell — where would it be likely to land? What could it hit on the way down? You may not be able to mitigate every possible outcome but thinking about it before construction may lead to a better plan.

The antenna must be located in such a position that it cannot possibly come in contact with power lines, either during normal operation or if the structure should fall. Consider the proximity of power lines to the tower. Safety rules dictate that all parts of a tower and antenna must remain at least 10 feet from power lines when being erected or after being installed. This is the smallest separation you should consider, and a greater safety margin is strongly recommended.

Manufacturers Guidelines

As you explore the various options in the world of towers, you will find that every manufacturer provides a) clear instructions on how their products should be installed, and b) specifications of the minimum performance that should be expected when installed per the manufacturer’s instructions. This information is developed by design engineers and is usually signed off by a registered professional engineer to certify that the design is in alignment with standard building codes, such as the International Building Code (IBC). The IBC is the base building code used by most jurisdictions in the United States.

The Prime Directive is – “DO what the manufacturer says There is a corollary, as well – “DON’T do what the manufacturer doesn’t say to do.” Professional engineers have analyzed and calculated the proper specifications and conditions for tower structures and their environment. Taking shortcuts or making different decisions will result in a less reliable installation. It is also important to note here that every installation is unique. With the help of your own professional engineer, you may find that even the manufacturer’s recommendations are not conservative enough for your particular situation and needs.

Area and Access

For a guyed tower, there must be sufficient space for proper guying. The guy anchors should be between 70% and 80% of the tower height in distance from the base of the tower on level ground — sloping terrain may require larger areas (see Figure 27.16).

Erecting the tower and installing the antennas will require some space. Is there enough room to lay out a tower on a tilt-over base and how should the hinged base be oriented? Think about where antennas will be assembled and how they’ll be hoisted to the top of the tower. Where will any necessary equipment need to be positioned and how will it get there?

Another part of choosing a tower site has to do with arranging for access. That is, access for base excavation and access for concrete. If you aren’t sure, ask a local contractor to evaluate your site and make suggestions. They may spot something important that you’ve overlooked.

27.3.2 Selecting a Tower

The selection of a tower, its height, and the type of antennas and rotator is probably one of the more complex issues faced by station builders. All aspects of the tower, antenna, and rotator system are interrelated, and you should consider the overall system before making any decisions regarding specific system components.

Selecting a tower must be based on your requirements for what the tower must support, along with considerations such as total budget, permit restrictions, aesthetics, and the specifics of where you intend to install the tower. You should also consider the climate and your ability to maintain a tower. You may already know what general type of tower you want — self-supporting or guyed, lattice or tubular, and so on. Or you may have to select a tower based on the constraints of the available site or other factors.

One of the first things you need to determine in the tower selection process is the type of specification required by the local authorities, if any. Then, you must determine the Basic Wind Speed appropriate for the site. The Basic Wind Speed used in most specifications is the average wind speed for one mile of wind passing across the structure. It will be a lower value than the peak readings from an anemometer (wind gauge) installed at the site. For example, a Basic Wind Speed of 70 mph could have a maximum value of 80 mph and a minimum of 60 mph, equally distributed during the passage of the mile of wind. Basic wind speeds can be found in tables or maps contained in the appropriate specifications. Often, the basic wind speed used for the location may be obtained from the local permit authority.

Many building regulations base their specifications for maximum wind speed on TIA-222, “Structural Standard for Antenna Supporting Structures and Antennas.” (TIA-222-H is the latest revision as of mid-2023.) Your county building department can provide wind speed information. Remember — these are the minimums, and some building departments use a slightly higher figure for issuing building permits.

Add up the total square feet of antenna area (commercial antennas include area in the antenna specifications) you plan on installing. Compare that combination of wind area and your maximum wind speed rating to manufacturer specifications for the specific models of acceptable towers.

Most tower manufacturers provide catalogues or data packages that represent engineered tower configurations. These are provided as a convenience for users to help determine the most suitable tower configurations. The most commonly used design specifications for towers are the previously mentioned TIA-222 and the UBC (Uniform Building Code). These specifications define how the tower, antenna and guy loads are determined and applied to the system and establish general design criteria for the analysis of the tower. Local authorities often require the review and approval of the installation by a state licensed Professional Engineer (P.E.) to obtain building permits. All local authorities in the United States do not subscribe to the same design standards, so often the manufacturers’ general-purpose engineering is not applicable.

Determining Tower Load

Most manufacturers rate their towers in terms of the maximum allowable antenna load that can safely be carried at a specific wind speed. Ensuring that the specific antennas you plan to install meet the tower’s design criteria, however, may not always be a straightforward task.

For most towers, the manufacturer assumes that the allowable antenna load is a horizontal force applied at the top of the tower. The allowable load represents a defined amount of exposed antenna area, at a specified wind velocity. Most tower manufacturers rate the load in terms of Flat Projected Area (FPA). This is simply the equivalent area of a flat rectangular surface at right angles to the wind. The FPA is not related to the actual shape of the antenna itself, only its rectangular projected area. Some manufacturers provide separate FPAs for antennas made from cylindrical sections and those made from rectangular sections.

In the realm of antenna manufacturers, however, you may encounter another wind load rating called the Effective Projected Area (EPA). This attempts to take into account the actual shape of antenna elements. The problem is that there is no agreed-upon standard for the conversion from EPA to load numbers. Different manufacturers may use different conversion factors.

Since most tower manufacturers have provided FPA figures for their towers — allowing us in effect to ignore design-specification details — it would be easiest for us to work only with FPA values for our antennas. This would be fine, if indeed we had good FPA figures for the specific antennas we plan to use! Unfortunately, FPAs are rarely specified for commercially built amateur antennas. Instead, most antenna manufacturers provide effective areas in their specification sheets. You may need to contact the antenna manufacturer directly for the FPA antenna area or for the antenna dimensions so that you can do your own FPA calculations as discussed in Appendix A of this chapter.

27.3.3 Designing the Guys

The configuration shown in Figure 27.17A is taken from an older (1983) Unarco-Rohn catalog. This configuration has the top set of guys placed at the top of the tower with the lower set halfway up the tower. This configuration is best for most amateur installations, which usually have the antennas mounted on a rotatable mast extending out the top of the tower — thereby placing the maximum lateral loads when the wind blows at the top of the tower (and the bottom of the rotating mast). This configuration can limit the ability to easily tram and install antennas on the mast, or at the tower top, but will work fine for one’s first tower installation.
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The configuration shown in Figure 27.17B is from the current Rohn catalog (Catalog 3). It shows 5 feet of unsupported tower extending above the top guy set. The lower guy set is approximately halfway between the top guys and the base. The newer configurations are tailored for commercial users who populate the top region of the tower with fixed arrays and/or dishes. The installation in Figure 27.17B cannot safely withstand the same amount of horizontal top load as can the configuration shown in Figure 27.17A, simply because the guys start farther down from the top of the tower.

An overhead view of a guyed tower is given in Figure 27.17C. Common practice is to use equal angular spacings of 120° between guy wires. If you must deviate from this spacing, the engineering staff of the tower manufacturer or a civil engineer should be contacted for advice.

Amateurs should understand that most catalogs show generic examples of tower configurations that work within the cited design specifications. They are by no means the only solution for any specific tower/antenna configuration. You can usually substantially change the load capability of any given tower by varying the size and number of guys. Station builders are encouraged to utilize the services of professional engineers to get the most out of their guyed towers.

To calculate the length of guy wire needed, you’ll need to know the height of the guy attachment on the tower (H) and the distance to the guy anchor (D). The length of guy wire (L) is then:
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Then add extra length on each end to account for attaching the guy wire to insulators or turnbuckles. If you break up the guy wire with insulators, you’ll need extra guy wire for each side of the insulator. It may be easier to build the guy on the ground, measuring the distance between each insulator as it is attached and cutting the guy wire to the exact length required. Build from the tower end and leave some extra for attaching to the guy anchor.

Guy Anchors

The most common type of guy anchor is the buried “dead man” concrete anchor shown in Figure 27.18A. The Rohn catalog contains drawings and specifications for anchors suitable for typical 25G, 45G, and 55G towers. Rohn makes all of the necessary hardware to attach guys to buried anchors.
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Screw in earth anchors shown in Figure 27.18B are widely used in commercial tower work for anchoring utility poles and other similar jobs. Smaller anchors are not suited for typical tower installations. Larger anchors that require hydraulic drivers are available from Rohn, AB Chance, and other commercial vendors. Expanding earth anchors are installed in a hole, hammered to secure the anchor fingers in place, and the hole backfilled.

The guide Encyclopedia of Anchoring is available online as a four-part PDF document at hubbellcdn.com/literature/CENT-CP-ENCYCLOPEDIA-OF-ANCHORING-CAT-EN_09_2022_Web.pdf. Selecting the proper anchor is highly dependent on the soil properties at the tower. If you are unsure of how to install this type of anchor or how to assess soil properties, consult a structural or soils engineer.

Other types of anchors, such as elevated anchors made of steel pipe or I-beams may be more suitable for your circumstances. Guys can also be attached to the structural elements of a building — do not rely on expansion bolts or lugs in masonry. When using an alternative to buried anchors, consult an engineer to be sure your guys will stand up to the load your tower will present in local conditions.

27.3.4 Designing the Base

Several common types of tower bases are shown in Figure 27.19. Amateurs use all types of bases. A tower base is its foundation — what supports and carries the weight of the tower itself, along with force directed down the legs from wind and guying tension. Hams often use a variation of the composite base in which part of a tower section, or a “base burial” section is buried in the concrete. Hams also use the pier pin base. A pin in the center of the concrete pier protrudes through a hole in the center of the base plate and holds it in place. The base plate is not bolted down or anchored to the concrete so that some side-to-side and twisting movement is allowed. The pivoted and tapered bases are only used on the largest towers.
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Tower manufacturers can provide customers with detailed plans for properly constructing tower bases. Figure 27.20 is an example of one such plan. This plan calls for a hole that is 3.5 × 3.5 × 6 feet deep. Steel reinforcement bars are tied together to form a cage and placed in the hole.
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A strong wooden form is constructed around the top of the hole. The hole and the wooden form are filled with concrete so that the resultant block will be 4 inches above grade. Before it hardens, the anchor bolts are embedded in the concrete, and aligned with the plywood template. The template serves to align the anchor bolts to properly mate with the tower itself. Once the concrete has cured, the tower base is installed on the anchor bolts and the base connection is adjusted to bring the tower into vertical alignment.

For a tower that bolts to a flat base plate mounted to the footing bolts (as shown in Figure 27.20), you can bolt the first tower section on the base plate to ensure that the base is level and properly aligned. Use temporary guys or wooden braces to hold things exactly vertical while the concrete cures. (The use of such temporary guys also works well when you place the first tower section in the base hole and plumb it vertically before pouring in the concrete.) Manufacturers can provide specific, detailed instructions for the proper mounting procedure. Figure 27.21 shows a slightly different design for a tower base.
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The one assumption so far is that normal soil is predominant in the area in which the tower is to be installed. Normal soil is a mixture of clay, loam, sand and small rocks. More conservative design parameters for the tower base should be adopted (usually, using more concrete) if the soil is sandy, swampy, or extremely rocky. If there are any doubts about the soil, the local agricultural extension office can usually provide specific technical information about the soil in a given area. When this information is in hand, contact the engineering department of the tower manufacturer or a civil engineer for specific recommendations to compensate for any special soil characteristics.

Pier-Pin Bases

An important phenomenon in a guyed tower is stretching of the guy cables. All guys stretch under load and when the wind blows the elongated guys allow the tower to lean over somewhat. If the tower base is buried in the concrete footing — as is commonly done in amateur installations — the bending stress at the tower base can become a significant factor. Towers that have been installed with tapered pier-pin bases much more freely absorb tower leaning, and they are far less sensitive to guy-elongation problems.

The tapered pier-pin tower installation is not without some drawbacks. These installations often require torque-arm guy brackets or six-guy torque-arm assemblies to control tower rotation due to antenna torque. They also require temporary guys when they are being installed or removed to hold the base steady until the permanent guys are mounted or after the permanent guys have been removed. Some climbers also don’t like the flexing when they start to climb these types of towers.

On the positive side, pier-pin base towers have all structural members above the concrete footing, eliminating concerns about hidden corrosion that can occur with buried towers. Most decisions regarding the type of base installation are made according to the preference of the tower builder/maintainer. While either type of base configuration can be successfully used, you would be wise to do the stress calculations (or have a professional engineer do them) to ensure safety, particularly when large antenna loads are contemplated and particularly if guys that can easily stretch are used, such as Phillystran guys.

27.3.5 Designing the Antenna Mast

The antenna mast is the pipe or tubing that extends from the top of the rotator through the top of the tower. Wind loading on the mast can be significant for large antenna systems or for antennas mounted well above the top of the tower. This requires careful selection of the mast material and is an important part of completing your tower system design. Table 27.1 gives yield strengths for various mast materials. For all but the smallest systems, do not depend on unknown materials for this critical component!
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There are two types of round material used for masts — pipe and structural tubing. Pipe is commonly water pipe or conduit and has extremely limited value. Pipe is designed to carry liquids and is not rated for bending strength. While pipe may have a yield strength of 30,000 psi (pounds-per-square-inch), that will only accommodate small loads and wind speeds. Another problem is that the OD (outside diameter) of pipe is 1.9 inches which is smaller than the 2.0 inch ham hardware standard. Conduit should not be used as antenna mast at all except for very small antennas.

Tubing on the other hand does come in 2.0 inch sizes and is rated for strength. There are many different materials and manufacturing processes for tubing that may be used for a mast. Yield strengths range from 25,000 psi to nearly 100,000 psi. Knowing the minimum yield strength of the material used for a mast is an important part of determining if it will be safe.

When evaluating a mast with multiple antennas attached to it, special care should be given to finding the worst-case condition (wind direction) for the system. What may appear to be the worst load case, by virtue of the combined flat projected antenna areas, may not always be the exposure that creates the largest mast bending moment. Masts with multiple stacked antennas should always be examined to find the exposure that produces the largest mast bending moment. The antenna flat projected areas at 0° and 90° azimuths are particularly useful for this evaluation.

A manual procedure for determining the mast bending stress is available in Appendix B of this chapter. There are also several online calculators such as at dxengineering.com/mastloadestimator. All you need to know is the wind load of the antenna and how far above the tower you plan on mounting it. If you have any doubts about the strength requirements for your antenna mast, consult a professional installer or engineer.

The often-asked question, “How much mast should be inside the tower?” is certainly important. A good rule-of-thumb is to have 1/3 of the total mast length inside the tower. When selecting the length of the mast, allow for four feet or more of mast extending above the top of the highest antenna on the tower. This extra mast can then be used as a gin pole/pulley attachment point for other antenna or tower work.

27.4 Tools and Equipment

27.4.1 The Tower Toolbox

Any job anywhere is easier and safer if you’ve got the right tools and tower work is no exception. If you are a weekend mechanic or handyman, you’ve probably already got most of what you need; all you need to do is add a few specialized items and you’re good to go. If, on the other hand, all you have is a hammer, pair of pliers and a screwdriver, you’ll need to make a trip or two to the tool store before you can really do anything. Once you have them, you’ll be all set whenever any of your friends need help on their tower, too. Have the right tools and be prepared; you’ll never go wrong.

Most amateur tower and antenna work can be done with a minimum of hand tools. Nut sizes of 7⁄16, 1⁄2 and 9⁄16 inch are the most common wrench sizes needed. Table 27.2 lists the tools necessary for building and working on a typical ham tower. Your club may have a gin pole or guy wire tension gauge for members to borrow or you may be able to rent one.
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You’ll be working outside on towers so it’s easy to lose tools when working aloft. Plan on having to locate a tool in grassy or brushy areas. Painting your tower tools with high-visibility paint makes finding them easy and identifies them as yours if they get mixed in with those of other workers.

After you finish a job outside, clean the tools and if there was any precipitation, wipe the tools down with a rag that has been sprayed with some WD-40. This will prevent water from sitting on the tool and starting a rust spot. Threads (adjustable wrenches) and ratchets should get a little extra attention.

When you do climb, take a roll of electrical tape and a knife with you every time. You never know when you’ll notice something that needs taping to be secured or wrapped up. The knife (such as a multi-purpose tool or Swiss Army-style) can come in handy, as well.

27.4.2 Specialized Tower Tools

Come-alongs

A come-along or hand cable winch, is very useful for pulling tower sections together, tightening tramlines and tensioning guy wires. You’ll probably find more uses for it. Cheap ones cost $15-20 and are fine for occasional use. The best ones for tower work have spring-loaded safety latches over the end of the hooks, and very rugged (not stamped) ratchets and pawls.

Cable Grips

The cable grip in Figure 27.22 complements the come-along to tighten guy wires. It is a spring-loaded device that slides up the guy wire but clamps down when you put tension on it. Klein is the primary supplier of cable grips and they come in lots of sizes and designs for use with various materials. For amateur use, the Klein 1613-40 is for 3⁄16 and 1⁄4 inch EHS guy material — used on the majority of amateur towers. If you have three come-alongs and cable grips you can put initial tension on a full set of three guy wires at the same time.
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Steel Cutter

A portable (6.5-inch) circular saw with a steel-cutting aggregate blade will work to cut EHS guy wire, well, as will a 4-1⁄2 inch hand grinder with 1⁄8-inch steel-cutting blades. Always use safety goggles when cutting metal!

Gin Pole

The purpose of a gin pole (see Figure 27.23) is to provide a support point high above the top of the tower for lifting and positioning an object. This allows the necessary work to be done on the object without whoever is doing the work having to support its weight at the same time. The Rohn gin pole (Rohn Erection Fixture EF2545) is rated for sections of Rohn 25G and 45G and comes with clamps to secure it to a leg of the assembled sections. Towers made of angled legs require a special gin pole — contact the manufacturer.
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Typical gin pole loads are tower sections (10 feet long) and masts (6 to 22 feet long). Pick up these loads just above their balance point so they will hang naturally in the correct upright position for installation. The Rohn gin pole is 12 feet long, just right for lifting a 10-foot tower section. For 20-foot masts, a 12-foot gin pole is marginal because there is barely 10 feet of working length available from the gin pole. A large mast will probably exceed the rating for the Rohn gin pole (rated for 70 pounds).

Large, heavy-duty masts require special handling; consult an experienced tower worker for instructions on installing large masts. One technique many tower pros use is to install the mast inside the tower at ground level, build the rest of the tower, and haul the mast up through the center of the tower. This greatly reduces risk and complexity by eliminating the need to maneuver the mast over the top of the tower while working high above the ground.

Carabiners

Carabiners are steel or aluminum snap-links with spring loaded gates as seen in Figure 27.24A and 27.24B; they are invaluable for dozens of tower work tasks. A carabiner at the end of your haul rope can be attached to virtually anything that needs to be raised or lowered. A carabiner can be a third hand on the tower; you can clip a carabiner to almost anything with a rung or diagonal brace. You can instantly hang a pulley from a tower rung. Lightweight, they can be clipped on to your climbing harness for easy access. Experienced tower workers may carry twelve to fifteen carabiners on typical jobs. They typically cost $6 to $10 and will last for years with little or no maintenance. If the gate no longer opens and closes smoothly, the carabiner should be discarded.
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A word of caution: mountain climbing carabiners are considered to be for private use and not OSHA-approved. Current ratings for mountain climbing carabiners are typically in the 6 to 10 kN (1350-2250 pounds of force) range with the gate open and 18-25 kN (4050-5625 pounds) with the gate closed. A typical rating for an OSHA-approved commercial carabiner — called a safety hook — is 40kN (9000 pounds). If you don’t feel that mountain-climbing carabiners are adequately rated, safety hooks are available from safety equipment vendors.

Larger carabiners are available with locking gates; these will give you an added degree of safety, particularly if you are using them for your own protection or if you just want to be doubly safe. They’re only a couple of dollars more than the standard, non-locking types.

Big carabiners are used for rescue work and other applications where a wider gate opening is needed. These are sometimes called gorilla hooks or rebar hooks and are used for larger tower rungs (Rohn BX, for example) and larger loads. OSHA-compliant devices are offered by safety equipment vendors.

Using Carabiners

Here are some common ways that carabiners are used on tower projects:

1) Attach a sling to a guy anchor rod as an attachment point for the come-along when pulling guy wires.

2) Clip a carabiner onto a rung at the bottom of the tower then attach the haul rope snatch block pulley to it. This will change the direction of the haul rope from vertical to horizontal, making it much easier to pull. It also allows the ground crew workers to watch the load as it goes up or down the tower (without having to strain to look upward) and it removes them from the fall danger zone at the bottom of the tower.

3) Dedicate a sling and carabiner to the gin pole for easy lifting as the tower is assembled.

4) Put a loop through a frequently used tool, then clip it to your belt with a carabiner.

5) Always have a carabiner clipped into the bowline at the end of your haul rope and tag line for quick load attachment.

6) Clip a carabiner into the U-bolt on your rotator to haul it up.

Slings

A loop sling is made from one-inch nylon tubular webbing as seen in Figure 27.24C. Mountain-climbing slings are a continuous loop of webbing. A configuration with a sewn loop at each end is also useful. Slings can be wrapped around large or irregularly shaped objects and attached to a rope or tower member with a carabiner. Slings have around the same breaking strength as carabiners (approximately 4000 pounds, or 18.1 kN force) and are very handy for amateur applications and loads. Wrapping one around a tower rung or leg provides a convenient place to hang tools, parts, or a pulley. Like carabiners, slings are not OSHA-approved but they’re used for mountain climbing protection. OSHA-approved slings are available from a safety equipment vendor.

Lifting Loads with Slings

Slings are typically used in one of three rigging configurations shown in Figure 27.25:
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1) Straight pull — A simple direct vertical attachment such as for a tower section. Run the sling around a tower member and clip both ends in a carabiner for lifting.

2) Choker — Wrap the sling around the load one or more times, insuring that you pull the loop through itself on each wrap, cinch it tight, clip it into a carabiner and pull it up. The more tension you put on the sling, the tighter it gets. Chokers are the best way to lift a mast.

A choker will work in many other cases where you have an irregular load to haul, not just masts. Using a sling as a choker reduces the lifting capacity of the sling by as much as 30% though. A U-clamp can be installed above the sling when raising a mast for redundant protection if desired.

3) Basket — Basket hitches distribute a load equally between the two legs of a sling. The greater the angle between the two legs, the smaller the capacity of the sling.

27.4.3 Using a Gin Pole

This section was condensed from the ARRL book Simple and Fun Antennas for Hams. We’re going to assume in the following discussion that you are using a Rohn EF2545 to install sections of Rohn 45G, which weigh about 70 pounds.

The main working part of the gin pole is the pulley mounted at the top of the 12-foot long heavy-wall aluminum tubing. This pulley has a haul rope going down to the ground crew through the center of the aluminum tube.

An adjustable, sliding clamp toward the bottom of the aluminum tubing is clamped to the tower using a swinging L-bracket-type clamp with two clamping bolts. These have T-bar handles that can be tightened by hand. In fact, this gin pole can be moved and deployed without any tools. The clamp is positioned just below the top braces of the tower section onto which the next tower section is to be installed. Once clamped to the top of the tower, you would loosen the T-bar handle that tightens the clamp against the sliding aluminum tube and slide the tubing up to its maximum extent.

In practice, the following steps are taken as each 10-foot section of tower is installed, one-by-one. We’re assuming here that the gin pole starts out on the ground, with at least one person harnessed safely at the top of the tower. We’re also assuming that the haul rope has been threaded through the aluminum tube and the top pulley, with a carabiner to prevent it from falling back down the tube.

Here’s a rope tip — If the wind is blowing it may be difficult to lower the end of the rope to the ground. Attach a weight to the end of the rope; a wrench works well. If added weight isn’t enough, use a carabiner to clip the free end of the haul rope around the other side of the rope. The carabiner will guide the free end back down the haul rope without blowing around.

1) The clamp holding the aluminum tubing is loosened so that the pulley on the tube can be lowered to where it is just above the bottom clamp. Then the T-bar handle for the tube clamp is tightened.

2) The climber lowers a work rope for the ground crew to tie to the gin-pole pull rope. (This work rope has been looped through a temporary pulley clipped to the top of the tower. It is also used to pull up tools and other materials.) The ground crew then pulls the gin pole up to the climber, using the work rope. Once the gin-pole head reaches the top of the tower, the climber clamps the gin pole clamp securely to the top of the tower. The tag line is then removed from the gin pole.

3) The T-bar handle for the tube clamp is loosened, and the aluminum tube is extended to its maximum height, as shown in Figure 27.23. Make sure the free end of the haul rope cannot slip through the top pulley, or else you’ll have to lower the gin pole and go through this step again. In other words, the climber keeps the “business end” of the gin pole rope while raising the pole.

4) The free end of the haul rope is then dropped to the ground, often using a weight to keep the rope from waving about. (See the rope tip above.)

5) The ground crew then attaches the free end of the rope above the balance point of the tower section. For Rohn 25G or 45G there are eight horizontal cross braces per section. The crew should attach the rope to the fifth horizontal brace from the bottom. Please remember that the tower section should hang with its bottom down so that it is properly oriented when it reaches the top of the tower.

6) Once the bottom of the tower section has been lifted to just above the top of the legs of the bottom tower section, the tower crew can guide the section down onto the top of the three legs, while calling out to the ground crew instructions about slowly lowering the new section down onto the legs. See Figure 27.26, which illustrates guiding the new section of tower onto the previous section’s legs.
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7) Once the new tower section has been guided down onto the male ends, the pinning bolts are inserted and tightened with nuts. Note that Rohn uses two different sized bolts on 25G and 45G sections, with the larger diameter bolt on the bottom.

8) Finally, reposition the gin pole for the next section of tower. The T-bar at the clamp is loosened, the tube is dropped down to the level of the clamp, and the climber walks the gin pole up to the top of the section just installed and clamps it there, ready to pull up the next tower section.

27.4.4 Ropes and Rope Care

If you are going to do tower and antenna work, you’ll be using ropes. The most common uses are for haul rope, tag lines or work rope and temporary guys. A halyard is a rope used for hoisting. A tip from experienced tower climbers is to use the largest rope that is reasonable for the job. That is the easiest to grip and will be the kindest to your hands.

Manila

Manila is the best known natural fiber rope. Manila must be handled and stored with care as any dampness will cause it to rot and damage its effectiveness and safety.

Polypropylene

Polypropylene makes lightweight, strong ropes that float on water, are rot-proof and are unaffected by water, oil, gasoline and most chemicals. Polypropylene rope is relatively stiff and doesn’t take a knot well.

Nylon

Nylon is the strongest fiber rope commercially available. Due to its elasticity, nylon ropes can absorb sudden shock loads that would break ropes of other fibers. Nylon is particularly recommended for antennas using trees as supports. A disadvantage of new nylon rope is that it stretches by a significant percentage.

Nylon has very good resistance to abrasion and will last four to five times longer than natural fiber ropes. Nylon ropes are rot-proof and are not damaged by oils, gasoline, grease, marine growth or most chemicals.

Dacron

Dacron rope comes in three sizes (3/32, 3/16 and 5/16 inch) and is UV resistant. This is an excellent candidate for any rope used permanently outside such as for wire antenna halyards.

Rope Lay

All rope is twisted or laid; and nearly all laid rope is three-strand construction, typically what you’ll find at your local hardware store. Another type of rope is known as braid-on-braid, or kernmantle. This rope has a laid core covered with a braided jacket to produce a strong, easy-handling rope. In most instances, braid-on-braid rope is stronger than twisted rope of the same material and diameter. It is available in various synthetic fibers. Marine supply stores and mountain climbing stores carry a large variety of braid-on-braid types as well as a variety of types and sizes.

Which Rope to Use

The best rope for holding up wire antennas with spans up to 150 or 200 feet is 1⁄4-inch nylon rope. Nylon is somewhat more expensive than ordinary rope of the same size, but it weathers much better. UV-resistant Dacron rope is also popular. After an installation with any new rope, it will be necessary to repeatedly take up the slack created by stretching. This process will continue over a period of several weeks, at which time most of the stretching will have taken place. Even a year after installation, however, some slack may still arise from stretching.

For ropes to be used on tower work, first decide which size will suit your needs based on working load. Most amateur loads are less than 100 pounds and very rarely do they exceed 250 pounds. A haul rope having a working load between 100 and 250 pounds will handle just about anything. Table 27.3 summarizes the sizes and working loads for different types of rope.
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Second, choose the type and material of your rope. Polypropylene rope is stiffer and more difficult to knot than nylon. Nylon and braid-on-braid ropes are softer and will take a knot very easily. The softer ropes also coil more easily and are more resistant to kinking.

Finally, choose the length that will be most useful for you. If you double the height of your tower and add 25%, you’ll have plenty. A 100-foot tower requires (100 × 2) + (100 × 2 × 0.25) = 200 + 50 = 250 feet.

Price varies from less than $20 for 600 feet of 1⁄4 inch polypropylene rope to more than $100 for 165 feet of high quality kernmantle climbing rope. Have a variety of ropes on-hand for different uses. All are doubled-braided construction. Lengths vary from 100 feet to 600 feet. Each rope is carried and stored in simple plastic tubs, which are labeled appropriately, including dates of purchase. If you simply feed the rope loosely into its container, it will pull back out without kinking or knotting.

Make certain that the rope ends will not unravel. Most supply stores will cut the length with a hot knife; that will do the best job of sealing the ends. You can do it at home by simply melting the ends with a lighter. An alternative is to tightly wrap a few layers of electrical tape or heat-shrink tubing around the ends. Be sure to tape the ends of all your ropes to protect them.

Rope Care

Inspect your rope periodically and replace it if there is any visible serious abrasion or damage. Many climbers store their rope loosely in tubs or baskets and do not coil it, which introduces twists. Others prefer spools and the portable garden hose spools that wind up rope will keep it straight and tangle-free, as well.

Here are some additional tips for using ropes:

1) Be certain your rope size is adequate for the job; don’t use a rope that is too small.

2) Dry your rope before storing it. Natural fiber (Manila) ropes will mildew and rot if stored wet. You can put nylon ropes in the clothes dryer on low heat if they are really soaked.

3) Don’t store ropes in direct sunlight; UV deterioration will significantly weaken them.

4) Cut out and discard any badly worn or abraded portions of a rope; better to have two shorter ropes you can trust than one long one that is suspect.

5) Keep your rope clean. Don’t drag it through the mud, or over a rough or gritty surface. Try not to even step on your ropes, especially on wet or muddy soils.

6) Watch for kinks; they can cause permanent damage and weakening.

7) Protect ropes from all chemicals such as acids, oils, gasoline, paints, solvents, etc.

8) Avoid sudden strains; shock loading or jerking may cause failure.

9) Avoid overloading. A safe working load for a rope is 10-20% of its breaking strength.

10) Avoid abrasion. If the rope must run over a tower leg or any surface with a sharp edge, protect it with a layer or two of canvas or other such material.

11) Avoid bending a rope around corners or at sharp angles.

27.4.5 Knots

You can do about 98% of your tower and antenna work with only three knots — and you already know one of them. Remember that any knot will decrease the breaking strength of the rope — usually 40% or more. Choose and use the correct rope and knots for the job, and you should have no problems. Knots not listed here, and additional knot-tying know-how can be found online at Animated Knots (animatedknots.com) and Real Knots (realknots.com/knots). Figure 27.27 shows several common knots.
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Overhand Knot

Start with an overhand loop, then passing the end under and up through the loop and then tightening. To form an overhand loop in the middle of a rope, double the rope for about two feet and tie an overhand knot with the doubled rope.

Bowline

The bowline forms a loop that will not slip, or jam yet unties easily. It is used for hoisting, joining two ropes, and fastening a rope to a ring or carabiner. To tie it, form a small loop in the rope. Run the end up through the loop, behind the standing part, then back down through the loop. Pull tight. Practice this one until you can make it almost automatically.

Figure eight

Simpler than the bowline, a figure-eight knot may be used in most situations in place of a bowline. It is tied like a doubled overhand except that the rope is twisted an additional half-turn before the knot is pulled through the loop. It is one of the few knots that can be easily untied after holding a severe impact load, such as a falling tower section. Its only disadvantage for tower work is that it is a physically larger knot, and it takes a bit more rope than a bowline.

Clove Hitch

The clove hitch can be invaluable when you’re working with round objects, and it can be put on or around almost any object very quickly.

Truckers’ Hitch

The trucker’s hitch allows you to tighten the rope as much as you can without a come-along. Tie an overhand loop (see above) toward the load end, run the end of the rope through a carabiner or shackle at a convenient anchor point, pass the end through the loop and then pull to tighten the rope. This technique gives twice the mechanical advantage of pulling on the single rope.

Plastic Line

For types of plastic line that are too slick to hold common knots well, Figure 27.28 shows a more suitable knot. Needless to say, these lines should probably not be used for lifting loads or holding climbers.
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27.4.6 Pulleys

Pulleys are used constantly in tower and antenna projects. One should always be placed at the top of the tower for a haul rope to bring up materials. Steel pulleys costing $25-35 are found in many hardware stores or rigging shops but are heavy. Lightweight nylon pulleys are used by utility company line crews for tower work. Lightweight (aluminum) pulleys designed for “rescue” work are also available. These can be placed on the line at any point and have load ratings comparable to carabiners as well. Wood-sheathed pulleys used in “block and tackle” devices and for sail hoisting should work well for very heavy loads.

Two important things to consider when shopping for pulleys are sheave size and sheave clearance. A sheave is the pulley wheel with a groove in it. A two-inch diameter sheave is the minimum size to use, and larger sizes are better. Use a jam-proof pulley with minimal clearance between the sheave and the pulley body. If there is any way for your haul rope or cable to jump the pulley and get jammed, it almost certainly will.

A snatch-block is a pulley with a body that opens up so that it can be placed directly anywhere on a rope without needing one end of the rope to be free. This is useful when the rope is under tension (see Figure 27.29).
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For supporting wire antennas, avoid small, galvanized pulleys designed for awnings and clothesline pulleys. Use heavier and stronger pulleys intended for outdoor and marine installations with good-quality bearings.

An important consideration for pulleys to be constantly exposed to the weather is corrosion resistance. Use a good-quality pulley made entirely of alloys and materials that do not corrode readily. Galvanized pulleys will quickly rust. Marine pulleys have good weather-resisting qualities since they are usually made of bronze, but they are comparatively expensive, and the smaller pulleys are not designed to carry heavy loads.

27.4.7 Rope Hardware

The drawing in Figure 27.30, from rope manufacturer Mastrant (mastrant.com), shows the various hardware elements that are used with rope. Figure 27.30A shows the rope hardware used for terminating and coupling. An attachment point on a tower is shown as an example. Figure 27.30B shows the hardware for attaching rope to tensioning devices like turnbuckles and adjustable cam-locking clips.
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27.5 Tower Construction

Now that you have done all the planning and purchased the materials, it’s time to start “growing” your tower. We’ll start at the bottom!

27.5.1 The Prime Directive

When it comes to tower construction, you are strongly advised to always observe the Prime Directive (originally from K7LXC); that is, to “DO what the manufacturer says.” Similarly, “DON’T do what the manufacturer doesn’t say to do.” Follow the specifications for materials, concrete and wind load and you’ll minimize the chances for failure, small or large. Follow the directions for assembling equipment and using tools and supplies. Professional engineers have designed every aspect of these systems for safe, long-term and reliable use and it’s in your best interests to follow their specifications and directions. Pretty straightforward and simple to follow advice. There are many situations where nothing matches or is covered by the directions. In cases like these, either carefully devise a plan or seek professional advice.

27.5.2 Base Excavation and Rebar

To avoid underground utility lines, please don’t dig without calling one of the utility locator services. There are several websites such as call811.com that can help, or you can call your local utility for assistance. Avoid expensive and embarrassing surprises. It may even be illegal in your area to begin digging without determining the location of buried utilities!

Hand-digging the hole for a large self-supporting tower base entails a lot of work! Excavating the necessary hole can be done quickly and effectively by a professional contractor. You can also rent excavating equipment and do the job yourself. No matter how you dig the hole, extreme caution should be used when someone is in the hole due to the risk of wall collapse. Many building regulations make it illegal to be in a hole or trench more than 4 feet deep without shoring up the sides of the hole. If you’re doing the work yourself, never work alone in a hole that is deeper than your waist.

Building a Rebar Cage

Once the hole is dug, you’ll be installing the reinforcing bar, or rebar. The tower manufacturer will provide a recommended design for the rebar “cage” in the concrete base. Figure 27.31 shows a typical completed cage.
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Rebar is sized in eighths of an inch. For example, #4 rebar is 4⁄8 of an inch, or 1⁄2 inch, and #6 rebar is 6⁄8, or 3⁄4 inch. Rebar vendors will cut and bend the rebar to your order which is a lot easier than buying long lengths of it at your local hardware store and trying to cut it yourself.

You can either build the rebar cage on the ground or in the hole. You’ll need a backhoe or other piece of equipment to lift the completed cage up and lower it into the hole. Building the cage in the hole is harder since room to work is really restricted. Remember to shore up the hole and don’t work by yourself.

To tie the rebar together to form the cage use bailing/tie wire at each joint. Take about 2 feet of bailing wire and bend it in half. Wrap the tie wire through one of the Xs of the joint twice. Next wrap it twice through the other axis of the joint, bring the ends together and wrap them together several times. Use a large pair of pliers, or a wire tie tool, to twist it until snug. To stiffen the cage, add an X cross brace, using two pieces of rebar across each face.

Guy anchors are easy to deal with since they’re smaller, take less concrete and you don’t have to move as much soil. The easiest way to locate the anchors is to temporarily put up a tower section at the desired location and then sight through each face across the opposite leg — that’ll give you the angle. Then run your measuring tape out the appropriate distance to the anchor location. A more accurate way of measuring is to use a transit, which will ensure each guy anchor is spaced exactly 120 degrees apart. Suitable transits can be rented quite reasonably.

Once the rebar cage has been placed in the hole, a wooden form surrounding the top of the base hole provides for a neater appearance and raises the top of the base above ground a few inches. This allows water to run off the base and not pool around the legs or bolts of the tower.

Installing the Base Section

If you’re installing a guyed tower such as Rohn 25G or 45G with tubular legs, be sure to put 4 inches or so of crushed stone at the bottom for drainage and set the legs of the base in the gravel. Water will condense in the legs, and if there’s no place for the water to drain out, it will build up and split the leg when it freezes.

Place the base section, if used, in the hole without touching the rebar cage and use wooden braces to hold it precisely vertical. Alternately, you can join one of the tower sections to the base section and use temporary guys to hold it up. For bigger tower bases, it’s sometimes convenient to attach the leg(s) to the rebar cage with tie wire. A properly constructed rebar cage will be strong enough to support it and you can stand on it if needed.

If anchor bolts are being used, a piece of plywood with the proper hole pattern can be used to hold the bolts in position while the concrete is being poured.

27.5.3 Concrete for Bases

The tower manufacturer will specify the type of concrete required for the base and your building permit may also impose some requirements. The strength specification is generally 2500 to 4000 PSI for tower bases and a slump (a measure of the concrete’s workability) of 4. Consult an engineer if you are unfamiliar with ordering or working with concrete. The Wikipedia entry for concrete (en.wikipedia.org/wiki/Concrete) provides a great deal of good information.

You can mix the concrete yourself by using bags of premixed concrete and a powered mixer. It takes about 45 80-pound bags of concrete mix to make one cubic yard of concrete so for large bases ordering ready-mix concrete is more practical. The delivery truck will need to be relatively close to the hole (within 10 to 15 feet) to be able to position the delivery chute properly. If the truck cannot get close enough to the hole, you’ll have to move the concrete yourself.

To avoid moving tons of concrete (a yard of concrete weighs about 4000 pounds!) in long runs to the hole with a wheelbarrow, use a concrete line pumper — a truck-mounted pump that uses 3-4-inch hoses laid on the ground for concrete distribution. They’re not that expensive and can pump up to 400 feet. There are big hydraulic boom pumpers that can work over obstacles such as buildings and fences, and much greater distances, but they are more expensive to hire. In either case, using professional equipment makes the job of moving tons of concrete much easier.

Concrete takes a long time to cure to its rated strength — at least three weeks until it reaches 90% of its rated strength. The concrete supplier can give you complete instructions on how long to wait and whether the concrete needs to be kept damp during the curing period or any other special treatment. It’s hard to sit and wait a month before beginning work on the tower but be safe and don’t put any load on the base until it is ready to support it. Your building permit may require inspection of the base before tower work can begin.

27.5.4 Working with Guy Wires

Guy wires are the heart of a reliable guyed tower system. Almost any tall amateur tower is going to be guyed. Rohn 25G, 45G and 55G are the most common towers used by amateurs and they all need to be guyed. Before you begin building the tower, familiarize yourself with guy wires and the associated equipment, hardware and techniques. Practice until you are confident of being able to handle guy wires correctly.

Guy Wire Grades

Steel guy wire comes in several different grades. Rohn specifications call for EHS (Extra High Strength) cable exclusively. As you can see from Table 27.4, this is the strongest steel cable available.
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Guy Wire Terminations

The three most common methods of terminating guy wires are to use Crosby cable clamps, swaged or crimped pressed fittings, or “preforms” (preformed guy grips). With the advent of the preformed guy grips, Crosby clamp and swage fitting use has declined dramatically.

Thimbles

At an attachment point, guy wire is put through a thimble or insulator and doubled back for clamping (this is called a turnback) as shown in Figure 27.32. A thimble is used to prevent the wire from breaking because of a sharp bend at the point of intersection. Conventional wisdom strongly recommends the use of thimbles that are at least two wire sizes larger than the cable to provide a more gradual wire bend radius.
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Don’t confuse rope thimbles with ‘heavy duty’ thimbles for use with guy wire. Heavy duty thimbles are thick and virtually impossible to bend. They are also usually galvanized (and should be for use in tower building.) Rope thimbles are very thin steel, often stainless, and easy to open and bend to force over a round member like a turnbuckle eye. The much thicker heavy duty thimble is not easy to bend or deform by hand.

Wrapping the wire around the thimble results in two parallel guy wires. The wire that bears the tension of the guy wire forces is called the “live” end and the short piece that is turned back is called the “dead” end. It’s “dead” because it is not load-bearing.

Cable Clamps

The least expensive and most common cable fittings are Crosby clamps consisting of two parts; the U-bolt and the saddle. Always use three clamps per turnback and make certain that the saddle is on the live (load-bearing) side of the guy wire. The saddle portion provides the majority of the holding capacity of the clamp and goes on the “live” side of the cable. To remember the correct method, use the saying, “U goes on the dead end” or “Don’t saddle a dead horse.” In other words, don’t put the saddle on the dead side of the turnback. A clamp mounted backwards loses 40% of the holding capacity of a properly installed clamp.

At one time, the guy wire end strands were unwoven and wrapped around the guy wire itself. This process was known as “serving,” and was best done using a special tool. Not only is this procedure quite difficult with EHS, but the wrapped bundle will also trap water running down the cable, which will accelerate the rusting process. With the near-universal adoption of preforms, this practice is no longer used very much.

Swaged Fittings

Swaged fittings produce a strong, clean connection. If you don’t like the look of lots of cable clamps, swaging may be for you. The most common swages are Nicopress fittings shown in Figure 27.33. While the fittings themselves are relatively inexpensive, you have to buy or rent a Nicopress tool to crimp them onto the guy wire. Once they’re crimped on, they can’t be removed.
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Preformed Guy Grips

Preformed guy grips (or Big-Grip Dead-Ends from Preformed Line Products — preformed.com) are the easiest to use and the most expensive (see Figure 27.34). You simply curl them onto the end of the guy wire to produce a permanent termination. Preformed cable grips have virtually replaced cable clamps for power, telephone, and communications companies. Factory specs say that you can remove and reapply the grips twice. If removal is necessary after a guy grip has been installed for a period greater than three months, it must be replaced. If you can’t find them locally, they are available from several QST advertisers.
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Preforms are color-coded for guy wire sizes, as follows:

1⁄8 inch — blue

3⁄16 inch — red

1⁄4 inch — yellow

9⁄32 inch — blue

5⁄16 inch — black

3⁄8 inch — orange

Use only the correct size preforms for the guy wire you are using. Guy wire and related hardware, including cable clamps and preforms, are designed for a certain number of strands in the wire rope, and for a specific lay for each cable size. Do not mix different hardware. Note that preformed grips have two sets of crossover marks. The set closest to the loop is for normal guy wire attachment. The set farthest from the loop is for when the guy wire goes through an insulator.

Installing Preforms

Preformed guy grips are precision devices, designed to be installed by hand; do not use any tools to install them. They should be installed only in conjunction with heavy-duty wire rope thimbles.

1) Insert a heavy-duty thimble into the eye of the preform, then through the attaching hardware (shackle, etc.).

2) Wrap the first leg (either one) around the guy wire with two complete wraps. Simply wrap them around the guy wire. Line up the crossover marks, then wrap the second leg with two complete wraps, ending opposite the first leg.

3) Complete the installation by either simultaneously wrapping both legs (keeping the legs opposite each other) or alternating between the legs a couple of wraps at a time. Bending the EHS guy wire as you wrap the preform leg around it will make it easier to attach.

4) Finish the short leg first, then the long leg.

5) Seat the ends of the legs by hand or use a flat blade screwdriver under the end of the strands. For Phillystran guy wire you may need to separate the strands to finish the ends of the Preform.

6) Attach a black tie-wrap or end sleeve around the grip at the end to secure it.

Cutting Guy Cable

Many different methods have been used over the years to cut guy cable. These days, EHS (extra high strength) guy wire is the standard and special cutters are needed to cut this hard wire. Always wear safety goggles when working with guy wires. There can be lots of metal chips floating around when you cut them, or the guy wire can easily whip around and hit you in the face or other body parts.

To cut the guy wire, rent or borrow a bolt cutter. Be certain it will cut EHS, not just soft metal. Another method is to use a circular saw or hand grinder with a metal cutting aggregate blade. These blades are less than $4 at your neighborhood hardware store and will cut pipe mast material as well. Use electrical tape not only to mark where you want to cut, but also to prevent the guy wire from unraveling after it’s cut.

Phillystran

Introduced in 1973, Phillystran offers the strength of EHS guy wire with the added advantage that it is nonconducting and electrically transparent to RF. It consists of a polyurethane resin-impregnated aramid fiber rope with a thick extruded jacket of specially formulated polyurethane. Its non-conductivity makes it ideal for tower systems where some antennas will be under or close to guy wires. Guy wire interaction with stacks and wire antennas will be eliminated by using Phillystran. Table 27.5 compares EHS, Phillystran and fiberglass rod guying material.
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Recommended Phillystran installation calls for at least 10 to 25 feet of steel cable from the end of the Phillystran to the anchor. This prevents damage from vandalism, accidents and ground fires that can weaken Phillystran and cause a tower failure.

Phillystran Cable Grips

Preformed Line Products now manufactures Phillystran-compatible Preformed guy grips. These are different from those used with 1⁄4 or 3⁄8 inch EHS with a different lay (twist) to match the characteristics of Phillystran. The grips for Phillystran cannot be interchanged with the grips for EHS.

The guy grips are installed generally the same way, except that you must keep some tension on the Phillystran while installing them, and you may have to split the strands on the end of the Preform in order to finish wrapping them on. This is because the Phillystran is very flexible, particularly when compared to EHS. Other than that, they’re installed just like the Preforms for steel guys.

Attaching Guy Wires to the Tower

Figure 27.35 shows two different methods for attaching guy wires to towers. At Figure 27.35A, the guy wire is simply looped around the tower leg and terminated in the usual manner. At Figure 27.35B, a guy bracket, with torque arms has been added. Even if the torque arms are not required, it is preferred to use the guy bracket to distribute the load from the tower/guy connection to all three tower legs, instead of just one. The torque bracket is more effective at resisting torsion on the tower than simply wrapping the preform or EHS around the tower leg. Rohn offers another guy attachment bracket, called a Torque Arm Assembly (sometimes called a “star guy” bracket), which allows six guys to be connected between the bracket and anchors. This is by far the best method of stabilizing a tower against high torque loads and is recommended for installations with large antennas.
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Attaching Guys to Anchors

Turnbuckles and associated hardware are used to attach guy wires to anchors and to provide a convenient method for adjusting tension. Figure 27.36A shows a turnbuckle with a single guy wire attached to the eye of the anchor. Turnbuckles are usually fitted with either two eyes, or one eye and one jaw. The eyes are the oval ends, while the jaws are U-shaped with a bolt through each tip. Figure 27.36B shows two turnbuckles attached to the eye of an anchor. The procedure for installation is to remove the bolt from the jaw, pass the jaw over the eye of the anchor and reinstall the bolt through the jaw, through the eye of the anchor and through the other side of the jaw. Only forged-eye turnbuckles should be used in which the eye loop is a continuous piece of metal and not formed into a loop by bending. Formed loops can open up and break or slip under heavy loading.
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If two or more guy wires are attached to one anchor, equalizer plates should be installed (Figure 27.36C). In addition to providing a convenient point to attach the turnbuckles, the plates pivot slightly to equalize the various guy loads and produce a single load applied to the anchor. Once the installation is complete, a safety wire should be passed through the turnbuckles in a figure-eight fashion to prevent the turnbuckles from turning and getting out of adjustment (Figure 27.36D).

Pulling and Tensioning Guy Wires

Once the guys are cut to their appropriate lengths and are attached to the tower, you need to pull them so you can attach them to the turnbuckle at the guy anchor. One method is to pull them by hand with a moderate amount of force (100-200 pounds of pre-tension will stabilize the tower under construction) and then secure them to the anchor. This will deflect the tower slightly but will put some initial tension on them. Another method shown in Figure 27.37 is to use a come-along and cable grip. Place a nylon sling around the guy anchor for attachment of the other end of the come-along.
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Most manufacturers require the final tension of the guy wire to be 10% of its breaking strength. That amount of tension is necessary to eliminate looseness in the cable caused by the spiral wire construction and to eliminate excessive dynamic guy and tower motion under wind loading. For 3/16-inch EHS that amount of tension would be approximately 400 pounds.

How do you know when you’ve got the right amount of tension? A calibrated dynamometer can be used, but such tools are quite expensive. The Loos Tension Gauge in Figure 27.38 is an accurate, inexpensive device for measuring guy tension. While originally designed for accurate, repeatable tuning of a sailboat’s standing rigging (which typically uses 7X19 SS cable), the accuracy of measurement is quite good enough for ham radio towers, using EHS. It works by measuring the deflection of the guy wire and does not need to be inserted into the guy wire. (If you are using Phillystran, measure tension in the recommended section of steel EHS between the Phillystran and the ground anchor.)
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The guy is gripped with a cable grip, which is connected to the anchor below the eye (or equalizer plate) with a block and tackle arrangement (see Figure 27.37) or a come-along. Then the turnbuckle is adjusted to take up the load, the cable grip is released, and the final guy tension is adjusted and checked.

Regardless of how you measure guy tension, the important thing is to tighten all the guys, so tension is approximately the same within each set of guys. Having all tensions equal avoids pulling the tower out of alignment. When you adjust the guys at each level, you should check the tower for vertical alignment and straightness. This is often done with a transit from two ground points located 90° from each other. After plumbing the tower up to the first set of guys, another method is to look up the face of the tower from the bottom. It will be obvious if the sections above the guys are out of plumb.

Resonance in Guy Wires
If steel guy wires are resonant at or near the operating frequency, they can receive and reradiate RF energy. By behaving as parasitic elements, the guy wires may alter and thereby distort the radiation pattern of a nearby antenna. For low frequencies, where a dipole or other simple antenna is used, this is generally of little or no consequence. But at higher frequencies, where a unidirectional antenna is installed, it is desirable to avoid pattern distortion if at all possible. The symptoms of re-radiating guy wires are usually a lower front-to-back ratio and a lower front-to-side ratio than the antenna is capable of producing. The gain of the antenna and the feed point impedance will usually not be significantly affected, although sometimes changes in SWR can be noted as the antenna is rotated. (Of course, other conductors in the vicinity of the antenna can also produce these same symptoms.)
The amount of re-radiation from a guy wire depends on two factors — its resonant frequency, and the degree of coupling to the antenna. Resonant guy wires near the antenna will have a greater effect on performance than those that are farther away. Therefore, the upper portion of the top level of guy wires should warrant the most attention with horizontally polarized arrays. The lower guy wires are usually closer to horizontal than the top level, but by virtue of their increased distance from the antenna, are not coupled as tightly to the antenna.
To avoid resonance, the guys should be broken up by means of egg or strain insulators.
Figure 27.A shows wire lengths that fall within 10% of 1/2-λ resonance (or a multiple of 1/2 λ) over all the HF amateur bands.
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Unfortunately, no single length greater than about 14 feet avoids resonance in all bands. If you operate just a few bands, you can locate greater lengths from the chart that will avoid resonance. For example, if you operate only the 14, 21 and 24 MHz bands, guy wire lengths of 27 feet or 51 feet would be suitable, along with any length less than 16 feet.
Of course, you could neutralize the whole problem by using Phillystran at some expense. One way to minimize the cost is to use Phillystran on only the top or top two sets of guys. Further, it’s not necessary to use Phillystran all the way down to the anchor. Even using Phillystran for the top 50% will reap benefits.


Safety Wiring Turnbuckles

The final step in installing guy wires is to safety wire them as shown in Figure 27.39. This keeps turnbuckles from loosening from normal vibration and discourages vandalism. Use some pieces of leftover guy cable and loop it through the anchor shackle and the turnbuckles, securing the ends with a cable clamp.
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27.5.5 Before Working on a Tower

The Work Crew

For small antenna jobs, two people (one on the tower and one on the ground) are usually enough. Even erecting 25G tower (40 pounds per section) can be accomplished with two people but a third person to handle the tag line is very handy. For 45G, it takes two people on the haul rope as these sections weigh 70 pounds each and a section with guy brackets is close to 100 pounds.

Commercial riggers commonly use some type of winch or windlass to haul up heavy loads. For working with large antennas, such as 40-meter beams, two people on the tower along with one or two tag line handlers, plus two to four on the haul rope, makes for a large crew.

Regardless of size, take care of your crew! Roll out the red carpet for them. They’re giving up their time to help you and they deserve it. Make an effort to provide lots of water or iced tea and by all means feed everybody a nice lunch. No alcohol until after the work is done!

Pre-Work Meeting

On project day, the first thing you should do is have a session with the entire crew and go over what is going to be accomplished and the order and manner in which it is going to be done. Cover all safety issues, commands and equipment related to the job. Identify any hazards in the work area, such as power lines. Explain any specialized equipment or tools, including carabiners and slings, come-alongs, hoisting grips and so on. If a come-along or other special tool is going to be used, be sure that someone on the tower and ground crews knows how to use it properly.

One of the most important jobs for the ground crew is to act as a spotter and take care of the safety of the tower crew and the whole team. Point out where a phone is and any phone numbers that may be needed in an emergency. Also discuss and understand what to do in an emergency situation. For minor emergencies, knowing where the closest medical facility is will be valuable. Since just about everyone will have a mobile phone, calling 911 won’t present any problems for bigger emergencies. Not many emergency services professionals have been trained for high-angle rescue such as lowering someone off of a tower, so you’re probably going to be on your own at least initially. Search and rescue crews are used to working with ropes and other hardware for extrications, so hopefully your 911 operator will be able to put you in touch with them. Physical trauma can set in quickly even with a fall-arrest harness so fast action is vital.

Let your ground crew know not to be standing around the bottom of the tower unless they must specifically be there. This is the danger zone for dropped tools and hardware which reaches high speeds and can bounce a long way from the tower.

Rule #1. The tower crew is in charge. The ground crew should do what the tower crew tells them and not do what the tower crew doesn’t tell them. Being on the ground crew is usually pretty boring, but they should not do anything that would have any impact up on the tower. With very few exceptions, the ground crew shouldn’t do anything unless directed to. If they are not sure about something, ask the tower crew.

Rule #2. When the ground crew is talking to the tower crew, look up and talk in a loud, concise voice. Although it may be still and quiet on the ground, the ambient noise level on the tower is always significantly higher 50 feet or more in the air and you have major communication obstacles. VHF/UHF handhelds, FRS handhelds, or VOX-operated 47 MHz headsets all work. Make sure that all have fully charged batteries before work begins.

Rule #3. Really communicate. Insist that the ground crew keeps the tower crew really informed. If something is lowered to the ground, the ground crew should tell the tower crew that it’s “on the ground.” If the tower crew is waiting for the ground crew to do something, they should keep the tower crew informed about status. This prevents the “everybody waiting on everybody” problem.

Commands

Make certain that everyone understands each of the commands — whether they are the ones given here as examples or your own preferred set — and that they all use the same ones. All of the following commands refer to the “load” (antenna, tower section, etc.) and are applied to the “haul rope” (the line to which the load is attached). There are also several common hand signals to use. Simple ones for up, down and stop can be useful, particularly in high-noise situations. Make certain everyone knows what they are. For example:

• “Tension” tells the ground crew to put tension on the line, to take up any slack. Once you have some tension, move the load with “Up” or “Down” commands. Add “Slow” for slower lifting and lowering.

• “Slack” means giving the load some slack.

• “All slack” means the ground crew may gradually and gently release their grip on the load.

• “Stop” is obvious and “Stand by” indicates that they should maintain their assignment while awaiting the next command. Again, the tower crew is in charge; don’t do anything without their instruction.

If something drops or falls, alert the ground crew immediately. Yell “Look out below!” or “Headache!” so that they can get out of the way of the wayward bolt, nut or tool. Their hardhats only provide minimal protection against this occurrence. Dropped items are not only dangerous, but it also means sloppy work. Take your time and concentrate on not dropping anything.

The Tower Crew

If you’re on the tower crew, you should know what you’re doing or be working with someone who does. If you are working on a standing tower, before climbing walk around it and make a thorough visual inspection. Look at the base for cracked or rusted legs or missing hardware. Go out to the anchors to check the turnbuckles, clamps and other hardware. Look for bee or wasp nests. Never assume that any tower is safe to climb — always inspect it thoroughly before you take that first step.

Before beginning any maneuver, discuss how you’re going to do it and the sequence that will be used. This way, everyone will understand the process and will hopefully do the right thing at the right time. This is particularly important if you’re up there with someone you’ve never worked with before. Sometimes you both assume that the other person is going to do something obvious that needs doing and then neither of you does it — this can be dangerous. Go over everything. This trains an inexperienced person and makes it easier the next time you work together.

Keep your tools either in your bucket or tool bags on your belt or tied to the tower. Try to avoid putting anything on a flat surface such as the rotator plate or thrust bearing plate; they can roll off.

Avoid using ac-powered tools on the tower. Battery powered tools are safer; you can buy, borrow or rent them. If you must use ac-powered tools, make certain they are insulated and that the extension cords are suitable. Zip cord extensions are dangerous. Make certain the ground crew knows where to disconnect the extension cords and where the breaker box is located.

Managing the Work to be Done

Break everything down into bite-sized pieces and only do one step at a time. Trying to combine two or more steps in the same task is asking for trouble. For example, don’t try to bring up the guy wires already attached to the tower section; bring them up after the section and guy brackets are installed. Trying to combine too many steps often results in doing things twice, along with undoing what you’ve already done. You’ll be more efficient and safer by doing things one step at a time.

Prepping the Materials

Many tasks are a lot easier to do on the ground than up on the tower. Take the time to prepare all of the materials before hoisting them so that the tower crew’s job is as simple as possible.

For a tubular-legged lattice tower, there are several things you can do to make the job easier while the tower sections are still on the ground. First, there will be excess galvanizing from the hot-dip process in many of the leg bolt holes on new tower sections. This will prevent a bolt from going through the hole. Except as a last resort, do not drill out the holes as it exposes the steel. Use a drift pin or taper punch and a hammer to enlarge the hole only enough for a bolt to clear the hole. Next, check the inside of each lower leg for that same excess galvanizing and remove it carefully with a round file. These steps are much easier to do on the ground than in the air.

Check that the sections fit together. It’s not uncommon that one leg won’t line up, particularly with new sections. Using a piece of pipe or another tower section as a lever, gently bend the out-of-line leg until it slips on properly. This also is easier to do on the ground. Lay out the sections in order of fit and mark one pair of the mating legs with tape or a felt marker to ensure they can be assembled the same way they were on the ground. Be sure to send the sections up the tower in the same order they were checked for fit.

Put a thin coating of white lithium or molybdenum disulfide grease around the inside of each lower leg of a tubular-legged tower section. Not only will they slide on more easily during installation, but the grease will help minimize corrosion and oxidation between the sections and make later removal easier. Skipping this step at assembly makes disassembly harder to the point where a jack may be required to get the sections apart! If the tower is to be conductive, for example if it’s to be used as a vertical antenna, then use a conductive antioxidant compound such as Noalox or SS-30 instead.

Inspect all of the remaining metal pieces and parts for blocked holes, damaged threads, bent braces or arms — anything that will make it hard to assemble on the tower. These are much easier to repair on the ground. Use a file to round the sharp edges of all plates, steps, brackets or arms to keep them from damaging you.

If more than one antenna is to be installed on the mast, measure and mark where each antenna will be mounted and where the thrust bearing, if any, will be.

Hook the rotator up to its control box and test its operation. Turn the rotator until it indicates North, or another known direction, then get it ready for hoisting. It doesn’t really matter which way the rotator is physically installed in the tower as the antennas can be oriented when mounting them on the mast. By knowing the rotator’s indicated direction, the antennas can be aligned properly without stopping work.

If you are assembling an antenna for the project, let it sit overnight then retighten all of the nuts and bolts the next day. The hardware will have temperature cycled from warm to cold and warm again and some of the hardware will have loosened up during that temperature-induced expansion and contraction. This is the time to be sure it’s all tight!

Antenna element hose clamps invariably catch on anything — wire antennas, guy wires, cables, and so on. To minimize this annoying characteristic, wrap the hose clamp with a layer or two of electrical tape while it’s still on the ground. This is another good reason to use rivets instead of hose clamps for beam assembly.

If your rotator doesn’t have a connector for the control cable, you can add one using vehicle trailer connectors — they come in a flat 4-wire polarized configuration. Get two sets and install a pigtail to the rotator terminated in one male and one female connector. Do the opposite at the end of your control cable to the station. This will ensure that the cable is always connected correctly. Another system is to use a European Molex connector to connect a short jumper from the rotator to the longer control cable run to the station. Weatherproof the connector by inserting it into a short piece of 2-inch capped PVC tubing taped to a tower leg. Being able to access the rotator wiring at the rotator, without having to look underneath or open up a connector, can be extremely time-saving during troubleshooting.)

When putting something together “temporarily,” always install it as though you won’t be coming back; “temporary” sometimes means it will be up and used for years!

Tower Climbing Shield
A tower can be legally classified as an “attractive nuisance” that could cause injuries and/or lawsuits. You should take some precautions to ensure that “unauthorized climbers” can’t get hurt on your tower.
Generally, the attractive-nuisance doctrine applies to your responsibility to trespassers on your property. (The law is much stricter with regard to your responsibility to an invited guest.) You should expect your tower to attract children, whether they are already technically trespassing or whether the tower itself lures them onto your property. A tower is dangerous to children, especially because of their inability to appreciate danger. (What child could resist trying to climb a tower once they see one?) Because of this danger, you have a legal duty to exercise reasonable care to eliminate the danger or otherwise protect children against the perils of the attraction.
An article describing such a tower shield by Baker Springfield, W4HYY and Richard Ely, WA4VHM was published in the September 1976 QST. It has been added to this book’s online material, including construction diagrams. Installing it should eliminate the worry.


Hardware Prep

Make sure all hardware is stainless or galvanized hardware. Avoid plated hardware.

Never place a load on eyebolts with eyes that can open. Only eyebolts that are forged or welded closed should be use on tower or antenna projects if they will be carrying a load.

Always take extra hardware, nuts and bolts up the tower in case you run short or drop something. If you don’t have them, you’ll invariably need them.

27.5.6 Assembling the Tower

Route the haul rope through a snatch block at the bottom of the tower to transfer the hoisting effort from pulling down to pulling horizontally. Pulling vertically is all arm strength plus the ground crew is exposed to falling objects. Pull horizontally by putting the rope around your hips and walking backward to hoist the load. This uses larger muscle groups and hoisting will be much easier. In addition, those hoisting can watch the load while staying out of the danger zone. Of course, working with ropes under load near the tower means wearing leather gloves, and a hard hat.

To hold onto a haul rope, put it around your hips then bring the tail or dead end in front of you. Do not tie the rope around your waist — this is potentially dangerous. Aiming the tail end in the same direction as the load rope, grasp both ropes with one or both hands. This is the best way to hold or brake a rope load. Don’t depend on just using your hands; it’s not as reliable and your hands and arms will quickly tire. With the rope secured around you, it can be held comfortably for quite some time.

Section Stacking

After rigging the gin pole as in Figure 27.23 (the haul rope goes up the middle of the pipe, across the pulley, then down to the load), attach the leg bracket to the top of the top section, below the top brace. Make certain that it’s secure before you push the gin pole mast up to the extended position where it’ll be ready for the lift. (This is a good procedure to rehearse on the first section above the base with the ground crew watching.) Place a suitably sized piece of plywood or OSB right at the tower base, on which to “stage” or set the sections. This prevents the legs from getting dirt in them. (If you’re installing used sections, make sure each siderail is clear of any debris before hauling them aloft.)

The tower section should be rigged so that it hangs more or less vertically; the heavier the section, the more important this becomes. Here are a couple of rigging options: Put a sling around a leg at about 3/4 of the way up the section (double-check for proper top and bottom orientation) to establish the pick-point. Attach the haul rope just above the section midpoint and, on the command of the tower crew, start to pull on the haul rope. Or a carabiner can be clipped to the third horizontal brace down from the section top, and a second carabiner (simply clipped on to the haul rope) can be attached to the topmost horizontal brace.

As soon as it clears the top of the tower, the tower crew should yell “stop,” then “down slow” when ready to have the section lowered onto the top of the tower.

If leg alignment problems are discovered (see item 9 in the sidebar on tower building mistakes), use a come-along around the bottom of the whole section and tighten it up to pull the legs together. (This is common practice when putting up angle-legged self-supporting towers.) If you don’t have a come-along, a ratchet-operated truck strap may suffice. One person on a tower doesn’t have a whole lot of leverage and if the sections line up but won’t slide down, use a come-along or TowerJack and pull the section down into place.

Stack an appropriate number of sections (typically up to the next guy point), then bring up the first set of guys and attach them. Your ground crew can use their cable grips and come-alongs to put the initial tension on them, then attach them to the anchors. You’ll be able to tell them which ones to tighten and which ones to loosen by using a level on the leg to plumb the tower. Once that’s done, repeat the same steps until all the sections are in place and guyed.

It’s important to plumb the first set of sections including the first set of guys. Once that segment is plumb, you can look up the face of the tower to see if everything above it lines up — it’ll be pretty obvious. If it doesn’t, just adjust the come-alongs or turnbuckles to get it straight.

Installing the Mast

For small and medium masts, use the gin pole to bring it up using a sling as a choker. The choker should be above the balance point so that the mast goes up vertically. Lower the mast into the tower from the top.

Large and heavy masts more than 20 feet long are bigger than the usual gin pole can control properly. When building the tower, put the mast inside the bottom sections. Remove any rotator shelves or other obstructions so the gin pole can lift the mast up through the tower. Once the mast is captured at the top of the tower, it can be raised gradually. The books referenced at the beginning of this chapter provide more details.

Once the mast extends slightly above the top of the tower and is captured by the thrust bearing or a clamp acting as a collar, install the top antenna on the mast if more than one is to be installed. Once the first antenna is installed, pull the mast up with a come-along to where the next antenna is to be installed. Repeat the sequence until all the antennas are installed.

One “trick” to making this vertical lift easier is to replace one of the thrust bearing mounting bolts with a galvanized forged eye or eyebolt. This provides an attachment point for your come-along, making it as close to vertical as possible. This helps ensure the mast comes up as plumb as possible. The eye can, of course, be left in place.

Installing the Rotator

Clip a carabiner and haul rope onto a U-bolt on the rotator clamp or lift it with a bucket. Bring up the rotator, install it under the mast, and lower the mast into the rotator clamp. To haul up the control cable, tie an overhand knot in the cable and snap that into the haul rope carabiner.

To minimize the possibility of binding in the rotator/mast/thrust bearing system, work down when doing the final tightening. Do the thrust bearing first, the rotator mast clamps next, the rotator shelf bolts, and the rotator base bolts last.

When connecting the multiconductor control cable, one way to keep wire colors straight and consistent is to use the resistor color code: black, brown, red, orange, yellow, green, blue, violet, grey and white.

Rotation Loops

The rotation loop should be made with the rotator oriented north (typically its midpoint here in North America), ensuring the loop itself is centered. There are two ways to make a rotation loop for your cables. One way is to tape all the cables coming down the mast into a bundle, leaving an extra 4-5 feet of slack before securing the bundle to a tower leg. The bundle will have some rigidity that will help keep it out of harm’s way. Make sure that it doesn’t snag on anything as the system rotates and you’ll be good to go. If you have a flat-topped tower, wind the cable around the mast 2-3 times in a diameter smaller than the top plate so that the coil lays on the flat surface.

27.6 Raising and Lowering Antennas

While small antennas can simply be pulled up directly on a haul rope, working with HF beams requires some technique. If done properly, the actual work of getting the antenna into position can be executed quite easily with only one person at the top of the tower. The ground crew does all the lifting by using a large pulley attached to the antenna mast or a gin pole with its pulley a foot or two above the point at which the antenna is to be mounted. Because raising an antenna often requires the load to be pulled away from the tower — either to avoid guy wires or as part of a tram or V-track system — this places significant bending forces on a mast or gin pole and may bend them if the pulley is too far above where they are attached to the tower.

The advice and suggestions in this section also apply to removing antennas by following the procedures in reverse. An antenna should probably be removed the same way it was installed. If installing it required a crane, it will most likely have to be removed by a crane.

27.6.1 Avoiding Guy Wires

Guy wires often obstruct the antenna’s path to the top of the tower. One method of avoiding them is to tie a tag line to the middle of the boom and to a middle element for leverage (but within reach of the tower crew). The ground crews then pull the antenna out away from the guys as the antenna is raised. With this method, some crew members are pulling up the antenna to raise it while others are pulling down and out to keep the beam clear of the guys. Obviously, the opposing crews must act in coordination to avoid damaging the antenna.

A second method is to tie the haul rope to the center of the antenna. A crew member, wearing a climbing harness, walks the antenna up the tower as the ground crew raises it. Because the haul rope is tied at the balance point, the tower climber can rotate the elements around the guys. A tag line can be tied to the bottom end of the boom so that a ground crew member can help move the antenna around the guys. The tag line must be removed while the antenna is still vertical.

The third method is characterized as the “wig-wag” system by Tom Schiller, N6BT in his book Array of Light. It is particularly useful when other antennas are already installed on the antenna mast. The new antenna is lifted until it is immediately below the lowest antenna on the mast and rotated so that its elements are parallel to the boom of the installed antenna. The new antenna’s elements are then tipped up to clear the elements of the installed antenna so that the new antenna is rotated around the installed antenna until its boom is above that of the installed antenna. Once above the installed antenna, the new antenna can be lifted so that its elements can be rotated to clear those of the installed antenna and then returned to horizontal and lowered for installation. This can be difficult if more than one antenna is already installed on the antenna mast.

27.6.2 Using a Trolley or Tram System

Sometimes one of the top guys can provide a track to support the antenna as it is pulled upward. Insulators in the guys, however, may obstruct the movement of the antenna. A better track made with rope is an alternative. One end of the rope is secured outside the guy anchors. The other end is passed over the top of the tower and back down to an anchor near the first anchor. So arranged, the rope forms a narrow V-track strung outside the guy wires. Once the V-track is secured, the antenna may simply be pulled up, resting on the track. This is known as the trolley or V-track system. It is not an easy method to use. It requires two trolley cables spread apart some distance with the same tension on each line or the beam will tip. Plus, there is a lot of added friction to the system from the weight of the antenna on the lines.

A much easier system is the tram line in which one line runs from the top of the tower to an anchor on the ground and the antenna is slung below the tramline. The system is illustrated in Figure 27.40 and a video showing a 10-meter beam being lifted with a tram is available at youtube.com/@DXEngineering; search for “tramming”.

[image: ]

Install one long (6-foot) sling on each side of the center mounting point of the antenna with two or three wraps around the boom; then bring them together to form a truss with the pick point directly above where the boom plate will attach to the mast.

This assures that the antenna is balanced and will arrive in the correct mounting position. Using two slings on the boom enables you to hoist the beam while it remains horizontal. Even if the antenna is mechanically off balance, you can adjust the slings so that it will remain basically horizontal.

You’ll need three pulleys, a haul rope, a length of wire rope for the tram line, an anchor on the ground and miscellaneous slings and carabiners. Suspend the antenna below the tram wire. Small diameter aircraft cable or wire rope such as 1⁄8 inch or 3⁄16 inch (3⁄16-inch EHS works well) is sufficient to take the static load of just about any amateur antenna.

To set up the tram line, first secure a sling choker on the antenna mast about three feet above the place where the antenna will be mounted. Use two or three wraps and bring the choker through itself as described earlier.

Clip a carabiner or shackle to the tail of the sling. Then clip a large pulley into the carabiner. Bring up one end of the tram line and clip it into the same carabiner. Obviously, it’s easiest if the tram line can “bisect” the guys, which provides the most clearance for the antenna coming up. This may require using some sort of temporary anchor point. A good rule of thumb for tramming is to try and have 1.5 times the tower height of working room; having a shallow angle makes tram work easier.

Secure the other end of the tram line to an anchor. You can use a tree, a fence post, a car, a stake driven into the ground or any other convenient strong point. Use a come-along and cable grip to tighten the cable until most of the slack is taken up. Do not over-tighten; you could damage your mast. If the sling on the mast is now high enough to create a significant bending force on your mast (more than four or five feet), back guy it in the opposite direction with another wire line or rope that is anchored to a convenient spot.

Run the haul rope through the back of the antenna mast pulley and out the front in the direction of the ground anchor. Lower the end of the haul rope directly to the ground or tie it to a carabiner clipped onto the tram line and let it slide down the wire. Figure 27.40A shows how the system should look at the top of the tower.

You may have to drop one or two of the top guy wires or any wire antennas closest to the antenna tram path if the antenna is going to be installed close to the top of the tower. Guys should be detached at ground level.

On the ground, attach the tram pulley (Figure 27.41) to the tramline. Turn the pulley upside-down (the antenna will be suspended under the tramline) then clip in the load end of the haul rope. Lift the two slings forming the antenna truss to the tram pulley and clip it in. The boom should be at a right angle to the tram line (elements parallel to the line) with the boom-to-mast bracket pointed toward the mast ready to accept U-bolts.
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At this point, the haul rope should be attached to the tramline pulley. It goes up through the pulley on the mast, then down the tower to the ground. The third pulley is used at the bottom of the tower to change the direction of the haul rope from vertical to horizontal. At this point the system should look like Figure 27.40.

With antennas that have the elements mounted above the boom the antenna will attempt to flip over or “turn turtle.” Minimize that tendency by tying the slings with opposite wraps (one around the boom in one direction, the other wrapped in the other direction).

Another method that helps counteract this unwanted tendency is to use a “tiller” as shown in Figure 27.42. It’s a 4-foot long or so piece of angle iron or aluminum that is U-bolted to the boom on one end and has a small U-bolt on the front that captures the tramline and acts as a guide. Alternately, the front of the tiller can be attached to the haul rope or lift slings. The tiller holds the antenna boom in a relatively fixed position, thus preventing it from turning over. Once the antenna has been lifted off the ground, the boom can be rotated in the tiller’s U-bolt so that the element halves facing the tower are raised to clear the guy wires.
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Next, attach any tag lines. Use a small line such as 1⁄4 inch polypropylene because it’s light and stiff enough to resist hanging up on any clamps or hardware sticking out on the elements. Tie one end to the boom at a convenient spot that the tower crew can reach to untie it. Wrap the tag line around an adjacent element two or three times. You can add one or two wraps of electrical tape to hold it in place on the element to keep the fulcrum out on the element and away from the boom. The tag line will pull easily through the tape when you’re done. If the tag line does hang up on a guy wire, lower the antenna to free it then tram it back up again.

When it’s time to launch the antenna, have the ground crew pull the haul rope while another person helps the antenna off the ground. Once the antenna is launched, crew members holding the tag lines can guide it as it goes up. (For big beams, such as 40-meter antennas, more than one person may be required to maneuver it up and on to the tram line and get the lift started.)

Use the tag lines to pull the element halves pointing away from the tower down so that they’ll clear the guys. You’ll be pulling against the haul rope so don’t pull too hard on the tag line. The tag lines can also be used to move the boom so that the antenna will be in the proper mast-mounting orientation.

The tower crew can guide the antenna when it gets close to the tower. Once the antenna has cleared all obstacles and if everything was rigged correctly, the antenna should come right up to the mast. (If using the tiller, once the beam arrives at the mast, you’ll find it’s now in the way. Having a come-along or a second haul rope you can transfer the load to will allow you to move it out of the way. A second pair of hands can help greatly at this point, too.)

Another advantage is that while on the tram line you can run any on-the-air tests you’d like. Just attach a run of coax before you lift the antenna. To make any adjustments, lower the antenna, make the changes and pull it up again. Make measurements with the boom 90° to the tram line if possible (elements parallel to the tramline).

To take antennas down, rig everything the same way, then lower the antenna down the tram line. Be certain as it comes up from the ground, the haul rope goes behind the boom before it goes through the mast pulley.

27.6.3 Building Antennas on the Tower

A fourth method is to build the antenna on the tower and then swing it into position. Building the Yagi on the tower works particularly well for Yagis mounted partway up the tower, as you might do in a stacked array. The technique works best when the vertical spacing between the guys is greater than the length of the Yagi boom.

Figure 27.43 illustrates the steps involved. A haul rope through a gin-pole or tower-mounted pulley is secured to the boom at the final balance point and the ground crew raises the boom in a vertical position up the tower. A tie rope is used to temporarily secure the upper end of the boom to keep it stable while the boom is being raised. The tower person removes the tie-rope once the boom is raised to the right level and has been temporarily secured to the tower.
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The elements are then brought up one at a time and mounted to the boom. It helps if you have a 2- or 3-foot-long spotting mast temporarily attached to the boom to form a 90° frame of reference. This allows the ground crew to spot from below so that the elements are all lined up in the same plane. After all the elements are mounted and aligned properly, the temporary rope securing the boom to the tower is released, suspending the antenna on the haul rope. The tower person then rotates the boom 90° so that the elements are vertical. Next, the elements are rotated 90° into the tower so that they are parallel to the ground. The ground crew then moves the completed antenna up or down using the haul rope to the final point where it is mounted to the tower.

A modification of this technique also works for building a medium-sized Yagi on the top of the tower. This technique will work if the length of the gin pole at maximum safe extension is long enough (see Figure 27.44). (This method is much easier if the top guy set is not exactly at the tower top, as previously mentioned. The extra working space helps immeasurably!)
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As usual, the gin pole haul rope is attached to the balance point of the boom and the boom is pulled up the tower in the vertical position, using a rope to temporarily tie the haul rope to the top end of the boom for stability. The boom is temporarily secured to the tower with slings or a short length of rope in the vertical position so that the top end is just higher than the top of the tower. In order to clear the gin pole when the elements are mounted and the boom is raised higher to mount the next element, you must tilt the boom slightly so that the element mounted to the top end of the boom will be behind the mast. This is very important!

The elements are first mounted to the bottom side of the boom to provide weight down below for stability. Then the top-most element is mounted to the boom. The tower person removes the temporary rope securing the boom to the tower and the ground crew uses the haul rope to move the mast vertically upwards to the point where the next element from the top can be mounted. Once all the elements are mounted and aligned in the same plane (the center element closest to the mast-to-boom bracket can be left off until the boom is in place), the temporary securing rope is removed. The boom is now swung so that the elements can be maneuvered to clear the top guy wires. Once the elements are horizontal the boom is secured to the mast and the center element is mounted if necessary.

A special boom-to-mast mounting plate that supports both building and working on antennas at the top of the tower was designed by members of the Potomac Valley Radio Club. It is described in a short article (“The PVRC Mount”) included with this book’s online material.

27.7 Notes on Cables and Connectors

The following sections contain information that applies to the construction of antenna and tower systems. For more information on the characteristics of coaxial cable and RF connectors, including cable selection, see the Transmission Lines chapter.

A general tip for handling cable and wire — when removing it from a reel or spool, unroll it so that it lies straight and flat along the ground. Pulling it straight up and off the end of the coil twists the cable, leading to strength-reducing kinks and endless aggravation as you attempt to get it untwisted and untangled.

27.7.1 Coaxial Cable

Bending Radius

Bending coax is acceptable as long as the radius of the bend is larger than the specified minimum bending radius. For example, a common minimum bending radius specification for RG-8 is 4 inches (8 times the cable diameter). (See Table 27.6 for minimum radii for common cable types.) Coax with more rigid shield materials will have a larger bending radius. Bending the coax tighter than the minimum bending radius can cause impedance “bumps” in the line by distorting the geometry of the conductors. It can also cause the center conductor to migrate through the plastic insulation and eventually short to the outer shield.
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Burying Coax

There are several reasons why you might choose to go to all the work of burying your coax. One is that direct burial cable is virtually free from storm and UV damage, and usually has lower maintenance cost than cable that is out in the open. Another reason might be aesthetics; a buried cable will be acceptable in almost all communities. Also, being underground reduces common-mode feed line current on the outside of the shield, helping to reduce interstation interference and RFI.

Although any cable can be buried, a cable that is specifically designed for direct burial will have a longer life. The best cable to use is one that has a high-density polyethylene jacket because it is both nonporous and will take a relatively high amount of compressive loads. “Flooded” direct burial cables contain an additional moisture barrier of non-conductive grease under the jacket; this allows the material to leak out, thus “healing” small jacket penetrations. (These can be messy to work with when installing connectors.)

Here are some direct burial tips:

1) Because the outer jacket is the cable’s first line of defense, any steps that can be taken to protect it will go a long way toward maintaining the internal quality of the cable.

2) Bury the cable in sand or finely pulverized dirt, without 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, lay the cable and tamp another six to eleven inches of sand above it. A pressure-treated board placed in the trench above the sand prior to backfilling will provide some protection against subsequent damage that could be caused by digging or driving stakes.

3) Lay the cable in the trench with some slack. A tightly stretched cable is more likely to be damaged as the fill material is tamped.

4) Examine the cable as it is being installed to be sure the jacket has not been damaged during storage or by being dragged across sharp edges.

5) You may want to consider burying it in plastic pipe or conduit as in Figure 27.45A and B. Be careful to drill holes in the bottom of the pipe at all low spots so that any moisture can drain out. While PVC pipe provides a mechanical barrier, water incursion is practically guaranteed — you can’t keep it out. It will leak in directly or condense from moisture in the air. Use the perforated type so that any water will just drain out harmlessly.
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6) It is important that direct burial is below the frost line to avoid damage by the expansion and contraction of the earth during freezing and thawing of the soil and any water surrounding the buried cables.

Coax Jumpers

With many beam antennas, the feed point is out of reach from the tower and should be connected to a jumper just long enough to reach from the feed point to the antenna mast. That way, the feed line connection and waterproofing can be done at the most convenient location. If you ever have to remove the antenna in the future, you can just disconnect the jumper and lower the antenna.

Coax “Pigtails”

Most manufacturers use some type of feed point system that accepts a PL-259 or N connector. Some antennas require you to split the coax and attach the shield and center conductor to machine screws on the driven element. The exposed end of the coax is very difficult to seal; indeed, it’s nearly impossible. Water will wick down the outer shield and into your station unless you take great pains to weatherproof it. Coating the entire pigtail and attachment terminals with Liquid Electrical Tape or some other conformal sealant is a good approach, although UV will degrade such coatings over time. Another approach for HF beams is to use a “Budwig HQ-1” style insulator with the integral SO-239 and wires for connecting to the terminals (See the Antenna Materials and Construction chapter for alternatives.) As always, follow the manufacturer’s directions.

Chewing and Chafing

The plastic jacket of coax and insulation of balanced feed lines is susceptible to mechanical damage which exposes or even cuts into the inner conductors. On the ground, rodents and other animals may chew on the cable. Flooded cables (most commonly RG-6 TV cable variations) are filled with a viscous sealing compound to keep out water if the jacket is compromised. This also discourages chewing but the jacket is still compromised. There are also various sprays and lotions to make the cables taste bad. Ask a local electrician or installer what works in your area. Steel mesh sleeves (similar to cable grips) and split-loom tubing can also protect the cables where they are exposed.

Chafing can occur where a moving cable contacts a fixed surface, such as a tower leg or guy wire. This eventually wears through the plastic jacket and exposes the shield. Chafing is common where cable is wrapped around a mast or tower sleeve to form a rotator loop. The best solution is to secure the cable in a way that holds it away from surfaces it will rub against from antenna rotation or in the wind. Another solution is to place a protective sleeve or shield on guy wires or tower legs to keep them from contacting the cables.

Everyone develops their own preferences for securing cables to a mast or boom. What often works is to set the antenna system for mid-rotation and secure the cable well away from chafing surfaces. Then rotate the system 180 degrees in each direction to check for the cable coming in contact with or tightening against surfaces that will wear on the jacket.

27.7.2 Control Cables

In addition to coaxial cables, most towers will have some sort of control cable for rotators, antenna switches or other accessories. The manufacturer should provide the size that is necessary and again, you should follow their specifications.

In the case of rotator cables, some rotators are sensitive to voltage drop so bigger sizes should be used. For really long runs, some amateurs use THHN house wire or UF-Romex, (with the motor start capacitor installed at the rotator) from the local hardware store to get reasonably-priced bigger wire. Only the motor and solenoid (if used) conductors typically require the larger wire.

27.7.3 Weatherproofing RF Connectors

The primary purpose of weatherproofing is to keep moisture and contaminants out of your coaxial cable connections. Whether it is rain or condensation, water in a connector can put you off the air.

Properly sealed connector joints will be very effective and reliable in maintaining electrical and mechanical integrity. Here’s how to do it as illustrated in Figure 27.46:
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1) Install the connector correctly on the end of the coax.

2) Use pliers when attaching a PL-259 to a SO-239 or PL-258 barrel connector. Hand-tightened connections are not tight enough! Do not crimp or deform the connector.

3) Apply two wraps of premium electrical tape such as Scotch 33+ or 88.

4) Apply a layer of vapor-wrap material. Vapor-wrap is a butyl rubber material that comes in rolls or sheets and does an excellent job of isolating the joint from the elements. A commercial vapor-wrap, such as from Andrew Solutions or Decibel Products won’t stick to connectors and comes off easily. Scotch 130C Linerless Rubber Splicing Tape also works well. By putting one or two wraps of tape over the joint first, your connector will be protected from the vapor-wrap, and it will look as good as new if you ever have to take it apart. To remove, simply take your razor knife, slice down the joint and peel off the weatherproofing.

Putty-type “coax seals” are not recommended as the surface can crack and dry out with age. If applied directly to a connector, the connector will become unusable as the inner putty forms a sticky mess. If you want to use putty-type sealants, wrap the connector with a layer of tape first.

5) Apply two or three layers of tape over the vapor wrap.

6) When your coax joint will be vertical, always apply the final layer of tape in an upward direction. This way the tape will overlap in such a way that water will not be conducted into the tape layers (like the shingles on your house). Tape wrapped downward will form little pockets that will trap the rain and conduct it right into your joint.

7) Do not stretch the tape when applying the final few inches. If you put it on under tension, it will eventually “flag,” meaning it will come loose and blow around in the wind.

8) Paint the whole joint with a UV-resistant protective layer such as clear acrylic spray paint. That joint should never fail.

9) Install a UV-rated tie wrap above the weather-proofed connector, leaving the free end loose to guide any water running down the coax away from the connector.

Shrink-Fit Tubing

A recent product for coax joints is shrink-fit tubing impregnated with hot-melt glue along the inside. As you apply heat to the shrink-fit tubing, it shrinks while the glue melts and oozes inside between the fitting and the tubing. It not only keeps the tubing from slipping, but it also fills in the voids in the joint and provides an additional seal. It’s an expensive alternative (approximately $1 per inch) but is very simple to use and remove if necessary.

Silicone Sealants

Do not use silicone sealant that gives off acetic acid (a vinegary smell) and absorbs water when curing. Acid and water will migrate into the connection causing problems later. Use only aquarium-type sealants or Dow-Corning 3145 for reliable connections. Be aware that once cured, silicone sealants are very hard to remove from connectors — practically impossible.

Giving off that vinegar-like odor means the silicone is “out-gassing,” and tests have shown that once the curing period has passed, the silicone does not corrode or otherwise damage materials.

27.7.4 Tape and Ties

Every amateur installation has many feet of electrical tape used outdoors in a variety of applications. The “3 rolls for $1.00” bargain specials are not recommended for demanding outdoor use, particularly for weatherproofing. Scotch Super 88 is the recommended standard for waterproofing connectors. Besides being conformable to 0 °F (–18 °C), it will perform continuously in ambient temperatures of up to 220 °F (105 °C) and it is UV-resistant. The data sheet says it provides “moisture-tight electrical protection” and it retails in the $4 to $5 range per roll. Another Scotch tape, Super 33+, is another “premium grade, all-weather vinyl insulating tape” with many of the same properties and specs as the Super 88. The only difference is that Super 88 is slightly thicker than Super 33+ (10 mils for 88 vs 7 mils for 33+). Both tapes are easily applied at low temperatures and will even stick to a wet aluminum antenna boom.

Another specialized tape is the Scotch 130C Linerless Rubber Splicing Tape. This is a fairly thick (30 mils vs 7 mils for Super 33+) tape intended for high-voltage splices and is moisture-sealing. 3M makes many products for demanding electrical use — these are just a few of them. You may have your own favorite.

Cable ties or tie-wraps are locking plastic fasteners intended to bundle cables and secure them to brackets and other supports, such as tower legs. They come in a variety of lengths, strengths, and materials at the local hardware store. For outside work, do not use white or translucent tie-wraps; they’ll deteriorate quickly from UV exposure, often in less than a year. Black, UV-resistant tie-wraps are better, but they still eventually break down. A wrap of electrical tape will protect the tie.

A tie-wrap also makes a simple drip loop for coax and control cables. Attach a medium-size tie to the cable just before it enters the building with the tie’s free end pointing down.

27.7.5 Cable Support

Vertical Runs

When a long run of feed line or control cable is suspended vertically, it is important to provide some strain relief so that the load is not all carried by a connector or terminal strip. Commercial cable support arms such as from KF7P Metalwerks (kf7p.com) are available to hold cables away from a crank-up tower or take the load of a long vertical cable run. Another popular solution is the family of Kellems grips that are widely available from electrical distributors such as Graybar (graybar.com). The smaller grips can be used with larger coaxial cables.

Using electrical tape or wire ties to secure cables to tower legs or other vertical supports will work but makes replacement more difficult since the tape or tie will have to be cut away. An alternative is to use pieces of solid #12 or #14 AWG wire from house wiring cable, twisted around the tower leg and the cables. Such twist-ties can be reused many times.

When running cables down a tower, place them where they will not be stepped on, snag a boot or belt, or compromise your grip on the tower. If possible, run them inside the tower. This also reduces RF picked up from the antennas.

Horizontal Runs

All practical runs over horizontal spans are actually in the shape of a catenary, the shape that a cable takes on if its weight is supported at each end. The distance between horizontal and the lowest part of the cable is called sag. Table 27.6 shows typical weights per 1,000 feet, maximum tension, and minimum bend radius for common cables.

Suspending a horizontal run of cables above ground is best done with a catenary wire or messenger wire anchored to supports on each end. This technique is also referred to as aerial cable. The suspended wire supports the weight of the electrical cables, such as feed lines and control cables. The cables can be lashed to the supporting wire (typical of CATV systems) or allowed to move in the supporting hardware.

The tools and materials are very similar to guy wires, using turnbuckles, thimbles, and Crosby clips to secure the catenary ends. The techniques and hardware used are also similar to installing overhead residential power drops and suspended lighting systems.

To determine the amount of tension in a cable or supporting wire needed for a particular amount of sag, use the dimensions in Figure 27.47 and the formulas in the Wire Size and Tension section of the Antenna Materials and Construction chapter.
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For amateur installations, 1⁄8-inch galvanized, or stainless-steel wire rope will be sufficient for typical run lengths. Commercial installers support the cables with J-hooks and bridle rings so they can move, and cables can be removed or added to the bundle. As on tower legs, #12 or #14 AWG solid wire can also be used as reusable ties.

27.7.6 Building Entry

There are already penetrations through building wall provided for utility power, telephone or data service drop lines, and coaxial cable for CATV or satellite TV service, as well as non-electrical facilities such as water, gas, sewage and heating flues. If you are the owner of the property, you have the option of observing the techniques used by those services and doing something similar for radio antenna connecting transmission lines, although some techniques may be much easier to accomplish before the dwelling is completed. Entry points for cables may be required to meet local building codes, as well.

Be Sure You Know What’s Between Outside and Inside

Water supply, drains, electrical service, and gas lines may be present in exterior walls. One option to avoid them is to make all such penetrations into unfinished space, such as the wall above a basement foundation. Coming in near ground level also has potential benefit in terms of your lightning protection plan. If that is not an option and you can’t be sure you don’t have service lines in the wall, you may be able to drill through a solid section next to a door or window frame. A PL-259 will require a ¾-inch hole and a 12-inch long (minimum) boring bit will be required.

Combining Groups of Lines

For groups of lines, some kind of entrance facility is likely a better idea. For example, interior and exterior electrical boxes on each side of the exterior sheathing and attached on the inside to a stud may make a professional-looking arrangement that is easy to add to just by popping off the covers on both sides. If you’re not up to the task, having an hour of discussion time with a contractor or electrician may pay for itself in the long run. This entry panel is likely to be part of your lightning protection system, as well.

Window Entrances

The most popular method for getting cables through windows is to use a pass-through or feed-through panel such as the MFJ-4602 (mfjenterprises.com/products/mfj-4602). These fit under a storm window and are adjustable in length for a solid fit. Weatherproofing foam tape can be installed to seal the gap between the panel and the window. Air-conditioner seals can be used to seal around where the cables go under the inner window and to restore the upper seal between windows. Single-pane window glass can also be replaced with piece of 1⁄8-inch clear polycarbonate sheet which is easily drilled and will support bulkhead and feedthrough connectors.

Metal connectors through a panel may produce condensation if the inside air is humid, such as in a laundry room or basement. The resulting water drops may drip on to a windowsill or down a wall. A towel under the connectors will help catch the water but should be changed frequently. Regularly check the coax connectors for corrosion or oxidation from the condensation.

Since the window will be partially raised, the latch will be disabled. Use a piece of wood along one or both vertical sides to prevent the window from being opened. Alternately, a small angle bracket can be installed in the window track.

Drip Loops

With any cable entrance arrangement, it is critical that a drip loop be provided. This is easy to do; just make sure that the cable has a lower point before it enters the entrance arrangement. Otherwise, rainwater will follow the cable down and run into the wall or the feed-through connectors. The drip loop allows a lower path from which the water will drip harmlessly onto the ground. A cable tie with the tail left hanging down at the cable’s low point or where it attaches to a feed-though connector will also guide water away from the connectors.

Balanced Feed Lines

All the same techniques can be applied to balanced lines, with just a few caveats. Balanced lines need to avoid being within a few inches of metal ducting, pipes, or wiring. Also, lossy material that will absorb energy from the fields around the line must be avoided. Perhaps most critical is inadvertent coupling to and from signal lines, including telephone, network, or alarm systems. If it is not possible to avoid these situations, it is possible to employ a section of shielded balanced line made from coax as shown in the Transmission Lines and Connectors chapter. While this section will likely have a different characteristic impedance than the balanced line, as long as the section is very short in terms of wavelength, it will have a minimal effect on performance.

27.8 Rotators

The rotator is an important component of directional antenna systems, turning the antenna to any direction with a repeatable accuracy of a few degrees. Once in position, the rotator must hold the antenna in place against the wind. The rotator must do this while supporting the weight of the mast and all of the antennas. Figure 27.48 is a photo of a popular type of rotator with its control box (a Hy-Gain Ham-V rotator with a DCU-1 controller).
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Rotators consist of a base assembly mounted to a fixed mast or tower and a rotating assembly atop it with a clamp in which the antenna support mast is held. Figure 27.49 shows several common ways of attaching rotators to towers, masts, and antennas.
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The turning motor and gear train, brake, position indicator, and limit switches are installed in or on the base. The rotating assembly sits on a bearing race resting on the base assembly. A ring gear is the most common method of transferring the motor’s rotation to the rotating housing although worm gears are also used.

27.8.1 Rotator Ratings

Rotators are expected to work for many years over a very wide range of temperatures while exposed to the elements, with little or no maintenance. To achieve those performance goals, the rotator’s specifications and installation requirements must be respected.

There are three primary rotator ratings: wind load, braking ability, and turning torque. Effective moment is the product of antenna weight and turning radius. It is a specification for maximum antenna system size used by the Hy-Gain family of rotators. Many rotators also specify a maximum vertical load in pounds or kilograms. Table 27.7 lists manufacturers for rotators intended for fixed-station installations and Table 27.8 contains the primary specifications for common rotators.
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Wind load is specified both with the rotator mounted inside a tower and with the rotator outside a tower mounted on a mast. When mounted inside a tower section, the tower holds the mast in place straight above the rotator, often using a thrust bearing to hold the mast in place. This eliminates any sideways load on the rotating assembly relative to the base. Wind load is usually specified as a maximum antenna area in square feet, and antenna manufacturers specify the area of their beams for this reason. In the US, wind load calculations are based on the standard EIA/TIA-222-H. In Europe, EN 1991-1-4 is the current standard, corresponding to the German standard DIN 1055-4.

Braking ability is the maximum twisting force the rotator can withstand. This force is primarily by the wind. The rotator’s braking action is provided by either a solenoid-controlled wedge or bar inside the housing, or by a worm-gear drive that does not allow backward rotation of the mast under load. Turning torque is the maximum amount of torque the rotator can produce to turn the antennas. Both braking ability and turning torque are given in inch-pounds.

Effective moment is the product of antenna weight in pounds (or kilograms) and turning radius in feet (or meters). Heavy antennas and bigger antennas are harder to turn and to hold in place against the wind, requiring a higher effective moment rating for the rotator.

It is important not to overload a rotator. If you live in a location that is prone to high winds, persistent winds, or large gusts, include a safety factor when selecting a rotator. Persistent twisting from winds can wear out a rotator’s brake wedge or housing indentations that hold the brake in place. This can cause the brake to slip or jam. Rotators are not inexpensive, and a failed rotator brake can allow an antenna to “freewheel,” damaging the feed line as well. A thrust bearing above the rotator can be used to hold the weight of a large antenna array, leaving only the turning load on the rotator.

27.8.2 Types of Rotators

Amateur rotators range from very light-duty models intended for TV antennas all the way to reconditioned “prop-pitch” rotators designed originally to control the pitch or angle of aircraft propeller blades. There are also models for portable and temporary use.

Light-duty antenna rotators are suitable for small VHF and UHF Yagis or log-periodics. They should not be used with HF antennas, large microwave dishes, or antennas with a significant wind load.

Medium-duty rotators can handle a single, mid-sized HF tribander or log-periodic. A small VHF/UHF Yagi can be stacked with the HF beam. These rotators are also good choices for a stack of VHF/UHF antennas. Dish antennas should be evaluated to be sure they won’t overload these rotators.

Heavy-duty rotators are able to handle the biggest amateur HF Yagis, including stacks of two or three antennas. Instead of a solenoid brake, some of these rotators use a gear train or worm-drive to provide the braking action. Be sure the tower and supporting hardware is rated to handle the antenna and mast load. These rotators are somewhat larger than the more common medium-duty models and may be difficult to install in smaller lattice-style towers.

“Rotator” or “Rotor”?
The piece of equipment installed on the tower that makes the antennas turn is a “rotator.” A “rotor” is the rotary part of a motor or vehicle. For example, the blades of a helicopter form its rotor and the spinning shaft and armature of an electric motor form its rotor. The rotator includes the entire machine, both the stationary and moving parts, making the antenna system turn. Amateurs use both words, rotator and rotor, somewhat interchangeably, regardless.


Ring rotators, or orbital ring rotators, are a special type of rotator installed outside the tower, attached to its legs. The antenna is carried by a motorized cradle that moves around the tower on a circular, toothed track that acts as a drive gear. Ring rotators are generally used at larger stations that use large, stacked HF Yagis.

It is also possible to simply rotate the entire tower with a variety of antennas mounted directly on the tower. The guy wires are attached to bearing rings, allowing the tower to turn inside them.

27.8.3 Rotator Installation

Rotators are usually installed inside a lattice tower section. The top section is usually where the rotator is located although it can be placed anywhere in the tower that can be reached by a mast.

A sleeve or thrust bearing at the top of the section holds the mast so that it is vertical and stabilized against sideways torque. The sleeve is part of the tower’s top section. A thrust bearing is mounted on a bearing plate at the top of the tower. The rotator is mounted on a rotator shelf that sits inside the tower and is sold as an accessory by the tower manufacturer. (See Figure 27.50.) Smaller rotators usually come with a mast clamp so they can be mounted on a pipe or similar mast with the antenna directly above them.
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The common Hy-Gain/CDE rotators (Ham-IV, T2X, and similar models) are designed to accept masts with a maximum of 2-1⁄16-inch OD. Smaller masts, such as 2-inch OD tubing or smaller water pipes will be off-center from the tower section holding the rotator. This can lead to binding in the top sleeve or bearing. The mast can be centered by placing strips of aluminum or brass shim between the mast and the portion of the clamp that is part of the bell housing.

Some crank-up tubular towers have the ability to place the rotator at the base of the tower. The tower is supported on a bearing and the rotator turn the entire tower. This is more convenient for working with the rotator but incurs extra expense.

Thrust Bearings

A thrust bearing is mounted at the top of the tower and the antenna mast passes through it to the rotator. The thrust bearing clamps the mast and supports the weight of the antenna system, leaving the rotator to handle the torque load without carrying any weight. Unless directed to do so by the manufacturer, do not put grease in the bearing race. Thrust bearings are designed to run “dry” as they are turned very slowly. Adding grease will capture dirt and debris which cause wear.

What is an Armstrong Rotator?
The term “armstrong” refers to anything turned or lifted manually, requiring a “strong arm.” There are many examples of hams using gears or cranks to turn antennas but the most common is a rope tied to the antenna’s boom and pulled from ground level. The antenna’s mast turns freely in the tower, or the antenna mount turns on the mast. This is a common temporary solution during antenna system repair or when operating during Field Day and portable.


Except in unusual circumstances, this is unnecessary since rotator bearings are designed to operate properly at full vertical load. A substitute for an actual thrust bearing is a bushing of heavy plastic or wood that supports a collar clamped to the antenna mast.

Do not use machine shop type pillow-blocks for thrust bearings. They are not intended to be exposed to the weather and will quickly rust solid. Use only outdoor grade (Rohn, galvanized, and so on) thrust bearings. Use stainless steel bolts in the thrust bearing that center the mast so they will not rust.

The thrust bearing can be used to support the weight of the mast and antennas when the rotator is removed. A muffler clamp or U-both on the mast at the thrust bearing will hold even a heavy mast temporarily. Be sure to hold the mast vertically in the tower to keep it from tipping after it becomes top-heavy with no rotator at the bottom to hold it. Figure 27.51 shows an example of clamps that secure the mast in a tower.
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Clamp Hardware and Mounting Bolts

Use galvanized or stainless-steel U-bolts and mounting bolts to install the rotator and mast clamp. Do not use plated hardware as it will rust and become very difficult to remove. If stainless-steel hardware is used, apply a small amount of anti-seize compound to the threads before tightening to prevent galling. Split-O lock washers should be used on all bolts.

Note that muffler clamps are sized by pipe ID while tubing clamps (masts should be structural tubing) are sized by the tubing OD. A 1-3/4-inch muffler clamp will fit 2-inch tubing with a slight interference fit. A 1-7/8-inch clamp will have a very slight gap on 2-inch tubing.

Because the rotator experiences considerable and repeated twisting, it is possible for the mast clamp or mounting bolts to work loose over time. Heavy-duty aftermarket mast clamps are available for some rotators. If a rotator has worked loose on its rotator shelf or mounting plate, it can be seen from the ground through binoculars in most cases — when the rotator begins to turn, it will turn in the tower before lodging against a strut or leg or a bolt hits the side of a mounting hole. The antenna will begin to turn after that. This must be repaired quickly to avoid damage to the rotator, rotator shelf, or rotator control lines. Make inspection of rotator mounting part of your regular station maintenance.

Rotator or Rotation Loop

Leave enough slack in all antenna feed lines for the rotator to turn completely in either direction plus another half-turn in case the mast slips during a high-wind situation. The feed lines can be left hanging below the antenna boom or wrapped around the top sleeve or mast once or twice like a spring. Have someone turn the antenna system completely through its travel with someone on the tower to watch the feed lines as the mast turns. Be sure the feed lines are not chafing against a metal surface that can wear a hole in the jacket or outer insulation, allowing water to get in. In extreme cases, a feed line or control cable can snag on something and break completely. (See “Assembling the Tower” earlier in this chapter.)

27.8.4 Rotator Control

Turning Control

There are two steps in controlling turning: releasing the brake, if any, and energizing a motor to turn in the desired direction.

An electrically controlled brake consists of a heavy-duty solenoid and a spring-loaded brake wedge or bar that fits into indentations inside the rotating assembly. The rotator’s braking torque is determined by how securely the brake is held by the indentations or, if worm gears are used, by the resistance to the gears turning backward under load. To turn the rotator, the solenoid is energized, pulling the brake out of the indentations. Energizing the solenoid is usually the largest current draw of the rotator.

The most common rotator motor is a 2-phase ac motor with a starting capacitor. The capacitor is switched between phases to control direction of rotation. Because of gear reduction, the motor can be fairly small and does not draw much current. Unless blocked by an obstruction, rotators turn a full 360 degrees. Limit switches open at the ends of rotation, removing power from the motor at the extreme ends of travel to prevent feed line damage.

One Control for All
Each rotator family (Ham-IV, Yaesu, M2, and so on) comes with a custom control unit for turning and position display. There are also aftermarket control units that operate with any of the common rotators. The most widely used are the Green Heron controllers (greenheronengineering.com) and the EA4TX interfaces (ea4tx.com). Both can control most available models of rotators, allowing you to standardize in the station and customize on the tower.


Rotator Brake Control

When rotation is complete, the solenoid is de-energized and the brake re-engages the indentations, holding the mast in place. Over time, the indentations or brake can wear out, allowing the rotating housing to slip under heavy loads. Wear is accelerated by de-energizing the solenoid while the mast is still turning, causing the brake to impact the sides of the indentations.

To reduce the impact of sudden stops, some controllers allow the mast to stop turning before de-energizing the solenoid. Typical delays are about 5 seconds. Retrofit delay modules are available for the Hy-Gain family of rotators. (See the RBD-5 from Hy-Gain, and rotator repair shops also have modules.) You can make your own brake delay module from the circuit in Figure 27.52. It is installed inside the control unit and can be fabricated on perf-board. Whenever power is applied to the rotator motors, C1 is charged and the relay contacts then close, keeping power applied to the brake and motor transformer. When power is removed from the motors, C1 discharges through the relay coil for a few seconds before the relay de-energizes, removing power from the transformer and releasing the brake solenoid. Depending on what relay you select, you may have to experiment with the value of C1 to get the delay you want.
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If your rotator does not have a brake delay, practice keeping the brake energized for a few seconds after you release the turning controls to allow the antennas to stop moving first.

Position Indication

There are two basic types of position indication — resistance and pulse counting. The most common circuit is a potentiometer (“pot”) contained in the rotator’s housing and turned in sync with the rotator motor. Current through the pot (typically only a few milliamps) drives an analog meter in the control unit calibrated in degrees. Rotators using pulse counters use a switch to generate pulses that the control unit counts to calculate the number of degrees from one end of travel.

Most rotators in North America are configured as “North center,” meaning they can turn an antenna from pointing directly south at one limit, through north at mid-travel, and all the way to south again at the opposite limit. North is the center position on the meter displaying the antenna’s direction. (South center meter scales are an option for most rotators.)

To calibrate a pot-indicator rotator’s direction, assuming north center, first adjust any meter calibration controls to mid-scale. Then move the rotator to its mid-travel orientation. Loosen the antenna mast clamp and rotate the mast until the antennas point directly north and re-tighten the clamp. (Using a compass or landmark is sufficient resolution for most amateur antennas.) When storing or testing a rotator, make a practice of leaving it set to mid-travel for ease of position calibration and mark or tag it for later reference. For a pulse-count rotator, the manufacturer’s manual will provide the necessary directions.

27.8.5 Rotator Wiring

The ARRL appreciates being granted permission by the Hy-Gain Company to reproduce the wiring diagram of the control unit for its widely used Ham-IV/Ham-IVX and Tailtwister T2X rotators as a convenience for readers. (See Figure 27.53.)
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The connection from the control unit to the rotator requires a multi-conductor control cable (no shield necessary). Most rotators require either 6- or 8-conductor cable. Solenoid brake circuits need heavier wire due to the higher current. If wire is used that is too small, the extra resistance may cause enough voltage drop to result in erratic brake operation or slow turning. Check the manufacturer’s recommendation for minimum wire size, which depends on the length of the cable. For the popular Ham-IV series and the Tailtwister T2X rotators, minimum recommended wire sizes are:

• Up to 125 feet: #18 AWG (brake solenoid), #20 AWG (all others)

• 125 to 200 feet: #16 AWG (brake solenoid), #18 AWG (all others)

• 200 to 300 feet: #14 AWG (brake solenoid), #16 AWG (all others)

Rotator Software Control
Recently-designed rotator control units have RS-232 or USB interfaces which are used as COM ports by PC software. There are several different protocols, the Yaesu protocol being the most common. The Rotor-EZ and ERC interfaces can be added to most rotators that don’t have a software interface.
Green Heron makes a control unit that can work with almost any common rotator and can be controlled by software, as well. The Green Heron product line includes a number of rotator control accessories and consoles.
Logging software often supports several different protocols and standalone software packages and utilities are also available - Internet searches for “antenna rotator software control” will find many programs.
Going beyond PC interfaces to legacy controllers, popular microcontrollers are being employed to create “smart” rotator systems. For an example, see the SatNOGS system described in the Antennas for Space Communications chapter. VK1DSH describes his Arduino-based rotator controller in the July 2016 issue of Amateur Radio, the Wireless Institute of Australia’s magazine.


Other rotators have similar requirements — consult the manufacturer’s instructions.

At the rotator, connections can be made directly to a terminal strip under the unit or to a weatherproofed connector at the end of a short “pigtail.” A nearby junction box where the pigtail and cable are attached can also be used. Retrofit kits to replace terminal strips are available from several vendors. The Ham-IV family suggests an 8-pin Cinch-Jones connector with wiring and color code as shown in Table 27.9.
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For terminal strip connections, use a weatherproofing grease found at electrical and automotive stores. Run the connecting cable down and away from the rotator to guide water away from it. It is highly recommended to use a consistent color code at the rotator and the control unit.

Lightning protection is also recommended for rotator control cables. Several vendors make 8-line lightning protectors for rotators. The protector must be well-grounded and should be installed at a common entry point for all antenna system cables. See the Safe Practices chapter for more about grounding and lightning protection practices.

Troubleshooting a rotator electrically can be done from the ground through resistance checks. Table 27.9 shows the nominal resistance values for the Ham-IV family of rotators. When making resistance checks, the control unit must be disconnected. Include the resistance of the cable or test leads when making resistance checks.

For the Hy-Gain family of rotators, if the rotator has been turned to the limit of rotation and can’t be turned in the other direction, it is possible to bypass the limit switches at the control box. Jumpering pins 4-6 and 2-5 bypass the limit switches so you can turn the rotator off the limits. This should only be done temporarily.

Keeping Rotators Rotating
Rotators are designed for years of trouble-free service as long as they are not overloaded and subjected to high winds, tightly secured to the mast and tower, and water kept away from the control cable connections and out of the motors and gears. It’s your job as the station owner to check on them now and then with regular inspections and make sure the controller and wiring are working properly. Regular resistance and voltage checks at the controller are a good way to look for developing electrical problems.
If your rotator does need repair, there are several service shops that will fix up an old rotator or provide a rebuilt unit. You can also do the job yourself if you are careful and have access to replacement parts — check before opening up the housing! You can find instructions and videos online for most of the common rotators. The CQ VHF article “CDE/Hy-Gain Rotors, How to Keep ‘em Turning, Parts 1 and 2,” by W9FX in the Winter and Spring 2009 issues goes into some detail with photographs of key steps and assemblies.


27.9 Corrosion

Corrosion is one of the biggest problems in tower and antenna installations. Knowing more about it will help you to use appropriate materials and stay away from problematic combinations. For detailed information on corrosion, visit the website of Corrosion Source (corrosionsource.com), where there are a number of free reports and other downloadable documents on corrosion.

Any metal by itself will eventually oxidize due to exposure to the oxygen in the atmosphere. The aluminum in our antennas combines with oxygen to create the powdery aluminum oxide you find when you take an antenna apart, while oxidation of steel (which is iron) produces the rust that you want to avoid.

When two metals with the right properties are in contact in the presence of an electrolyte, bimetallic corrosion takes place. It’s the same chemical process that takes place in batteries. Specifically, ions from one metal (called the anodic metal) flow across the joint or junction to the other metal (called the cathodic metal). In bimetallic joints, the more anodic metal is the one that loses material.

The electrolyte is typically some kind of salt or other compound (such as zinc) dissolved in water making the solution conductive. Rain (particularly acid rain), mist, or condensation are sufficient for bimetallic corrosion to begin.

Galvanically incompatible metals are combinations of metals that readily corrode when in contact because of their ranking on the galvanic chart. The farther apart the metals are in the table, the faster they will corrode when in contact. When you must use different materials, it is best to use metals that are close together in Table 27.10. You can see that on a zinc galvanized tower, aluminum and mild steel are the most compatible. If you use materials such as copper and brass when installing your tower ground system on a galvanized tower, you can see that you will have problems with corrosion almost immediately.
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One technique for avoiding corrosion on towers is to use an intermediate corrosion-resistant material between two otherwise incompatible metals. For example, to connect a copper ground conductor to a galvanized tower, use a stainless steel washer or shim between the copper and zinc galvanizing and stainless steel hardware to hold them together. Special ground clamps are also available from tower manufacturers for connecting copper ground wires to galvanized towers.

Another technique is to use sacrificial anodes that give up material to prevent corrosion of the main structure. A complete discussion of this technique is beyond the scope of this chapter but the QST article by Tony Brock-Fisher, K1KP, “Is Your Tower Still Safe?” covers the topic well (see the References and Bibliography or this book’s online material).

27.9.1 Antioxidants

Various compounds are available for combating corrosion. These are antioxidants and most commonly-used metals such as copper, aluminum, and steel have several products designed specifically for each of them.

For aluminum antennas, most manufacturers provide a packet of antioxidant with their products. Retarding oxidation is not only a good electrical idea but the compound also functions as an anti-seize coating, aiding you in taking the antenna apart at a later date.

Antioxidants are sometimes incorrectly called “conductive pastes or greases.” In general, these antioxidant compounds are comprised of a carrier material with metallic chips in suspension. It is these conductive chips, not the carrier, that give the compound its conductive properties. What happens is that the particles will pierce the layer of oxidation while preventing corrosion by isolating the joint from the air. The compound that comes with Butternut antennas, Butter-It’s-Not, uses copper dust in a molybdenum suspension while the paste supplied by M2 Antennas uses copper and graphite flakes in a petroleum base. There are other commercial products available for copper joints which should be used on ground systems. Just be certain to use the right one for the job. Table 27.11 lists several compounds and their manufacturers. In addition to using antioxidants on towers and antennas, they should be used in ground system joints as well as in marine environments.
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27.9.2 Rust

Steel towers and hardware will rust unless steps are taken to prevent it. In the case of towers, use galvanized steel or aluminum. Hardware, including U-bolts, nuts, bolts and other fasteners should either be made out of stainless steel (SS) or be galvanized. Because the galvanizing process deposits a thin coating of zinc on the hardware, you can’t interchange SS and galvanized nuts and bolts.

Surface rust is rust that is either deposited when you have water from a rusted piece of hardware run down a surface such as a tower leg or active rust that hasn’t yet penetrated the layer of galvanizing. Neither condition is serious, but you should repair those spots during your annual inspection. Use a wire brush to scrub off the rust and then spray the spot with a cold-galvanizing paint. Cold galvanizing paint is available at almost any spray paint rack. Check the contents to make sure that it contains zinc. The LPS Company (lpslabs.com) makes a very good cold-galvanizing spray that is relatively expensive but adheres very well (LPS Cold Galvanize Corrosion Inhibitor 00516).

27.10 General Maintenance

Having invested time and money installing your dream antenna and tower system, you’ll need periodic preventive maintenance (PM) and inspections. The key is to catch anything before it becomes a problem.

If you’ve followed the directives and steps described in this chapter you’ve already taken the most important steps in ensuring the safety and reliability of your tower and antenna system. Following the manufacturer’s specifications, using the right hardware, using antioxidants and following conservative designs are the true keys to success.

27.10.1 Annual Inspection

An annual inspection is a critical part of your PM program. Most commercial companies do it religiously; many insurance companies require it as a condition of their coverage. An annual inspection entails examining everything in the tower and antenna system, including the ground system, concrete anchors and footings, and the tower structure. In addition to annual inspections, all installations should be inspected after ice storms or windstorms that exceed 60 mph.

You should correct any problems you discover in your inspection. If you’re not sure about the seriousness of something you’ve found, talk to a knowledgeable friend or contact the manufacturer for advice. When you do a tower inspection, you should have enough supplies to redo several coax connectors joints if necessary, as well as a note pad and pencil to write down any discrepancies that may require further action. You’ll be able to take care of most problems on the spot, along with knowing what else you may need to finish the repairs. Push and pull on antennas and appurtenances (anything that’s attached to the tower) to see if anything is loose. Something might look okay but pushing on it might reveal loose hardware or some other problem.

You should get in the habit of doing a quick visual check every time you climb the tower. Carry a wire brush, a can of cold-galvanizing spray, a roll of electrical tape, and a utility knife to perform small repairs along the way. A station notebook of relevant information found during inspection, along with exceptions and repairs is a handy reference item. The information that follows is based on commercial and TIA-222 tower inspection standards.

Tower Structure

1) Check for damaged or faulty tower legs and braces. With welded towers such as Rohn 25G and 45G, the members cannot be replaced without replacing the whole section; minor bends or damage that do not alter the structural integrity can usually be tolerated.

2) Check all welds for integrity.

3) Examine the condition of the finish and any corrosion. Look for rust patches; use a wire brush and cold galvanizing paint to repair it.

4) In addition to visually checking any bolted connections, you should put a wrench to at least 10% of them to check for tightness. Any loose nuts or bolts should be retightened. Also look for missing hardware and replace it immediately.

Tower Alignment

1) The tower should be checked for plumb. A guyed tower is allowed a maximum deviation of one part in 400, or three inches per 100 feet. While a transit is the best way to check tower alignment, an electronic level will give you 0.1° accuracy, or a bubble level will indicate relative plumb. Even simpler is a long piece of string with a weight on the end, held an arm’s length away from the tower; sight the string along the tower leg for a very quick and fairly accurate indication of tower plumb. For self-supporting towers, the allowed deviation allowed is 1 part in 250 or 4.8 inches in 100 feet.

Even if the tower is perfectly plumb, perform all of the guy wire and hardware checks that follow to be sure nothing is loose or about to fail.

2) Check the guy wires and guy insulators, using binoculars for the ones that aren’t close to the ground or the tower.

3) Examine all guy wire and guy wire hardware including preformed grips, turnbuckles, clamps, and shackles for damage. Make sure that all turnbuckle safety ties are intact. Make sure all bolts and nuts are tight.

4) Check guy wire tension with an instrument or another technique.

5) Examine the tower base and guy anchors. Look for any cracking of the concrete. Also look for evidence of movement in the soil of the anchor rods or base. Look for rust and/or corrosion. Excavate a buried anchor rod for twelve inches to inspect for hidden corrosion — some sources recommend inspecting anchor rods all the way to the concrete anchor.

Antennas, Cables, and Appurtenances

1) Inspect antenna, boom-to-mast bracket and boom truss hardware for loose or missing hardware. Test nuts for tightness.

2) Look at each feed point joint and coax cable joint for compromised weatherproofing.

3) Check all cables for abrasion, binding and attachment.

4) Examine all appurtenances for missing hardware or corrosion.

Rotator

1) Check that all mounting bolts are tight and that they are not slipping in the rotator shelf or plate.

2) Check that the rotator mast clamp is securely holding the mast.

Grounding System

Do a visual inspection of the grounding system. Inspect all clamp connections. Redo any connections that are corroded or loose.

27.10.2 Crank-Up Maintenance

Crank-up towers are complex mechanical contrivances. While some are hand cranked, many have a motor, gearbox, cables, pulleys and limit switches — all of which should be carefully inspected twice a year.

The electric motors and gearbox are generally bulletproof, and the only inspections are to check the oil level in the gearbox, the condition of the drive belt or chain (some sort of conditioner is helpful for each), and the operation of the cable drum (there are probably some Zerk grease fittings that need attention).

Pulleys are sometimes custom made by the manufacturer so you may not be able to run down to the local store and buy one. Some sheaves are made by the manufacturer and then an off-the-shelf bearing is inserted in the middle. This one you probably can replace.

Pulleys need to turn and not bind so a good thing to do is to watch the pulleys if they’re exposed enough while the tower is being raised or lowered and see if there are any problems. (A simple dot or line drawn on the sheave itself will quickly show, even at a distance, whether it’s turning or not.)

Crank-Up Cables

Crank-up towers depend almost entirely on their cables to operate reliably and safely. Exercise the cables by running the tower up and down a couple of times a month and don’t always leave the tower in the same spot all the time, for example at the limit switches. Over time the cable can take a set if it’s always at the same place so leaving it at different places spreads the wear over much more of the cable length.

The cables should be lubricated at least annually; twice a year would be even better. Do not use heavy grease or motor oil which will just attract grime and particles. Use a cable lubricant such as PreLube 6 and be sure to check for damage while you’re doing the lube job. If you see any of the following, the cables should be replaced:

1) Damage in which a cable is significantly kinked or flattened.

2) Rust. This means serious rust, not surface rust that can be easily wiped or scraped off.

3) Excessive broken strands. Most crank-ups use 7×19 galvanized cable which means it has 133 strands in it. You’re allowed to have six total broken strands and three in the same bundle before replacing the cable.

27.10.3 Rotator Maintenance

Most rotator problems are first noticed as misalignment of the antennas with regard to where the control box indicator says they are pointing. With a light duty rotator, this happens frequently when the wind blows the antenna to a different heading. With no brake, the force of the wind can move the gear train and motor of the rotator, while the indicator remains fixed. Such rotator systems have a mechanical stop to prevent continuous rotation during operation, and provision is usually included to realign the indicator against the mechanical stop from inside the station. During installation, the antenna must be oriented correctly for the mechanical stop position, which is usually North.

In larger rotator systems with an adequate brake, indicator misalignment is caused by mechanical slippage in the antenna boom-to-mast hardware. Many texts suggest that the boom be pinned to the mast with a heavy-duty bolt and the rotator be similarly pinned to the mast. There is a trade-off: If there is sufficient wind to cause slippage in the couplings without pins, with pins the wind could break a rotator housing or transmission parts. The slippage will act as a clutch release, which may prevent serious damage to the rotator. On the other hand, you might not like to climb the tower and realign the system after each heavy windstorm.

27.10.4 When Something Fails

Failures to your installation can come in many forms, but wind is generally the common denominator. Rust, metal fatigue and overloading aren’t usually a problem until the wind starts to blow. Other causes of failure could be lightning strikes, ice, vandalism or accidents.

Assess the Damage

The first thing to do is a visual inspection. Using binoculars, if possible, take a look at everything from the ground to see if anything is bent or broken. If something is swinging in the wind, that’s a major problem. If there is obvious damage, try to determine if it is in danger of falling. If so, evacuate the endangered area immediately and alert local emergency services. This is especially true if it looks as though it could fall on power lines, sidewalks or roadways. If you have damage that isn’t an imminent danger to life or property, keep an eye on it until the storm is over to ensure that it doesn’t get worse. If you have the opportunity, take some snapshots or video of the damage for documentation.

Prevent Further Damage

Your next task is to take prudent steps to prevent further damage, both to your property and to the property of others. This is not only common sense but also a requirement of the insurance company. You want to avoid or minimize the possibility of liability lawsuits for personal injury or the property damage of others. Tie anything off you can but do not attempt to climb the tower!

File an Insurance Claim

After the storm is over, call your homeowner’s or renter’s insurance agent and notify them of the loss. Do it orally first, then follow up with a letter. The insurance company may require a “Proof of Loss.” They’ll give you a claim number that you’ll need to use in all written and verbal communications. Start a file with all your documentation, plus the other paperwork that you’ll start accumulating. (See the article on insurance by Ray Fallen, ND8L, included with this book’s online material.)

Keep notes of every conversation with your insurance agent or claims adjuster with dates and times; you may have to refer to them in the future. At this point, you may want to write down all pertinent facts surrounding the loss for reference also. Send copies of your photos with your loss letter.

Estimate of Repairs

You’ll make things very easy for your claims adjuster if you include an estimate of repair along with your letter and photos. The adjuster has probably never handled a radio tower loss before and will appreciate your help in getting a quote. Contact your local commercial rigger or antenna installation company and they’ll give you the quote.

Insurance companies will want professional workers to perform professional repairs to your loss; they expect to pay the going rate and they expect licensed contractors to do the work. Be sure that your estimate for tower repair covers all of the work including: dismantling damaged parts, hauling away damaged parts and disposal, clean-up, labor for reinstallation including assembly of antennas, labor for reinstallation of tower, replacing all damaged materials including hardware, cables, rotators, and other items.

Don’t be surprised if the estimate comes in quite a bit higher than you expect. Not only are you paying professionals to do all of the work, but a damaged tower or antenna system can be hazardous, and a crane or other piece of equipment may be needed to remove it safely.

Stay in Your Comfort Zone

Needless to say, don’t consider getting involved in the removal and repair of the damage unless you feel comfortable with it. If there is any doubt at all in your mind, either get the professionals in or bring in a piece of equipment such as a crane or boom truck. If anything is at a precarious or dangerous angle, don’t touch it — send for the professionals!
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Appendix A

Determining Antenna Areas and Wind Load

The method for determining the flat projected area (FPA) of an antenna is quite simple. We’ll use a Yagi antenna as an example. There are two worst-case areas that should be considered here. The first is the FPA of all the elements when the wind blows in the direction along the boom; that is, at right angles to the elements. The second FPA for a Yagi is when the wind is at right angles to the boom. One of these two orientations produces the worst-case exposed antenna area — all other wind angles present lower exposed areas. The idea is to take the highest of the FPAs for these two wind directions and call that the FPA of the antenna structure. See Figure 27.54A.
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The element FPA is calculated by multiplying each element’s dimension of length by its diameter and then summing the FPAs for all elements. The boom’s FPA is computed by multiplying the boom’s length by its diameter.

The reason for considering two potential peak-load orientations becomes clear when different frequency antennas are stacked on a mast or tower. Some antennas produce peak loads when the elements are broadside to the wind. This is typical of low-frequency Yagis, where the elements are very long lengths of aluminum tubing. On the other hand, the boom can dominate the surface area computations in higher-frequency Yagis.

The fundamentals responsible for the need to examine both potential FPAs for Yagis relates to how wind flows over a structure and develops loads. Called The Cross-Flow Principle, this was introduced to the communications industry by Dick Weber, K5IU, in 1993. The principle is based on the fact that the loads created by wind flowing across an antenna member only produce forces that are normal to (or perpendicular to) the major axis of the member. The resultant and component load calculations for this method are shown in Figure 27.54A.

For a Yagi, this means that wind forces on the elements act in-line with the boom, while forces on the boom act in-line with the elements. Figure 27.54B shows a force diagram for a typical Yagi. Figure 27.54C shows the FPA for a Yagi rotated through 90° of azimuth.

Antenna Placement on the Mast/Tower

Another important consideration is where the antenna(s) will be placed on the tower. As mentioned before, most generic tower specifications assume that the entire antenna load is applied at the top of the tower. Most amateur installations have a tubular mast extending above the tower top, turned by a rotator mounted down inside the tower. Multiple Yagi antennas are often placed on the mast above the tower top, and you must make sure that both the tower and the mast can withstand the wind forces on the antennas.

For freestanding towers, you can determine how a proposed antenna configuration compares to the tower manufacturer’s rating by using an Equivalent Moment method. The method computes the bending moment generated at the base of the tower by wind loads on the tower’s rated antenna area located right at the top of the tower and compares that to the case when the antenna is mounted on a mast sticking out of the top of the tower.

The exact value of wind pressure is not important, so long as it is the same for both comparisons. The wind load on the tower itself can be ignored because it is the same in both comparisons and the drag coefficients for the antennas can also be ignored if all calculations are performed using flat projected antenna areas, as we’ve recommended previously.

Keep in mind that this approach does not calculate actual loads and moments relevant to any specific tower design standard, but it does allow equivalent comparisons when the wind pressure is constant and all the antenna areas are of the same type. An example is in order.

Figure 27.55A shows a generic tower configuration, with a concentrated antenna load at the top of the tower. We’ll assume that the tower manufacturer rates this tower at 20 square feet of flat projected antenna area. Figure 27.55B shows a typical amateur installation with a rotating mast and an antenna mounted 7 feet above the top of the tower. To make the calculations easy, we select a wind pressure of 1 pound per square foot (1 psf). This makes the tower base moment calculation for Figure 27.55A:
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Antenna load = 20 feet2 × 1 psf = 20 pounds

Base moment = 70 feet × 20 pounds = 1400 foot-pounds.

This is the target value for the comparison. An equivalent configuration would produce the same base moment. For the configuration in Figure 27.55B, we assume a tubular 2-inch diameter mast that is 20 feet long, mounted 5 feet down inside the tower. Note that the lattice structure of the tower allows the wind to “see” the whole length of the mast and that we can consider the force distributed along the mast as being a single force concentrated at the mast’s center. The flat projected area of the mast by itself, without the antenna, is:

Mast area = 20 feet × 2 inches / 12 inches/foot = 3.33 square feet

The center of the mast is located at a height of 75 feet. Using the same 1-psf-wind load, the base bending moment due to the mast alone is:

Base moment (due to mast) = 3.33 feet2 × 1 psf × 75 feet = 249.75 foot-pounds

Including the mast in the configuration reduces the allowable antenna load. The remaining target base moment left for the antenna is found by subtracting the moment due to the mast from the original target value:

New base target moment = 1400 − 249.75 foot-pounds = 1150.25 foot-pounds.

The antenna in Figure 27.55B is located at a height of 77 feet. To obtain the allowable antenna area at this elevation we divide the new base target moment by the antenna height, yielding an allowable antenna load of:

1150.25 foot-pounds / 77 feet = 14.94 pounds.

Since we chose a wind load of 1 psf, the allowable antenna FPA has been reduced to 14.94 square feet from 20 square feet. If the projected area of the antenna we are planning to mount in the new configuration is less than or equal to this value, we have satisfied the requirements of the original design. You can use this equivalent-moment method to evaluate different configurations, even ones involving multiple antennas on the mast or situations with additional antennas placed along the tower below the tower top.

For guyed towers, the analyses become much more rigorous to solve. Because the guys and their behaviors are such a significant portion of the tower support mechanism, these designs can become very sensitive to antenna load placements. A general rule of thumb for guyed towers is never to exceed the original tower-top load rating, regardless of distributed loads along its length. Once you redistribute the antenna load placements along a guyed tower, you should do a fresh analysis, just to be sure.

You can run evaluations using the above method for antennas placed on the mast above a guyed tower top. The use of the Equivalent-Moment method for antennas mounted below the top of a guyed tower, however, can become quite suspect, since many generic tower designs have their intermediate guys sized for zero antenna loads lower down the tower. The proper approach in this case is to have a qualified mechanical engineer check the configuration, to see if guy placement and strength is adequate for the additional antennas down the tower.

Mounting the mast and antenna as shown in Figure 27.55B increases tower loads in the region of the mast. You should investigate these loads to ensure that the tower bracing in that area is sufficient.

Appendix B

Calculating the Required Mast Strength

When you mount antennas on a mast above the tower top, you should examine the bending loads on the mast to ensure that it will be strong enough. This section explains how to perform mast stress calculations for a single sustained wind speed. This procedure does not include height, exposure and gust-response factors found in most tower design standards.

Here are some fundamental formulas and values used to calculate the bending stress in a mast mounted in the top of a tower. The basic formula for wind pressure is:

	P = 0.00256 V2	(1)


where

P is the wind pressure is in pounds per square foot (psf)

V = wind speed in miles per hour (mph)

This assumes an air density for standard temperature and atmospheric pressure at sea level. The wind speed is not the Basic Wind Speed discussed in other sections of this chapter. It is simply a steady state (static) wind velocity.

The formula for calculating the force created by the wind on a structure is:

	F = P × A × Cd	(2)


where

P = the wind pressure from Eq 1

A = the flat projected area of the structure (square feet)

Cd = drag coefficient for the shape of the structure’s members.

The commonly accepted drag coefficient for long cylindrical members like the tubing used for the mast and antenna is 1.20. The coefficient for a flat plate is 2.0.

The formula used to find the bending stress in a simple beam like our mast is:

	σ = (M × c) / I	(3)


where

σ = the stress in pounds per square inch (psi)

M = bending moment at the base of the mast (inch-pounds)

c = 1⁄2 of the mast outside diameter (inches)

I = moment of inertia of the mast section (inches4)

In this equation you must make sure that all values are in the same units. To arrive at the mast stress in pounds per square inch (psi), the other values need to be in inches and pounds also. The equation used to find the moment of inertia for the round tubing mast section is:

	I = π/4 (R4 – r4)	(4)


where

I = Moment of Inertia of the section (inches4)

R = Radius of tube outside diameter (inches)

r = Radius of tube inside diameter (inches)

This value describes the distribution of material about the mast centroid, which determines how it behaves under load. The equation used to compute the bending moment at the base of the mast (where it is supported by the tower) is:

	M = (FM × LM) + (FA × LM)	(5)


where

FM = wind force from the mast (pounds)

LM = Distance from tower top to center of mast (inches)

FA = Wind force from the antenna (pounds)

LA = Distance from tower top to antenna attachment (inches)

LM is the distance to the center of the portion of the mast extending above the tower top. Additional antennas can be added to this formula by including their F × L. In the installation shown in Figure 27.55B, a wind speed of 90 mph, and a mast that is 2 inches OD, with a 0.250-inch wall thickness, the steps for calculating the mast stress are:

1) Calculate the wind pressure for 90 mph, from Eq 1:

P = .00256 V2 = .00256 × (90)2 = 20.736 psf

2) Determine the flat projected area of the mast. The portion of the mast above the tower is 15 feet long and has an outside diameter of 2 inches, which is 2/12 feet.

Mast FPA, AM = 15 feet × (2 inches / 12 inches/feet) = 2.50 square feet.

3) Calculate the wind load on the mast, from Eq 2:

Mast Force, FM = P × A × Cd = 20.736 psf × 2.50 feet2 × 1.20 = 62.21 pounds

4) Calculate the wind load on the antenna: From Eq 2:

Antenna Force, FA = P × A × Cd = 20.736 psf × 14.94 feet2 × 1.20 = 371.76 pounds

5) Calculate the mast Bending Moment, from Eq 5:

M = ( FM × LM ) + ( FA × LA ) = (62.21 pounds × 90 inches) + (371.76 pounds × 84 inches) = 36827 inch-pounds

where

LM = 7.5 feet × 12 inches/foot = 90 inches

LA = 7.0 feet × 12 inches/foot = 84 inches.

6) Calculate the mast Moment of Inertia, from Eq 4:
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where, for a 2.0-inch OD and 0.250-inch wall thickness tube, R= 1.0 and r = 0.75.

7) Calculate the mast Bending Stress, from Eq 3:
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If the yield strength of the mast material is greater than the calculated bending stress, the mast is considered safe for this configuration and wind speed. If the calculated stress is higher than the mast yield strength, a stronger alloy, or a larger mast, or one with a thicker wall is required.

When evaluating a mast with multiple antennas attached to it, special care should be given to finding the worst-case condition (wind direction) for the system. What may appear to be the worst load case, by virtue of the combined flat projected antenna areas, may not always be the exposure that creates the largest mast bending moment. Masts with multiple stacked antennas should always be examined to find the exposure that produces the largest mast bending moment. The antenna flat projected areas at 0° and 90° azimuths are particularly useful for this evaluation.

One way of reducing the net wind torque on a mast holding multiple antennas is to mount antennas on opposite sides of the mast. This alternate mounting scheme causes the wind torque from each antenna to cancel at least partially, reducing the total torque experienced by the mast.


Chapter 28

Antenna and Transmission Line Measurements

The principal quantities measured on transmission lines are current or voltage, including phase. From these measurements, forward and reflected power and standing wave ratio (SWR) may be obtained. For antennas, the primary measurement of interest to amateurs is field strength in order to determine an antenna’s radiation pattern or to compare relative antenna performance. It is important to note that for most practical purposes, a relative measurement is sufficient. An uncalibrated indicator that shows when the largest possible amount of power is being put into the line is just as useful, in most cases, as an instrument that measures the power accurately. It is seldom necessary to know the actual number of watts going into the line unless the overall efficiency of the system is being investigated. An instrument that shows when the SWR is close to 1:1 is all you need for most impedance-matching adjustments.

Absolute quantitative measurements of amplitude or time (phase) become increasingly difficult at frequencies above a few MHz with numerous sources of error becoming more and more significant. Quantitative measurements of reasonable accuracy demand good design and careful construction in the measuring instruments. They also require intelligent use of the equipment, including knowledge not only of its limitations but also of stray effects in the instrument and also of the test configuration that often lead to false results. Until you know the complete conditions of the measurements, a certain amount of skepticism regarding numerical data resulting from amateur measurements with simple equipment is justified.

Accurate measurement of SWR, for example, is necessary only in studies of antenna characteristics such as bandwidth, or for the design of some types of matching systems, such as a stub match. If such measurements are required, surplus lab equipment of very high quality is commonly available although usually not “in calibration.”

On the other hand, purely qualitative or relative measurements, such as comparing one antenna to another, before-and-after, or max/min adjustments are easy to make and quite useful. This chapter presents methods and devices for making these measurements.

28.1 Line Current and Voltage

A current or voltage indicator that can be used with coaxial line is a useful piece of equipment. It need not be elaborate or expensive. Its principal function is to show when the maximum power is being taken from the transmitter for any given set of line conditions (length, SWR, etc). This will occur when you adjust the transmitter output circuits for maximum current or voltage into the transmission line. Although a final-amplifier plate or collector current meter is frequently used for this purpose, it is not always a reliable indicator. In many cases, particularly with a screen-grid tube in the final stage, minimum loaded plate current does not occur simultaneously with maximum power output.

28.1.1 PROJECT: Coaxial RF Voltmeter

You can combine a germanium or Schottky diode in conjunction with a low-range milliammeter and a few resistors to form an RF voltmeter suitable for connecting across the two conductors of a coaxial line, as shown in Figure 28.1. It consists of a voltage divider, R1-R2, having a total resistance about 100 times the Z0 of the line (so the power consumed will be negligible) with a diode rectifier and milliammeter connected across part of the divider to read relative RF voltage. The purpose of R3 is to make the meter readings directly proportional to the applied voltage, as nearly as possible, by swamping the resistance of D1, since the diode resistance will vary with the amplitude of the current through the diode.
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You may construct the voltmeter in a small metal box, indicated by the dashed line in the drawing, and fitted with coax receptacles. R1 and R2 should be noninductive resistors such as carbon-film or metal-oxide types. The power rating for R1 should be 1 W for each 100 W of carrier power in the matched line; separate 1- or 2-W resistors should be used to make up the total power rating required, to the total resistance as given. Any type of resistor can be used for R3; the total resistance should be such that about 10 V dc will be developed across it at full scale. For example, a 0-1 milliammeter would require 10 kW, a 0-500 microammeter would take 20 kW, and so on. R1 may be a variable resistor so the sensitivity can be adjusted for various power levels.

If more than one resistor is used for R1, the units should be arranged end-to-end with very short leads. R1 and R2 should be kept 1⁄2 inch or more from metal surfaces parallel to the body of the resistor. These precautions must be observed if consistent measurements are to be obtained above a few MHz. Stray capacitance and stray coupling limit the accuracy at higher frequencies but do not affect the utility of the instrument for comparative measurements.

Calibration

You may calibrate the meter for RF voltage at low frequencies by comparison with a standard such as an RF ammeter, wattmeter or oscilloscope. If a wattmeter is used, the line must be well matched so the impedance at the point of measurement is equal to the actual Z0 of the line. The power can be calculated as[image: ]. By making voltage measurements at a number of different power levels, you can obtain enough points to draw a calibration curve for your particular setup. Be advised that stray effects and nonlinearities inherent in this simple circuit make a true calibration questionable above a few MHz.

28.1.2 PROJECT: RF Current Meters

The following project was designed by Tom Rauch, W8JI (w8ji.com/building_a_current_meter.htm). The circuit of Figure 28.2 is based on a current transformer (T1) consisting of a T157-2 powdered-iron toroid core with a 20-turn winding. The meter is used with the current-carrying wire or antenna inserted through the middle of the core as a one-turn primary
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When 1 A is flowing in the single-turn primary, the secondary current will be 50 mA (equal to primary current divided by the turns ratio of 20:1). R1 across the transformer flattens the frequency response and limits the output voltage. The RF voltage is then detected and filtered by D1 (a low-threshold Schottky diode for minimum voltage drop) and C1. The adjustable sum of R2 and R3 allow for full-scale (FS) calibration of the 100 µA meter. C2 provides additional filtering. The toroid core and all circuitry are glued to the back of the meter case with only R2 exposed — a screwdriver-adjustable calibration pot.

It is important to minimize stray capacitance by using a meter with all-plastic construction except for the electrical parts. The meter in Figure 28.2B has an all-plastic case including the meter scale. The meter movement and all metallic areas are small. The lack of large metallic components minimizes stray capacitance from the proximity of the meter. Low stray capacitance ensures the instrument has the least possible effect on the circuit being tested.

A value of 100 W for R1 gave the flattest response from 1.8 to 30 MHz. With 50 mA of secondary current, the voltage across R1 is 0.05 × 100 = 5 VRMS. The peak voltage is then 1.414 × 5 = 7.1 V. At full current, power dissipation in R1 = 50 mA × 5 VRMS = 0.25 W so a 1⁄2-W or larger resistor should be used.

The meter used here was a 10,000 W/V model so for full-scale deflection from a primary current of 1 A producing a secondary voltage of ~7 V, the sum of R2 and R3 must be set to 7 × 10,000 = 70 kW. The low-current meter combined with high detected voltage improves detector linearity.

Calibration of the meter can be performed by using a calibrated power meter and a test fixture consisting of two RF connectors with a short piece of wire between them and through the transformer core. With 50 W applied to a 50-W load, the wire will be carrying 1 A of current. Full-scale accuracy is not required in comparison measurements, since the meter references against itself, but linearity within a few percent is important.

This transformer-based meter is much more reliable and linear than thermocouple RF ammeters and perturbs systems much less. Stray capacitance added to the system being tested is very small because of the proximity of the meter and the compact wiring area. Compared to actually connecting a meter with its associated lead lengths and capacitance in line with the load, the advantages of a transformer-coupled meter become apparent.

Clamp-on RF Current Probe

Sometimes it is not practical to disconnect a wire in order to sense RF current on it, such as a power cord or speaker wire. In such cases a clamp-on probe can be used as described in the February 1999 QST article by Steve Sparks, N5SV, and shown in Figure 28.3. The core is a split-core type — any common material will suffice (type 31, 75, 61, 43, etc) for HF use. If the enclosure is hand-held size, the instrument can be used as a handy detector and “sniffer” for RFI troubleshooting. Because the split core does not close completely and consistently every time, this is not a precision instrument but is effective for relative comparison.
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28.1.3 RF Ammeters

An RF ammeter is a good way to gauge output power. You can mount an RF ammeter in any convenient location at the input end of the transmission line, the principal precaution being that the capacitance to ground, chassis and nearby conductors should be low. A Bakelite-case instrument can be mounted on a metal panel without introducing enough shunt capacitance to ground to cause serious error up to 30 MHz. When installing a metal-case instrument on a metal panel, you should mount it on a separate sheet of insulating material so that there is 1⁄8 inch or more separation between the edge of the case and the metal.

A 2-inch instrument can be mounted in a 2 × 4 × 4-inch metal box, as shown in Figure 28.4. This is a convenient arrangement for use with coaxial line. Installed this way, a good quality RF ammeter will measure current with an accuracy that is entirely adequate for calculating power in the line. As discussed above in connection with calibrating RF voltmeters, the line must be closely matched by its load so the actual impedance is resistive and equal to Z0. The scales of such instruments are cramped at the low end, however, which limits the range of power that can be measured by a single meter. The useful current range is about 3 to 1, corresponding to a power range of about 9 to 1.
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New RF ammeters are expensive and even surplus pricing can vary widely between $10 and $100 in today’s market. AM radio stations are the main users of new units. The FCC defines the output power of AM stations based on the RF current in the antenna, so new RF ammeters are made mainly for that market. They are quite accurate, and their prices reflect that!

The good news is that used RF ammeters are often available. Surplus component and equipment dealers have been a consistent source of RF ammeters. Ham flea markets are also worth trying.

Before buying a used RF ammeter, check to be sure it is actually an RF ammeter — it is common to find meters labeled “RF Amps” that are simple current meters intended to be used with an external RF current sensing unit.

RF Ammeter Substitutes

Don’t despair if you can’t find a used RF ammeter. It’s possible to construct your own. Both hot-wire and thermocouple units can be homemade. Pilot lamps in series with antenna wires, or coupled to them in various ways, can indicate antenna current or even forward and reflected power. (See the References and Bibliography entries for Sutter and Wright.)

Another approach is to use a small low-voltage lamp as the heat/light element and use a photodetector driving a meter as an indicator. (Your eyes and judgment can serve as the indicating part of the instrument.) A feed line balance checker could be as simple as a couple of lamps with the right current rating and the lowest voltage rating available. You should be able to tell fairly well by eye which bulb is brighter or if they are about equal. You can calibrate a lamp-based RF ammeter with 60-Hz or dc power.

The optical approach is often taken in QRP portable equipment where an LED is used to replace a meter in an SWR bridge as described by Phil Salas, AD5X, in his Z-Match antenna tuner described in the Transmission Line System Techniques chapter.

As another alternative, you can build an RF ammeter that uses a dc meter to indicate rectified RF from a current transformer that you clamp over a transmission line wire as described by Zack Lau, W1VT (see References and Bibliography).

28.2 SWR Measurements

On parallel-conductor lines it is possible to measure the standing wave ratio by moving a current (or voltage) indicator along the line, noting the maximum and minimum values of current (or voltage) and then computing the SWR from these measured values. This cannot be done with coaxial line since it is not possible to make measurements of this type inside the cable. The technique is, in fact, seldom used with open lines because it is not only inconvenient but sometimes impossible to reach all parts of the line conductors. Also, the method is subject to considerable error from antenna currents flowing on the line.

Present-day SWR measurements made by amateurs practically always use some form of directional coupler or RF-bridge circuit. The indicator circuits themselves are fundamentally simple, but they require considerable care in construction to ensure accurate measurements. The requirements for indicators used only for the adjustment of impedance-matching circuits, rather than actual SWR measurement, are not so stringent, and you can easily make an instrument for this purpose.

28.2.1 Bridge Circuits

Two commonly used bridge circuits are shown in Figure 28.5. The bridges consist essentially of two voltage dividers in parallel, with an RF voltmeter connected between the junctions of each pair of arms, as the individual elements are called. When the equations shown to the right of each circuit are satisfied there is no potential difference between the two junctions, and the RF voltmeter indicates zero voltage. The bridge is then said to be in balance.
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Taking Figure 28.5A as an illustration, if R1 = R2, half the applied voltage, E, will appear across each resistor. Then if RS = RX, 1⁄2 E will appear across each of these resistors and the RF voltmeter reading will be zero. Remember that a matched transmission line has essentially a purely resistive input impedance. Suppose that the input terminals of such a line are substituted for RX. Then if RS is a resistor equal to the Z0 of the line, the bridge will be balanced.

If the line is not perfectly matched, its input impedance will not equal Z0 and hence will not equal RS, since you chose the latter to be equal to Z0. There will then be a difference in potential between points X and Y, and the RF voltmeter will show a reading. Such a bridge therefore can be used to show the presence of standing waves on the line, because the line input impedance will be equal to Z0 only when there are no standing waves.

Considering the nature of the incident and reflected components of voltage that make up the actual voltage at the input terminals of the line, as discussed in the Transmission Lines chapter, it should be clear that when RS = Z0, the bridge is always in balance for the incident component. Thus the RF voltmeter does not respond to the incident component at any time but reads only the reflected component. The incident component can be measured across either R1 or R2, if they are equal resistances. The standing wave ratio is then
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where E1 is the incident voltage and E2 is the reflected voltage. It is often simpler to normalize the voltages by expressing E2 as a fraction of E1, in which case the formula becomes
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where k = E2/E1.

The operation of the circuit in Figure 28.5B is essentially the same, although this circuit has arms containing reactance as well as resistance.

It is not necessary that R1 = R2 in Figure 28.5A; the bridge can be balanced, in theory, with any ratio of these two resistances provided RS is changed accordingly. In practice, however, the accuracy is highest when the two are equal; this circuit is most commonly used.

A number of types of bridge circuits appear in Figure 28.6, many of which have been used in amateur products or amateur construction projects. The bridge at E is most often used in common low-cost SWR meters. (See the References and Bibliography entry for Silver for a description of how these SWR meters work.) All circuits except that at G can have the ground returns of the generator and load at a common potential. At G, the generator and detector ground returns are at a common potential. You may interchange the positions of the detector and transmitter (or generator) in the bridge, and this may be advantageous in some applications.
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The bridges shown at D, E, F and H may have one terminal of the generator, detector and load common. Bridges at A, B, E, F, G and H have constant sensitivity over a wide frequency range. Bridges at B, C, D and H may be designed to show no discontinuity (impedance bump) with a matched line, as shown in the drawing. Discontinuities with A, E and F may be small.

Bridges are usually most sensitive when the detector bridges the midpoint of the generator voltage, as in G or H, or in B when each resistor equals the load impedance. Sensitivity also increases when the currents in each leg are equal.

28.2.2 PROJECT: SWR Resistance Bridge

The basic bridge configuration shown in Figure 28.5B may be home constructed and is reasonably accurate for SWR measurement at HF. A practical circuit for such a bridge is given in Figure 28.7A and a representative layout is shown in Figure 28.7B. Properly built, a bridge of this design can be used for measurement of SWRs up to about 15:1 with good accuracy. Resistance bridges cannot be left in the transmission during regular operation due to the power dissipation limits of the resistors. This bridge should be used for test purposes only.
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You must also observe these important construction points:

1) Keep leads in the RF circuit short, to reduce stray inductance.

2) Mount resistors two or three times their body diameter away from metal parts, to reduce stray capacitance.

3) Place the RF components so there is as little inductive and capacitive coupling as possible between the bridge arms.

In the instrument shown in Figure 28.7B, the input and line connectors, J1 and J2, are mounted fairly close together so the standard resistor, RS, can be supported with short leads directly between the center terminals of the connectors. R2 is mounted at right angles to RS, and a shield partition is used between these two components and the others.

The two 47-kW resistors, R5 and R6 in Figure 28.7A, are voltmeter multipliers for the 0-100 microammeter used as an indicator. This is sufficient resistance to make the voltmeter approximately linear (that is, the meter reading is directly proportional to the RF voltage) and no voltage calibration curve is needed. D1 is the rectifier for the reflected voltage and D2 is for the incident voltage. Because of manufacturing variations in resistors and diodes, the readings may differ slightly with two multipliers of the same nominal resistance value, so a correction resistor, R3, is included in the circuit. You should select its value so that the meter reading is the same with S1 in either position, when RF is applied to the bridge with the line connection open. In the instrument shown, a value of 1000 W was required in series with the multiplier for reflected voltage; in other cases different values probably would be needed and R3 might have to be put in series with the multiplier for the incident voltage. You can determine this by experiment.

The value used for R1 and R2 is not critical, but you should match the two resistors within 1% or 2% if possible. Keep the resistance of RS as close as possible to the actual Z0 of the line you use (generally 50 or 75 W). Select the resistor by actual measurement with an accurate resistance bridge, if you have one available.

R4 is for adjusting the incident-voltage reading to full scale in the measurement procedure described below. Its use is not essential, but it offers a convenient alternative to exact adjustment of the RF input voltage.

Testing

Measure R1, R2 and RS with a reliable digital ohmmeter or resistance bridge after completing the wiring. This will ensure that their values have not changed from the heat of soldering. Disconnect one side of the microammeter and leave the input and output terminals of the unit open during such measurements to avoid stray shunt paths through the rectifiers.

Check the two voltmeter circuits as described above, applying enough RF (about 10 V peak, 1 V RMS) to the input terminals to give a full scale reading with R4 set for maximum deflection and with the line terminals open. If necessary, try different values for R3 until the reading is the same with S1 in either position.

With J2 open, adjust the RF input voltage and R4 for full-scale reading with S1 in the incident-voltage position. Then switch S1 to the reflected-voltage position. The reading should remain at full scale. Next, short-circuit J2 by touching a screwdriver between the center terminal and the frame of the connector to make a low-inductance short. Switch S1 to the incident-voltage position and readjust R4 for full scale, if necessary. Then throw S1 to the reflected-voltage position, keeping J2 shorted, and the reading should be full scale as before. If the readings differ, R1 and R2 are not the same value, or there is stray coupling between the arms of the bridge. You must read the reflected voltage at full scale with J2 either open or shorted, when the incident voltage is set to full scale in each case, to make accurate SWR measurements.

The circuit should pass these tests at all frequencies at which it is to be used. It is sufficient to test at the lowest and highest frequencies, usually 1.8 or 3.5 and 28 or 50 MHz. If R1 and R2 are poorly matched but the bridge construction is otherwise good, discrepancies in the readings will be substantially the same at all frequencies. A difference in behavior at the low and high ends of the frequency range can be attributed to stray coupling between bridge arms, or stray inductance or capacitance in the arms.

To check the bridge for balance, apply RF and adjust R4 for full scale with J2 open. Then connect a resistor identical with RS (the resistance should match within 1% or 2%) to the line terminals, using the shortest possible leads. It is convenient to mount the test resistor inside a cable connector (PL-259), a method of mounting that also minimizes lead inductance. When you connect the test resistor the reflected-voltage reading should drop to zero. The incident voltage should be reset to full scale by means of R4, if necessary. The reflected reading should be zero at any frequency in the range to be used. If a good null is obtained at low frequencies but some residual current shows at the high end, the trouble may be the inductance of the test resistor leads, although it may also be caused by stray coupling between the arms of the bridge itself.

If there is a constant low (but not zero) reading at all frequencies the problem is poor matching of the resistance values. Both effects can be present simultaneously. You should make sure you obtain a good null at all frequencies before using your bridge.

Bridge Operation

You must limit the RF power input to a bridge of this type to 2 W at most, because of the power-dissipation ratings of the resistors. If the transmitter has no provision for reducing power output to this value a simple power-absorber circuit can be made up, as shown in Figure 28.8. Lamp DS1 changes resistance as it heats up — from a few ohms when cold to more than 100 W at full power. This increasing resistance tends to maintain constant current through the resistor over a fairly wide power range, so the voltage drop across the resistor also tends to be constant. This voltage is applied to the bridge, and with the constants given is in the right range for resistance-type bridges.
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To make a measurement, connect the unknown load to J2 and apply sufficient RF voltage to J1 to give a full-scale incident-voltage reading. Use R4 to set the indicator to exactly full scale. Then throw S1 to the reflected voltage position and note the meter reading. The SWR is then found by using these readings in Eq 1.

For example, if the full-scale calibration of the dc instrument is 100 µA and the reading with S2 in the reflected-voltage position is 40 µA, the SWR is
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Instead of calculating the SWR value, you could use the voltage curve in Figure 28.9. In this example the ratio of reflected to forward voltage is 40/100 = 0.4, and the SWR value is about 2.3:1.
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You may calibrate the meter scale in any arbitrary units, so long as the scale has equal divisions. It is the ratios of the voltages, and not the actual values, that determine the SWR.

28.2.3 Avoiding Errors in SWR Measurements

The principal causes of inaccuracies within the bridge are differences in the resistances of R1 and R2, stray inductance and capacitance in the bridge arms, and stray coupling between arms. If the checkout procedure described above is followed carefully, the bridge in Figure 28.6 should be sufficiently accurate for practical use. The accuracy is highest for low standing wave ratios because of the nature of the SWR calculation; at high SWR the divisor in the equation above represents the difference between two nearly equal quantities, so a small error in voltage measurement may mean a considerable difference in the calculated SWR.

Detector nonlinearity is another source of error. A diode peak detector is approximately linear if the load impedance is high enough, and the signal is much greater than the diode forward-conduction voltage, but it will still have significant nonlinearity at the low end of the scale.

The standard resistor RS must equal the actual Z0 of the line. The actual Z0 of a sample of line may differ by a few percent from the nominal figure because of manufacturing variations, but this has to be tolerated. In the 50- to 75-W range, the RF resistance of a noninductive resistor of 1⁄2- or 1-W rating is essentially identical with its dc resistance at VHF and below.

Common-Mode Currents

As explained in the Transmission Line System Techniques chapter, there are two ways in which unwanted common-mode currents can flow on the outside of a coaxial line — currents induced onto the line because of its spatial relationship to the antenna and currents that result from the direct connection between the coax outer conductor and (usually) one side of the antenna. Such currents can cause significant SWR measurements error and SWR that changes with line length but for different reasons.

Induced current usually will not be troublesome if the bridge and the transmitter (or other source of RF power for operating the bridge) are shielded so that any RF currents flowing on the outside of the line cannot find their way into the bridge. This point can be checked by inserting an additional section of line (1⁄8 to 1⁄4 electrical wavelength preferably) of the same Z0. The SWR indicated by the bridge should not change except for a slight decrease because of the additional line loss. If there is a marked change, you may need better shielding.

Common-mode currents can also flow on the outside of coaxial transmission lines if the outside surface of the shield is connected directly to one side of the antenna. Even if the antenna itself is balanced, this “extra” conductor will unbalance the system and common-mode current will flow on the outside of the line. In such cases, the SWR will vary with line length, even though the bridge and transmitter are well-shielded and the shielding is maintained throughout the system by the use of coaxial fittings. Often, merely moving the transmission line around will cause the indicated SWR to change. This is because the outside of the coax has become part of the antenna system by being connected to the antenna at the feed point. The outside shield of the line thus constitutes a load, along with the desired load represented by the antenna itself. The SWR on the line then is determined by the composite load of the antenna and the outside of the coax. Since changing the line length (or position) changes one component of this composite load, the SWR changes too. This is an undesirable condition since the line is usually operating at a higher SWR than it should — and would if the common-mode current on the outside of the coax were eliminated.

The remedy for both situations is generally to use a common-mode choke balun as described in the Transmission Line System Techniques chapter or to detune the outside of the line by proper choice of length so that it presents a high impedance at the frequency of operation. Note that this is not a measurement error, since what the instrument reads is the actual SWR on the line.

Spurious Frequencies

Off-frequency components in the RF voltage applied to the bridge may cause considerable error. The principal components of this type are harmonics and low-frequency subharmonics that may be fed through the final stage of the transmitter driving the bridge. The antenna is almost always a fairly selective circuit, and even though the system may be operating with a very low SWR at the desired frequency, it is almost always mismatched at harmonic and subharmonic frequencies. If such spurious frequencies are applied to the bridge in appreciable amplitude, the SWR indication will be very much in error. In particular, it may not be possible to obtain a null on the bridge with any set of adjustments of the matching circuit. The only remedy is to filter out the unwanted components by increasing the selectivity of the circuits between the transmitter final amplifier and the bridge.

28.2.4 PROJECT: Reflectometers

A reflectometer consists of a coupled pair of transmission-line impedance bridges (see Figure 28.6) operated back-to-back so that the generator and load are reversed in one bridge. The resulting imbalance between bridges is displayed on a meter with a scale calibrated so as to convert the imbalance to SWR. Various simple reflectometers have been described from time to time in QST and in The ARRL Handbook (see References and Bibliography).

Bridges of this type are usually frequency-sensitive — that is, the meter response increases with increasing frequency for the same applied voltage so that a CAL (calibration) potentiometer is required to set the meter sensitivity for each use.

Because most of these designs are frequency sensitive, it is difficult to calibrate them accurately for power measurement. Similarly, without a guaranteed power calibration, they cannot make accurate quantitative measurements of SWR but their low cost and suitability for use at moderate power levels, combined with the ability to show accurately when a matching circuit has been properly adjusted, make them a worthwhile addition to the amateur station.

A pair of typical reflectometer designs are given in Figures 28.10 and 28.11. (Both original QST articles are included with this book’s online material.) The classic circuit by DeMaw in Figure 28.10 is a very useful circuit at low power levels. It can be scaled up to be used at higher power levels by reducing the number of turns on the toroid primary and increasing the voltage ratings of the voltage sensing capacitors, C1 and C2. (The referenced article by Bruene should be consulted, as well.) The design by Brown in Figure 28.11 is for use with 300-W twin-lead and may be used with parallel-wire feed lines of other characteristic impedances such as 450-W window line by changing R1 and R2 to match the impedance of the line.
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28.3 RF Power Measurement

The standard commercial instruments amateurs use to measure RF power are the various models of the Thruline directional wattmeters from Bird Technologies (birdrf.com) such as the popular Model 43. The meter consists of a section of transmission into which is inserted a selectable power-sensing element, popularly referred to as a “slug.” The transmission line in the wattmeter is designed to have an element inserted without disrupting normal power flow through the meter.

The element consists of a pickup loop and terminating resistor that form a directional coupler — a circuit that couples to a transmission line and extracts a small amount of power flowing in one direction. (See the References and Bibliography entry by Wade for a tutorial on directional couplers, also included with this book’s online material.) The construction of the Bird transmission line and sensing element are shown as Figure 3 in the Model 43 operating manual, available for download at birdrf.com (look for the Model 43 product information). The element can be rotated so that the directional coupler picks up either forward or reflected power.

The energy from the directional coupler in the element then passes through a rectifying diode and filter capacitor that form an RF detector as described earlier in this chapter. The output of the RF detector then drives a meter that is calibrated in watts. The standard series of elements covers from 2 to 1000 MHz and from 5 W to 5000 W full-scale. A variety of specialty elements are also available.

For a close look at the construction of the Bird Thruline wattmeter and a typical power sensing element, see the Repeater Builders website article, “Photo Tour of a Bird Wattmeter Element,” by Robert Meister, WA1MIK at repeater-builder.com/projects/bird-element-tour/bird-element-tour.html. A number of excellent white papers and application notes on the use of these ubiquitous instruments are available on the Bird Technologies website under “Resources and Tools.”

28.3.1 PROJECT: Directional Power/SWR Meter

The following project is an overview of the January 2011 QST article by Bill Kaune, W7IEQ, “A Modern Directional Power/SWR Meter.” The complete article including firmware and printed circuit board artwork is included with this book’s online material.

The primary use for this unit is to monitor the output power and tuning of a transceiver. The author’s station configuration is shown in Figure 28.12. RF power generated by the transmitter is routed via RG-8 coaxial cable through a directional coupler to an antenna tuner, which is connected to the antenna with RG-8. The directional coupler contains circuits that sample the RF power flowing from the transmitter to the tuner (the forward power) and the RF power reflected back from the tuner to the transmitter (the reflected power). These samples are sent via RG-58 cable to the two input channels of the power meter. This project includes the directional coupler and the power meter. Enough detail is provided in the full article so that an amateur can duplicate the device or modify the design.
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Directional Coupler

The directional coupler is based on the unit described in “The Tandem Match” by John Grebenkemper, KI6WX in the January 1987 issue of QST and also included with this book’s online material. A pair of FT-82-67 toroids with 31 turns of #26 AWG magnet wire over lengths of RG-8 form the basis of the directional coupler shown in Figure 28.13.
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The forward and reflected power samples coupled are reduced by a factor of 1/N2, where N = 31 is the number of turns of wire on each toroid. Thus the forward and reflected power samples are reduced by about 30 dB. For example, if a transceiver were delivering a power of 100 W to a pure 50 W load, the forward power sample from the directional coupler would be about 0.1 W (20 dBm).

The directivity of a directional coupler is defined as the ratio of the forward power sample divided by the reflected power sample when the coupler is terminated in 50 W. In this coupler, the directivity measured using an inexpensive network analyzer is at least 35 dB at 3.5 MHz and 28 dB at 30 MHz.

Power/SWR Meter — Circuit Description

Figure 28.14 shows a front panel view of the power meter. An LCD displays the measured peak (PEP) and average (AEP) envelope powers as well as the standing wave ratio (SWR). The power meter calculates either the peak and average envelope power traveling from the transceiver to load (the forward power) or the peak and average envelope powers actually delivered to the load (the forward power minus reflected power). The average envelope power (AEP) represents an average of the forward or load powers over an averaging period of either 1.6 or 4.8 seconds.
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A 1 mA-movement analog meter on the front panel facilitates antenna tuning. This meter continuously displays the quantity 1 – 1/SWR, where SWR is the standing wave ratio on the line. Thus, an SWR of 1.0 corresponds to a meter reading of 0 — no deflection of the meter. An SWR of 2 results in a 50% deflection of the meter, while an SWR of 5 produces an 80% deflection of the meter.

The forward and reflected power samples from the directional coupler are applied to a pair of Analog Devices AD8307 logarithmic detectors. External 20 dB attenuators (Mini-Circuits HAT-20) reduce the signals from the directional coupler to levels compatible with the AD8307. As noted earlier, the directional coupler has an internal attenuation of about 30 dB, so the total attenuation in each channel is about 50 dB. Thus, a radio operating at a power level of 1 kW (60 dBm) will result in an input to the forward power channel of about 10 dBm. (The schematic diagram and parts list of the power meter are included with this book’s online material.) The detectors are configured such that the time constant of their output follows the modulation envelope of the RF signal.

LF398 sample-and-hold ICs stabilize the voltages from the forward and reflected power logarithmic detectors. In this way both voltages can be sampled at the exact same time and held for subsequent analog-to-digital conversion and calculation of power and SWR by the PIC16F876A microprocessor (microchip.com). The processor also includes a pulse-width-modulated (PWM) output used to drive the analog SWR meter on the front panel.

28.3.2 PROJECT: High-Power RF Samplers

If one wants to measure characteristics of a transmitter or high-power amplifier, some means of reducing the power of the device to 10 or 20 dBm must be used. The most straightforward way to do this is to use a 30 or 40 dB attenuator capable of handling the high power. A 30 dB attenuator will reduce a 100 W transmitter to 20 dBm. A 40 dB attenuator will reduce a 1 kW amplifier to 20 dBm. If further attenuation is needed, a simple precision attenuator may be used after the signal has been reduced to the 20 dBm level.

The problem with high-power attenuators is that they are expensive to buy or build because the front end of the attenuator must handle the output power of the transmitter or amplifier. If one already has a dummy load, an RF sampler may be used to produce a replica of the signal at a reduced power level. The sampler described here was originally presented by Tom Thompson, WØIVJ, in QST ’s May 2011 “Technical Correspondence” column. (The original article with construction information plus some supplemental information is included with this book’s online material.)

A transformer sampler passes a single conductor (usually the insulated center conductor from a piece of coaxial cable) from the transmitter or amplifier to the dummy load through a toroidal inductor forming a transformer with a single turn primary. The secondary of the transformer is connected to a resistor network and then to the test equipment as shown in Figure 28.15 The source, whether a transmitter or amplifier, is assumed to be a pure voltage source in series with a 50-W resistor. This most likely is not exactly the case but is sufficient for analysis.
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If a current, I, flows into the dummy load, then a current, I / N flows in the secondary of the transformer, where N is the number of turns on the secondary. Figure 28.15 also shows the equivalent circuit, substituting a current source for the transformer. 40 dB is selected for the attenuation and 15 turns for the secondary of the transformer. If RSHUNT = 15 W, and RSERIES = 35 W, then the voltage across a 50-W load resistor, RSAMPLE, is 1/100 of the voltage across the dummy load, which is 40 dB of attenuation.

Reflecting this resistor combination back through the transformer yields 0.06 W in series with the 50-W dummy load impedance. This is an insignificant change. Furthermore, reflecting 100 W from the primary to the secondary places 22.5 kW in parallel with RSHUNT, which does not significantly affect its value. The test equipment sees a 50-W load looking back into the sampler. Even at low frequencies, where the reactance of the secondary winding is lower than 15 W, the impedance looking back into the sample port remains close to 50 W.

The samplers described here use an FT37-61 ferrite core followed by two resistors as described above. The through-line SWR is good up to 200 MHz, the SWR is fair looking into the sampled port, and the useful bandwidth extends from 0.5 MHz to about 100 MHz. If you are interested in an accurate representation of the third harmonic of your HF transmitter or amplifier, it is important for the sampler to give accurate attenuation into the VHF range.

Figure 28.16 shows a photo of a sampler built into a 1.3 × 1.3 × 1 inch (inside dimensions) box constructed from single-sided circuit board material. The through-line connection is made with a short piece of UT-141 semi-rigid coax with the shield grounded only on one side to provide electrostatic shielding between the toroid and the center conductor of the coax. (Do not ground both ends of the shield or a shorted turn is created.) RSHUNT is hidden under the toroid, and RSERIES is shown connected to the sample port. This construction technique looks like a short piece of 200-W transmission line in the through-line which affects the SWR at higher frequencies. This can be corrected by compensating with two 3 pF capacitors connected to the through-line input and output connectors as shown in the photo. The through-line SWR was reduced from 1.43:1 to 1.09:1 at 180 MHz by adding the capacitors. This compensation, however, causes the attenuation to differ at high frequencies depending on the direction of the through-line connection. A sampler constructed using the box technique is useable from below 1 MHz through 30 MHz.
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Figure 28.17 shows a different approach using 9⁄16 inch diameter, 0.014 inch wall thickness, hobby brass tubing. This lowers the impedance of the through-line so that no compensation is needed. The through-line SWR for the tube sampler is 1.08:1 at 180 MHz which is as good as the box sampler and the sensitivity to through-line direction is reduced. Although the high frequency attenuation is not as good as the box sampler, the construction technique provides a more consistent result. A sampler constructed using the tube technique should be usable through 200 MHz.

[image: ]

28.3.3 PROJECT: An Inexpensive VHF Directional Coupler

Precision inline metering devices capable of reading forward and reflected power over a wide range of frequencies are very useful in amateur VHF and UHF work, but their rather high cost puts them out of the reach of many VHF enthusiasts. The device shown in Figures 28.18 through 28.20 is an inexpensive adaptation of their basic principles. It can be made for the cost of a meter, a few small parts, and bits of copper pipe and fittings that can be found in the plumbing section at many hardware stores.
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The sampler consists of a short section of handmade coaxial line, in this instance, of 50-W impedance, with a reversible probe coupled to it. A small pickup loop built into the probe is terminated with a resistor at one end and a diode at the other. The resistor matches the impedance of the loop, not the impedance of the line section. Energy picked up by the loop is rectified by the diode, and the resultant current is fed to a meter equipped with a calibration control.

The principal metal parts of the device are a brass plumbing T, a pipe cap, short pieces of 3⁄4-inch ID and 5⁄16-inch OD copper pipe, and two coaxial fittings. Other available tubing combinations for 50-W line may be usable. The ratio of outer conductor ID to inner conductor OD should be 2.4/1. (The complete article with more detail is included with this book’s online material.)

The sampler is very useful for many jobs even if it is not accurately calibrated, although it is desirable to calibrate it against a wattmeter of known accuracy as described in the complete article.

28.3.4 PROJECT: RF Step Attenuator

A good RF step attenuator is one of the key pieces of equipment that belongs on your workbench. The attenuator in this project offers good performance yet can be built with a few basic tools. The attenuator is designed for use in 50-W systems, provides a total attenuation of 71 dB in 1-dB steps, offers respectable accuracy and insertion loss through 225 MHz and can be used at 450 MHz as shown in Table 28.1. This material was originally published as “An RF Step Attenuator” by Denton Bramwell, K7OWJ, in the June 1995 QST.
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The attenuator consists of 10 resistive pi (p) attenuator sections such as the one in Figure 28.21. Each section consists of a DPDT slide switch and three 1⁄4-W, 1%-tolerance metal-film resistors. The complete unit contains single 1, 2, 3 and 5-dB sections, and six 10-dB sections. Table 28.2 lists the resistor values required for each section.
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The enclosure is made of brass sheet stock, readily available at hardware and hobby stores. By selecting the right stock, you can avoid having to bend the metal and need only perform a minimum of cutting.

Construction

The enclosure can be built using only a nibbling tool, drill press, metal shears, and a soldering gun or heavy soldering iron. (Use a regular soldering iron on the switches and resistors.) One method of cutting the small pieces of rectangular tubing to length is to use a drill press equipped with a small abrasive cutoff wheel.

Brass is easy to work and solder. For the enclosure, you’ll need two precut 2 × 12 × 0.025-inch sheets and two 1 × 12 × 0.025-inch sheets. The 2-inch-wide stock is used for the front and back panels; the 1-inch-wide stock is used for the ends and sides. For the internal wiring, you need a piece of 5⁄32 × 5⁄16-inch rectangular tubing, a 1⁄4 × 0.032-inch strip, and a few small pieces of 0.005-inch-thick stock to provide interstage shields and form the 50-W transmission lines that run from the BNC connectors to the switches at the ends of the step attenuator.

For the front panel, nibble or shear a piece of 2-inch-wide brass to a length of about 91⁄2 inches. Space the switches from each other so that a piece of the rectangular brass tubing lies flat and snugly between them. See Figure 28.22. Drill holes for the #4-40 mounting screws and nibble or punch rectangular holes for the bodies of the slide switches.
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Before mounting any parts, solder in place one of the 1-inch-wide chassis side pieces to make the assembly more rigid. Solder the side piece to the edge of the top plate that faces the “through” side of the switches; this makes later assembly easier (see Figure 28.23). Although the BNC input and output connectors are shown mounted on the top (front) panel, better lead dress and high-frequency performance may result from mounting the connectors at the ends of the enclosure.
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DPDT slide switches designed for sub-panel mounting often have mounting holes tapped for #4-40 screws. Enlarge the holes to allow a #4-40 screw to slide through. Before mounting the switches, make the “through” switch connection (see Figure 28.21) by bending the two lugs at one end of each switch toward each other and soldering the lugs together or solder a small strip of brass between the lugs and clip off the lug ends. Mount the switches above the front panel, using 5⁄32-inch-high by 7⁄32-inch-OD spacers. Use the same size spacer on the inside. On the inside, the spacer creates a small post that helps reduce capacitive coupling from one side of the attenuator to the other. The spacers position the switch so that the 50-W stripline can be formed later.

The trick to getting acceptable insertion loss in the “through” position is to make the attenuator look as much as possible like 50-W coax. That’s where the rectangular tubing and the 1⁄4 × 0.032-inch brass strip come into the picture (see Figure 28.22); they form a 50-W stripline. (See the Transmission Lines chapter for information on stripline.)

Cut pieces of the rectangular tubing about 3⁄4-inch long, and sweat solder them to the front panel between each of the slide switches. Next, cut lengths of the 1⁄4-inch strip long enough to conveniently reach from switch to switch, then cut one more piece. Drill 1⁄16-inch holes near both ends of all but one of the 1⁄4-inch strips. The undrilled piece is used as a temporary spacer, so make sure it is flat and deburred.

Lay the temporary spacer on top of the rectangular tubing between the first two switches, then drop one of the drilled 1⁄4-inch pieces over it, with the center switch lugs through the 1⁄16-inch holes. Before soldering, check the strip to make sure there’s sufficient clearance between the 1⁄4-inch strip and the switch lugs; trim the corners if necessary. Use a screwdriver blade to hold the strip flat and solder the lugs to the strip. Remove the temporary spacer. Repeat this procedure for all switch sections. This creates a 50-W stripline running the length of the attenuator.

Next, solder in place the three 1%-tolerance resistors of each section, keeping the leads as short as possible. Use a generous blob of solder on ground leads to make the lead less inductive. Install a 1⁄2-inch-square brass shield between each 10-dB section to ensure that signals don’t couple around the sections at higher frequencies.

Use parallel 1⁄4-inch strips of 0.005-inch-thick brass spaced 0.033 inch apart to form 50-W feed lines from the BNC connectors to the switch contacts at each end of the stripline as shown in Figure 28.23. (Use the undrilled piece of 0.032-inch-thick brass to insure the proper line spacing.) The attenuator with all switches and shields in place is shown ready for final mechanical assembly in Figure 28.24
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Finally, solder in place the remaining enclosure side, cut and solder the end pieces, and solder brass #4-40 nuts to the inside walls of the case to hold the rear (or bottom) panel. Drill and attach the rear panel and round off the sharp corners to prevent scratching or cutting anyone or anything. Add stick-on feet and labels and your step attenuator of Figure 28.25 is ready for use.
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Remember that the unit is built with 1⁄4-W resistors, so it can’t dissipate a lot of power. Remember, too, that for the attenuation to be accurate, the input to the attenuator must be a 50-W source and the output must be terminated in a 50-W load.

28.4 Field Strength Meters

Few amateur stations, fixed or mobile, are without need of a field-strength meter (FSM). An instrument of this type serves many useful purposes during antenna experiments and adjustments. In its simplest form, the field strength meter is simply a diode detector and a sensitive meter with a potentiometer wired as a resistive divider to act as a sensitivity control as in Figure 28.26. This type of meter is commonly and inexpensively available both new and used. (See the References and Bibliography and this book’s online material for the QST article describing how to build this simple FSM.)
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When work is to be done from many wavelengths away from the antenna, however, such a simple instrument lacks the necessary sensitivity. Further, such a device has a serious fault because its linearity leaves much to be desired and it is very wideband so that the measurement may be upset from any other strong nearby transmitter, such as an AM broadcast station. Thus, a more capable instrument is needed.

28.4.1 PROJECT: Portable Field Strength Meter

The field-strength meter described here takes care of the problems associated with a simple FSM. Additionally, it is small, measuring only 4 × 5 × 8 inches. The power supply consists of two 9-V batteries. Sensitivity can be set for practically any amount desired. However, from a usefulness standpoint, the circuit should not be too sensitive or it will respond to unwanted signals. This unit also has excellent linearity with regard to field strength. (The field strength of a received signal varies inversely with the distance from the source, all other things being equal.) The frequency range includes all amateur bands from 3.5 through 148 MHz, with band-switched circuits, thus avoiding the use of plug-in inductors. All in all, it is a quite useful instrument. The information in this section is based on a January 1973 QST article by Lew McCoy, W1ICP (see the References and Bibliography).

The unit is pictured in Figures 28.27 and 28.28, and the schematic diagram is shown in Figure 28.29. A type 741 op-amp IC is the heart of the unit. (Any general-purpose op-amp can be substituted for the 741.) The antenna is connected to J1, and a tuned circuit is used ahead of a diode detector. The rectified signal is coupled as dc and amplified in the op amp. Sensitivity of the op amp is controlled by inserting resistors R3 through R6 in the circuit by means of S2.
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With the circuit shown, and in its most sensitive setting, M1 will detect a signal from the antenna on the order of 100 µV. Linearity is poor for approximately the first 1⁄5 of the meter range, but then is almost straight-line from there to full-scale deflection. The reason for the poor linearity at the start of the readings is because of nonlinearity of the diodes at the point of first conduction. However, if gain measurements are being made this is of no real importance, as accurate gain measurements can be made in the linear portion of the readings.

The 741 op amp requires both a positive and a negative voltage source. This is obtained by connecting two 9-V batteries in series and grounding the center. One other feature of the instrument is that it can be used remotely by connecting an external meter at J2. This is handy if you want to adjust an antenna and observe the results without having to leave the antenna site.

L1 is the 3.5/7 MHz coil and is tuned by C1. The coil is wound on a toroid form. For 14, 21 or 28 MHz, L2 is switched in parallel with L1 to cover the three bands. L5 and C2 cover approximately 40 to 60 MHz, and L7 and C2 from 130 MHz to approximately 180 MHz. The two VHF coils are also wound on toroid forms.

Construction Notes

The majority of the components may be mounted on an etched circuit board. A shielded lead should be used between pin 4 of the IC and S2. The same is true for the leads from R3 through R6 to the switch. Otherwise, parasitic oscillations may occur in the IC because of its very high gain.

In order for the unit to cover the 144-MHz band, L6 and L7 should be mounted directly across the appropriate terminals of S1, rather than on a circuit board. The extra lead length adds too much stray capacitance to the circuit. It isn’t necessary to use toroid forms for the 50- and 144 MHz coils. They were used in the version described here simply because they were available. You may substitute air-wound coils of the appropriate inductance.

Calibration

The field strength meter can be used as is for a relative-reading device. A linear indicator scale will serve admirably. However, it will be a much more useful instrument for antenna work if it is calibrated in decibels, enabling the user to check relative gain and front-to-back ratios. If you have access to a calibrated signal generator, connect it to the field-strength meter and use different signal levels fed to the device to make a calibration chart. Convert signal-generator voltage ratios to decibels by using the equation

	dB = 20 log (V1/V2)	(3)


where V1/V2 is the ratio of the two voltages and log is the common logarithm (base 10).

Let’s assume that M1 is calibrated evenly from 0 to 10. Next, assume we set the signal generator to provide a reading of 1 on M1, and that the generator is feeding a 100 µV signal into the instrument. Now we increase the generator output to 200 µV, giving us a voltage ratio of 2:1. Also let’s assume M1 reads 5 with the 200 µV input. From the equation above, we find that the voltage ratio of 2 equals 6.02 dB between 1 and 5 on the meter scale. M1 can be calibrated more accurately between 1 and 5 on its scale by adjusting the generator and figuring the ratio. For example, a ratio of 126 µV to 100 µV is 1.26, corresponding to 2.0 dB. By using this method, all of the settings of S2 can be calibrated. In the instrument shown here, the most sensitive setting of S2 with R3, 1 MW, provides a range of approximately 6 dB for M1. Keep in mind that the meter scale for each setting of S1 must be calibrated similarly for each band. The degree of coupling of the tuned circuits for the different bands will vary, so each band must be calibrated separately.

Another method for calibrating the instrument is using a transmitter and measuring its output power with an RF wattmeter. In this case we are dealing with power rather than voltage ratios, so this equation applies:

	dB = 10 log (P1/P2)	(4)


where P1/P2 is the power ratio.

With most transmitters the power output can be varied, so calibration of the test instrument is rather easy. Attach a pickup antenna to the field-strength meter (a short wire a foot or so long will do) and position the device in the transmitter antenna field. Let’s assume we set the transmitter output for 10 W and get a reading on M1. We note the reading and then increase the output to 20 W, a power ratio of 2. Note the reading on M1 and then use Eq 4. A power ratio of 2 is 3.01 dB. By using this method the instrument can be calibrated on all bands and ranges.

With the tuned circuits and coupling links specified in Figure 28.29, this instrument has an average range on the various bands of 6 dB for the two most sensitive positions of S2, and 15 dB and 30 dB for the next two successive ranges. The 30-dB scale is handy for making front-to-back antenna measurements without having to switch S2.

[image: ]

28.5 Impedance, Antenna, and Network Analyzers

Another type of analyzer measures parameters of components, antennas, and circuits over a frequency range. These analyzers are often used to measure impedance and are sometimes referred to as impedance analyzers. Analyzers optimized for use with antenna systems are called antenna analyzers. More capable analyzers are used to measure gain, filter response, isolation, and other properties of antennas, circuits, and systems that are referred to by the general name of networks. These analyzers are called network analyzers. The material on vector analyzers was originally updated for the ARRL Handbook by Jim Brown, K9YC.

28.5.1 Network Analyzer Basics

Over the last decade, a new generation of relatively low-cost analyzers has emerged, both as free-standing handheld instruments, and as instruments that interface to a computer via a USB port and require software running on the computer to complete the measurement system. Some of the free-standing instruments can operate under computer control and with the computer software greatly expanding their capabilities.

Connections to the analyzer are made at a port which is a pair of terminals that serve as an input or output of a network. The port terminals can be anything from alligator clips to a coaxial connector. A network can have more than one port. A dummy load is a single-port network, for example, and an amplifier or filter or transmission line are examples of a two-port network with an input and output.

A scalar analyzer measures only the magnitude of a parameter (a scalar is a value expressed as a single number). Both oscilloscopes and spectrum analyzers are scalar instruments. Scalar parameters include SWR, attenuation, or power. A vector analyzer measures the magnitude of two parameters (typically voltages) and the phase difference between them. That combination creates a vector with a magnitude and angle. The measurements are repeated over a range of frequencies. (More information about vectors, scalars, and phasors is available in the Radio Mathematics supplement on the ARRL website. Enter “radio mathematics” into the Website Search window at arrl.org.)

Vector analyzers make measurements of the scattering parameters (S-parameters) of a single-port or two-port network. They allow any circuit or component to be treated as a “black box” with the S-parameters describing its behavior in terms of amplitude and phase.

The scattering parameters for a two-port network, are:

S11, the reflection coefficient of the input port;

S21, the voltage gain from input to output, also known as Forward Transmission or Forward Gain;

S12, the voltage gain from output to input, also known as Reverse Transmission;

S22, the reflection coefficient of the output port.

Scattering parameters and ports are explained in the following sections S-Parameters and Return Loss.

28.5.2 Antenna Analyzers

Because measurements of antenna systems, including feed lines, are so common, a class of analyzers has been designed with features specifically for that task. The popular name for these instruments is antenna analyzers, whether they use analog or digital circuitry.

In many products available today, the measurements and graphs are displayed on a built-in screen about the size of those on mobile phones. The real-time graphing functions are especially helpful when making tuning adjustments in the field. Data is stored internally and can be downloaded to an external PC for processing and storage. (See the sidebar on Touchstone data files)

Antenna analyzers suitable for amateur use are available from several manufacturers — search for “antenna analyzers” on the internet to find them. When shopping for an antenna analyzer, pay careful attention to the capabilities and limitations. Several basic designs are available with tradeoffs between performance and cost.

Be aware that some inexpensive or older units measure only the SWR or impedance magnitude while others measure both the resistive and reactive parts of the impedance. Some of these units may give the magnitude of the reactance but not the sign, requiring the operator to change frequency a small amount and watch the change in impedance magnitude to determine the sign and thus the type of the impedance, inductive or capacitive.

These analyzers have many more uses than impedance and SWR measurements. Paul Wade, W1GHZ, has contributed the paper “Antenna Analyzer Pet Tricks” in this book’s online material. It includes how-to guides for a number of useful antenna system measurements.

Some users have reported difficulties in obtaining accurate impedance measurements on low-band antennas when there is a nearby AM broadcast station. This is due to the wideband detector responding to the incoming signal from the AM station. Some manufacturers offer external high-pass broadcast-reject filters to allow the analyzers to be used in the presence of these strong signals. The filter can affect measurements near the broadcast band, particularly in the 3.5 MHz and lower-frequency bands. Check with the filter manufacturer about the limitations of using filters with the analyzer.

SCALAR ANTENNA ANALYZERS

The simplest way to measure the frequency response of a coax-fed antenna to show its resonant frequency or frequency of minimum SWR is to use a standing wave ratio meter. By measuring SWR, the meter shows how well-matched the load or the antenna’s feed point impedance is to the characteristic impedance of the feed line. The frequency of the measurement is controlled by changing the frequency of the transmitter. Because SWR is a single numeric value, the combination of a transmitter and SWR meter creates a simple scalar antenna analyzer.

Determining Reactance Type
Some antenna analyzers can show the positive or negative sign of the reactance. Less expensive units may only show a reactance magnitude. To determine whether reactance is inductive or capacitive on a unit that doesn’t indicate the sign, make a slight increase in frequency. If the reactance increases, it is inductive, and if reactance decreases, it is capacitive. This is a helpful trick when adjusting antennas with an analyzer that doesn’t indicate reactance sign.


SWR meters are usually calibrated for 50 Ω since most transmitters are designed to drive a 50-Ω load. (Some can be switched to operate in a 75-Ω system.) An SWR meter by itself, however, cannot provide any information about the values of resistance and reactance that make up the impedance.

The first self-contained antenna analyzers replaced the transmitter with a manually tuned low-power signal source and added a detector and analog meter in a single piece of portable equipment. These simple scalar analyzers display SWR and/or impedance magnitude, but not separate values of resistance and reactance. While their capabilities are less sophisticated than today’s more advanced equipment, they are still widely used for simple adjustments and troubleshooting antennas.

Today’s scalar antenna analyzers add more signal processing capabilities and use phase measurements to calculate both resistance and reactance, along with SWR. Some units have a manually tuned signal source while others make swept frequency measurements under the control of a microprocessor. Figure 28.30 shows the block diagram of a typical scalar antenna analyzer. Figure 28.31 shows examples of both types of scalar antenna analyzers.
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Protecting Antenna Analyzers
Portable antenna analyzers are sensitive instruments with low-power components at their input. They can be damaged by static electricity if care is not exercised. Antennas can collect a significant static charge from rain or wind. Be sure to short the conductors together and ground the transmission line for a few seconds before connecting it to an analyzer to reduce the risk of damage to the sensitive components on the input.
Static buildup can be minimized by providing a dc path between center conductor and the grounded shield for the antenna being measured, offering some protection both for the analyzer and for station equipment. The dc path can be a shunt inductor (typically an RF choke) or a high-value resistor (10 kΩ or more). A very useful protector can be made by soldering the resistor between the center pin and shell of a PL-259 and inserting the PL-259 into a UHF tee adapter that is connected to the analyzer. If the discharge resistor is to be a permanent part of the antenna, it must have a power rating suitable for the transmitter power. Metal oxide resistors of a few watts dissipation are a good choice.
Antennas with non-insulated elements mounted directly on a grounded boom or support are already protected against static. Insulated elements need protection against static. Measure resistance between the feed line center conductor and shield to be sure of whether there is a dc path to drain static.
Using the analyzer when another transmitter is active can also cause damage if enough signal is picked up by the antenna under test. Some analyzers include an isolation relay that protects the input when a measurement is not in progress.


Noise Bridges
Noise bridges (see Figure 28.A) were a very common test instrument until the modern antenna analyzer became widespread. The noise bridge includes an adjustable bridge circuit to which a wide-band noise generator is connected as the source and a conventional receiver is attached to the detector port. The receiver is tuned to the desired frequency and the resistance and reactance controls are adjusted for minimum noise in the receiver. If the receiver has a panadapter display, the null frequency can be seen on the screen, speeding the adjustment. The QST article “The Noise Bridge” by Jack Althouse, K6NY, gives a more complete description of how a noise bridge works and how it is used. The article is included in the online material.
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Figure 28.32 shows a relatively simple circuit that uses diodes for detecting voltages corresponding to voltage and current at the external load. This inexpensive circuit is useful but at low signal levels the diodes introduce some non-linearity and temperature drift which may be an issue. This type of diode detector responds to signals over a wide frequency range and there may be stray pickup from nearby broadcasting stations that makes the measurement results inaccurate.
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VECTOR ANTENNA ANALYZERS

Today, the most common antenna analyzer is a vector impedance analyzer (VIA) that measures both the magnitude and the phase angle of impedance at a single-port across a range of frequencies. The impedance is then displayed numerically (R + jX), as a phasor (|Z|∠θ), or some computed value, such as SWR. (Magnitude is denoted by vertical bars, | |, and the angle by ∠.) The measurements can also be displayed on a graph and many instruments can transfer the measurements to a computer for further processing and storage. A VIA can measure the impedance of a single-port network such as an antenna, the input port of an antenna tuner, or a two-terminal component like a resistor or capacitor.

The impedance data can be used to calculate several parameters for the antenna system. Using the specified value for the system reference impedance, which can be any value (it doesn’t have to be 50 Ω), For example, the reflection coefficient (ρ or rho) can be calculated as:

|ρ| = (ZL – Z0) / (ZL + Z0)

where ZL is the measured impedance of the load and Z0 is the specified impedance of the transmission line, which can be any value. ZL is a complex number; therefore, ρ is, in general, a complex number with a magnitude between zero and one. Rho is approximately equal to zero when the line is matched to the antenna because there is no reflection, all the transmitter power is absorbed by the antenna. When the antenna is poorly matched to the line, ρ is larger and it approaches 1 when the mismatch is large.

SWR = (1 + |ρ|) / (1 –|ρ|)

Note that SWR only depends on the magnitude of ρ denoted by the vertical bars as |ρ| so it is not a complex number.

28.5.3 Vector Network Analyzers

A vector network analyzer (VNA) is an instrument that can measure both the magnitude and phase of the gain and return loss of a two-port network. The VNA’s signal generator has a 50-Ω impedance that drives the network port and detector circuits. The generator can drive an input port so that voltages are measured at the output port, or a switch can reverse the signal flow. The first configuration allows the VNA to measure S11 and S21. The signal flow is reversed to measure S12 and S22.

Usually, the VNA or its host software provides the capability to plot the S parameters on a Smith chart for easy evaluation. (See the online material for the Transmission Lines chapter for a tutorial on the Smith chart.) S11 and S21 are often available in a magnitude versus frequency graph, as well.

A VIA has similar construction to a VNA but only includes the 50-Ω generator and bridge circuitry to measure S11, so it can make only single-port measurements such as impedance, SWR, etc. From S11, the analyzer can compute the complex impedance (resistance separately from reactance, including the sign of the reactance to tell us whether it’s inductive or capacitive). Most antenna analyzers are VIAs. A two-port VNA can also be configured to do single-port swept frequency measurements. Figure 28.33 shows a pair of portable VIAs used for antenna measurements. Figure 28.34 shows a two-port VNA with a coverage of 50 kHz to 4 GHz that is intended for use on the test bench with a host PC.
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A complete discussion of how to use a VNA is beyond the scope of this chapter but the user’s manual for a VNA will explain the technique of calibrating that particular VNA and using it to make measurements. The second step will be the use of the measurements by computer software to display and transform the measurements into the desired parameters.

In addition, there are many online tutorials and application notes (see the References and Bibliography entries for Agilent) and the text Microwave Electronics by Pozar also goes into some detail about what the various measurements are and how they are made.

28.5.4 Calibration and Measurement Plane

The accuracy of a VNA depends on the performance of the directional couplers, detectors, and other circuitry. The coupler directivity is a key contributor to measurement errors. For example, if the directivity is 20 dB, then even a perfect 50-Ω load will show 20 dB of return loss, equivalent to a 1.22:1 SWR. Fortunately, it is possible to eliminate most errors by measuring several terminations of known impedance and calculating a table of correction factors that are applied to the raw measurements. The mathematics involved is quite complex, but it is all handled by the instrument software and is invisible to the user. A thorough discussion of VNA error-correction techniques can be found in Agilent Technologies application note 5965-7709. (keysight.com)

The point at which the measurements are to be performed is called the measurement plane or reference plane. That point can be at the measurement connector of a VIA, at a test fixture connected to the analyzer, or at the ends of cables. (The end of the cable can even be a long distance from the analyzer at the top of a tower!) Calibration consists of taking measurements of known impedances. The analyzer makes the measurements across the desired frequency range and then applies mathematical corrections at each frequency so that the net result is the exact known values. This set of measurements is saved as a calibration file that can be stored and retrieved whenever that measurement plane is used in the future. Most analyzers can save multiple configuration files for different measurements. This process is very quick and easy, and the final results of any measurement are much more accurate than from a simple analyzer that does not have a calibration procedure.

Choosing a Computer-Controlled VNA
The most capable and useful VNAs are controlled by a computer. They convert the measurement to baseband audio, which is fed to the computer via an integrated USB interface. Software on the computer controls the analyzer, performs computations to turn the audio into a measured result, and plots the results. These are things to look for:
• It should be a precision instrument, solidly built and with a high-quality bridge, so that it can be reliably calibrated.
• A frequency range of 100 kHz to 600 MHz is a good starting point; 10 kHz to 1.5 GHz is even better.
• The dynamic range of the instrument, including the USB interface, places an upper limit on the range of impedance values (or gain/loss response) that can be displayed in a single measurement. A 12-bit interface (about 88 dB dynamic range) is sufficient for most amateur measurements with a 16-bit interface (about 90 dB dynamic range) desirable for precision work.
• It should be able to make and display measurements at both linear and logarithmic scales; linear sweeps are best for narrow sweeps (a ham band); log sweeps are important for wide sweeps (showing a filter’s out-of-band rejection or a choke’s impedance and over a wide range).
• An analyzer that can be powered from the USB port simplifies setup both in the field and in the station.
The analyzer’s software should include:
• The capability to store and recall calibration data for multiple measurement fixtures or configurations.
• Support the use of correction factors to account for various test fixtures and calibration standards results in greater accuracy for these special setups.
• Perform Time Delay Reflectometry (TDR) from a wide-frequency sweep of a transmission line’s S11 (Return Loss). The TDR function should find the line’s electrical length and any discontinuities (splices or faults). Cursors should show position in feet or meters with multiple windowing functions for the most useful view of the response.


One of the sources of error removed by the calibration is any error due to the length of the coaxial cables that connect to the device under test. For that reason, the measurement plane should always be at the end of the cables that are to be used for the test.

Calibration includes the effects of length for any coax between the analyzer and the measurement plane; substituting a different piece of coax requires another calibration. Adding a connector adapter to connect an antenna to the plane that has been calibrated introduces an error that is small enough not to matter for most antenna measurements, but can be significant on the higher HF bands, and much more so at VHF and UHF.

Calibration for S21 and S12 adds additional calibration measurements with the analyzer output and inputs connected together by identical cables for connecting the VNA output to the Device Under Test (DUT) and the output of the DUT to the VNA input, with the two cables mated through a double female adapter (aka a barrel adaptor).

For antenna measurements, the measurement plane might have to move when one or more connector adapters are attached to the same cable. Since the analyzer is then connected at a different spot on the line and has different geometry, it needs its own calibration.

SOLT Calibration

The most popular technique is called a Short-Open-Load-Through (SOLT) calibration because it uses four calibration standards, a short-circuit (0 Ω), an open-circuit (∞ Ω), a 50-Ω load, and a through (direct) connection between the two ports. If the analyzer is a single-port VIA, there is no through connection and only the SOL calibration is performed. A set of standards with those three impedances over a very wide frequency range are provided with the analyzer or are available as a calibration test kit.

At the location in the antenna system where the measurements are to be made, place the analyzer in its calibration mode. Then follow the instructions to attach the calibration standards one at a time. This calibration procedure can be performed at the end of the feed line to allow measuring the actual driving point impedance of an antenna. The transmission line is disconnected at the antenna and the calibration loads are attached instead of the antenna. This shifts the measurement plane to the antenna itself which is handy when designing matching networks. As mentioned previously, calibration data files can be saved and recalled, so it is not necessary to perform the calibration every time the analyzer’s calibration plane is moved.

Most antenna analyzers have a single-ended (unbalanced) output with a coax connector. For making measurements on a balanced transmission line, such as window line or ladder line, a common-mode choke can be added between the analyzer’s RF connector and the input to the transmission line as in Figure 28.35. The calibration loads are attached to the output side of this choke. This moves the calibration plane to the end of the balanced transmission line.
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28.5.5 Component Measurement

Many analyzers can also measure component values. Figure 28.34 shows a simple component test fixture for a VIA consisting of a BNC-to-banana plug adaptor with alligator clips slipped on to the plugs. When calibrated, this fixture can make reliable measurements well into the VHF range. For this test fixture, the measurement plane is at the tips of the alligator clips. The simple fixture like that in the figure is typically used at the end of a convenient length of coaxial cable (RG-400 is a good choice) for S11 measurement of chokes and other components.

Under the clips is shown the Short test load (#10 bare copper wire folded back on itself and coated with solder to minimize both resistance and inductance) and a large-format 1% 49.9-Ω chip resistor with short leads soldered to it of the minimum length that allows them to attach to the clips.

Inductor values can be measured over a wide frequency range to see if it is resonant within the frequency range where it will be used. Figure 28.36 shows a graph generated from swept-frequency impedance data collected by an antenna analyzer of the type in Figure 28.33. The figure shows the impedance of an air-core inductor with a nominal inductance of 7.4 µH at low frequencies. (The traces are labeled with the measurement they represent.) The self-resonant frequency is 45.4 MHz. This resonance occurs because of the coil’s inter-turn capacitance.
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Below the resonant frequency the inductance has a positive reactance, and the coil presents its expected value, 7.4 µH. As the test frequency approaches the self-resonant frequency, the inductive reactance actually increases, and the inductance appears to be larger. Above the self-resonant frequency, the component acts like a capacitor, as indicated by the negative phase angle.

The analyzer is also very handy for determining the material of a toroid core. Cores of different ferrite or powdered iron mixes cannot be told apart by their physical appearance, but you can separate them by comparison with a core of known material. Small inductances of one or two turns can be tested side by side to differentiate the cores of different mixes. A single turn through the center of a core or bead will create enough inductance for an accurate measurement on a good analyzer. Be wary of confusing mixes that are designed for EMI suppression with mixes intended for inductive applications. The permeability of the different mixes has resistive and reactive components that dominate over different frequency ranges. See the discussion of ferrites in the Transmission Line System Techniques chapter for an explanation. Comparison to cores of known material is much more reliable than a simple calculation of µ (mu — permeability) or AL, the inductance index.

Capacitors are usually closer to the ideal component than inductors, but they do have some inductance in their leads and eventually at some high frequency they too become self-resonant. This self-resonance should be checked for capacitors that will be used in the VHF/UHF range. Above the self-resonant frequency, a capacitor looks like an inductor.

Resistors have an effective capacitance in parallel with them as well as inductance in their leads, so they are not ideal over a wide frequency range. Physically large power resistors used for dummy loads have larger parasitic components. (Thin-film power resistors in TO-220 packages are available with significantly lower reactance.) Tubular metal and carbon film resistors are often trimmed with a laser to create a spiral track in the deposited film, creating inductance. If the resistor is to be used in an RF circuit, it is prudent to verify its effective frequency range.

28.5.6 Analyzer Data Processing

Firmware built into vector analyzers, and/or software running on an associated computer, can display impedances computed from S11 in many forms. Some of the more common are: 1) Smith Chart; 2) Series Resistance (RS) and Reactance (XS); 3) Parallel Resistance (RP) and Reactance (XP); the magnitude of the Impedance (ZMAG or |Z|); 4) Inductance (L) and parallel capacitance (CP); 5) Capacitance (C) and series resistance (RS). Depending on firmware and/or software, the frequency sweep can be made, and data presented linearly or logarithmically.

Using built-in firmware or associated computer software, most modern analyzers can perform time delay reflectometry (TDR) to determine the length of a transmission line, to look for splices or faults along the line, even find the impedance of each of multiple sections connected in series. (See the discussion of TDR later in this chapter)

Most modern vector analyzers and/or associated computer software can export a measurement for use by design and analysis software like SimSmith (ae6ty.com/smith_charts.html) and ZPlots (ac6la.com/zplots1.html) to study feed line loss and design matching networks. (See the sidebar on Touchstone format) These two freeware packages can transform an impedance measurement made anywhere along a feed line to the impedance at the antenna feed point if the length and parameters of the feed line are known. ZPlots also offers some design capability for common amateur applications. SimSmith allows the design of far more complex two-port networks and transmission line systems.

28.5.7 S-Parameters

In the chapter Transmission Lines, the reflection coefficient rho (ρ) is defined as the ratio of the reflected voltage (Vr) to the incident voltage (Vi):
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If we know the load impedance (ZL) and the transmission line impedance (Z0) we can calculate ρ from:
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Touchstone Data Files
The most useful analyzers can store sets of measurements in a file for review later and transfer to a PC for further processing and display. The standard format for swept impedance data (frequency and impedance) is called Touchstone (en.wikipedia.org/wiki/Touchstone_file). Files in the Touchstone format can be read and processed by a wide variety of software, including as an input to design or simulation software. Touchstone files are plain text with a line for each data point. A single line header defines the sub-format of the data. The sub-format most widely supported by hardware and software for impedance data is s1p in which the parameter is complex S11, and each line consists of Frequency, Real S11, and Imaginary S11, with spaces as the separator.


Keep in mind that ρ is a complex number (a vector), which we represent by either amplitude and phase (|Z|, θ) or by real and imaginary parts (R ± j X). The two representations are equivalent. Neglecting phase, from |ρ| (the magnitude of ρ) we can then calculate SWR. That’s very handy, but here we want to do something different. If we have an instrument that measures ρ and we know Z0 then we can determine ZL from:
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Measuring ρ is one of the things that VNAs do very well. With a VNA, the measurement can be made at one end of a long transmission line with the load at the other end. The effect of the line can be calibrated out, as mentioned above, so that we are in effect measuring right at the load. Note that the symbol Γ (gamma) is also used to represent the reflection coefficient. The two symbols may be used interchangeably.

This approach can be used directly to measure the impedance and resonant frequency of a single antenna element. By open and short circuiting elements in an array of antenna elements we can determine the mutual as well as self-impedances for, and between, all the elements. We can also use this approach to measure component values, inductor Q, etc.

This is an example of a one-port measurement; that is, a load at the end of a transmission line. However, to get the most out of a VNA, you need to generalize the above procedure. This is where S-parameters come into play.

VNAs usually have at least two RF connections: the transmit port (T) and the receive port (R). Professional units may have more RF connections. The T output provides a signal from a 50-Ω source and the R port is a detector with a 50-Ω input impedance. Basically, we have a transmitter and a receiver. The transmit port uses a directional coupler to provide measurements of the forward and reflected signals at that output. The receive port measures the signal transmitted through the network.

Using incident and reflected voltages, the two-port network representation is now changed, as shown in Figure 28.37, where:
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V1i = incident voltage at port 1

V1r = reflected voltage at port 1

V2i = incident voltage at port 2

V2r = reflected voltage at port 2

We can write an expression in terms of the incident and reflected voltages:
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where:
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We see that an and bn are simply the incident and reflected voltages at the two ports divided by ([image: ] ). Because this is a linear network, S21 = S12.

What are the Sij quantities? These are called the S-parameters, which are defined ([image: ]) by:
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Note that the Sij parameters are all ratios of reflected and incident voltages, and they are usually complex numbers. The condition that a2 = 0 = V2i is the same as saying that port 2 is terminated in a load equal to Z0 and the network is excited at port 1. This means there is no reflection from the load on port 2, which makes V2i = 0. Similarly, if we terminate port 1 with Z0 and excite port 2, then V1i = 0 = a1.

If we compare Eq 5 to the first line of Eq 10 we see that S11 = r1, the reflection coefficient at port 1. We can now restate Eq 7 in terms of S11:
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where Z is the impedance looking into port 1 with port 2 terminated in Z0. In the case where port 2 does not exist — that is, you are measuring a single impedance (for example, measuring an impedance at port 1 with port 2 open-circuited) or a component, then Z is simply the impedance at that port. Since S11 is a standard measurement for VNAs you can calculate Z using Eq 11. In many cases the VNA software will do this calculation for you automatically. You can also measure an impedance at port 2 with port 1 open and determine Z22.

S21 represents the ratio of the signal coming out of port 2 (V2r) to the input signal on port 1 (V1i) and is another standard VNA measurement. S21 is a measurement of the signal transmission between the ports through the network with port 2 terminated in Z0; forward gain in most applications.

A full-feature VNA will measure all the Sij parameters at once, but most of the lower-cost units of interest to amateurs are what we call reflection-transmission test sets. What this means is that they only measure S11 and S21. To obtain S22 and S12 we have to interchange the test cables at the ports and run the measurements again. Normally the software will accommodate this as a second entry, and we end up with the full set of Sij parameters.

If we do run a full set of Sij parameters then we can transform these to Zij using the following expressions, assuming that S21 = S12:
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28.5.8 Return Loss

Return loss (RL) is another term for S11, the ratio of the reflected voltage to the incident voltage, usually expressed in dB.
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RL is measured as S11 by a VNA.

The name stems from measuring how much voltage is returned from a transmission line wave encountering a termination or impedance discontinuity. If the line is terminated in its characteristic impedance, the entire wave is absorbed, and none is returned so the “loss” at the reflection is total, and RL is infinite. If the line is open- or short-circuited, the entire wave is returned to the source and RL is 0. Note that RL is a positive quantity range from 0 (no transfer of wave energy at the termination) to infinite (all wave energy transferred to the termination). Negative RL would describe a voltage gain. (The article “Return Loss Explained, and Why We Should Care” by John Stanley, K4ERO, is provided in the online material for additional explanation.)

To convert from return loss to SWR, the following formulas are used:
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So, for example, a return loss of 20 dB is a reflection coefficient of 0.1, and an SWR of 1.22. A return loss of 10 dB is a reflection coefficient of 0.316, and an SWR of 1.92.

One of the most common measurements made is the standing wave ratio of an antenna. A low SWR means that the antenna input impedance is close to that of the measuring reference impedance. These measurements are from the July/August 2004 QEX article by McDermott and Ireland (see References and Bibliography) and show the magnitude of the return loss versus frequency for a KT34XA triband Yagi antenna at the end of 300 feet of hardline cable.

The resonance points are clearly visible. Figure 28.38 shows the return loss of the antenna swept from 1 MHz to 50 MHz. The 20-meter, 15-meter, and 10-meter band resonances are easily seen. (RL increases toward the bottom of the chart.) Figure 28.39 shows a close-up of the return loss from 13.5 to 14.5 MHz. Figure 28.40 shows this same close-up on a Smith chart.
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28.5.9 Antenna Array Measurements

The process of building and properly tuning a phased array often involves making a number of different measurements to achieve a desired level of performance, as was pointed out in the Phased Arrays chapter. This section is adapted from material written by Rudy Severns, N6LF.

After erecting an array, we would like to measure the resonant frequency of each element, the self-impedances of each element and the mutual impedances between the elements. We will also want to know these impedances over the whole operating band to help design a feed network. When building the feed network, we may need to check the values and Qs of the network elements and we will want to determine the electrical lengths of transmission lines.

Final tuning of the array requires that the relative current amplitudes and phases in each element be measured and adjusted, if necessary. We also will want to determine the SWR at the feed point. Doing all of this even moderately well can require quite a bit of equipment, some of which is heavy and requires ac line power. This can be a nuisance in the field, especially if the weather is not cooperating.

In a completed array with its feed network, the network can be excited by the VNA at the feed point and the relative current amplitudes and phases at each element can be measured over a frequency band. Then, adjustments can be made as needed. When the final values for the current amplitudes and phases are known, these values can be put back into an array model in a program like EZNEC to determine the pattern of the array across the whole frequency band. A multielement array actually behaves as a multiport network, so using a VNA is a natural solution to the measurement problem.

HF arrays are also large in terms of wavelength. The techniques for measuring forward and reverse powers work well even at 160 meters. For example, even though the array elements may be 100 feet apart, you can place your instruments in a central location and run cables out to each element. The effect of the cables from the VNA to the elements can be absorbed in the initial calibration procedure so the measurements read out at the VNA are effectively those at each element. In other words, the measurement reference points can be placed electrically at the base of the element, regardless of the physical location of the instrumentation and the interconnecting cables.

The discussion of S-parameters in the previous section can be viewed as measuring the characteristics of a 2-element array (see Figure 28.41) if one element is attached to the end of the transmission lines at each port as in Figure 28.42.
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In the case of such an array, S21 represents the signal transmission due to the coupling between the elements. i.e., the signal coupled to element 2 as a result of a signal applied to element 1. Transmission lines are assumed to have Z0 = 50 Ω (or the characteristic impedance of the overall system) and may be of any length required by the size of the array.

S-parameters can be determined for an array with any number of elements. In an n-port S-parameter measurement, all ports are terminated in Z0 at the same time. Measurements are made between one set of ports at a time and repeated until all pairs of ports are measured.

To illustrate the principles of using a VNA we will use a simple 2-element array like that shown in Figure 28.41. To design a feed network to drive this array we need to know the input impedance of each element (Z1 and Z2) as a function of the drive currents (I1 and I2). The input impedances will depend on the self-impedance of each element, the coupling between them (the mutual impedance) and the drive currents in each element. To manage this problem, we can represent a 2-element array as a two-port network, as shown in Figure 28.43. And we can relate the port voltages, currents, and impedances with Eq 25:
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Normally we know I1 and I2 from the design of the array, but we need to determine the resulting element impedances. That’s the challenge. Fortunately, an array is a linear network, so Z12 = Z21, which means we need only determine three variables: the self-impedances Z11 and Z22 and the mutual impedance, Z12.

Once we know Z11, Z12, Z22 and are given I1 and I2, we can determine the feed point impedances at each element from:
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This is the conventional approach. However, there are some problems here. We have to be able to accurately measure either voltages and currents or impedances in multiple elements that may be separated by large fractions of a wavelength. In addition, accurate measurements of current, voltage and impedance become increasingly more difficult as we go up in frequency.

It turns out that we can get the information more easily by measuring incident and reflected voltages at the ports and from those measurements determine the feed point impedances. A VNA is an instrument for measuring these voltages. It turns out to be easier to measure the ratios of two voltages rather than their absolute values.

The measurement setup using a VNA for a 2-element array is shown in Figure 28.42. A good way to illustrate the use of a VNA for array measurements is to work through an example with a real array. Figure 28.44 is a picture of a 2-element 20-meter phased array built by Mark Perrin, N7MQ.
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Each element is λ/4 (self-resonant at 14.150 MHz) and spaced λ/4 (17 feet 5 inches). In the ideal case, both elements would have the same current amplitude with a 90° phase difference. This gives the cardioid pattern shown in the Phased Arrays chapter. There are many schemes for correctly feeding such an array. The one used in this example uses two different 75-Ω transmission lines (one λ/4 and the other λ/2, electrically), as described by Roy Lewallen, W7EL and in Orr and Cowan (see References and Bibliography).

The first task is to resonate the elements individually. With the VNA set to measure S11 phase, we will get a graph like that shown in Figure 28.45.
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At the λ/4 resonant frequency (fr) we will see a sharp phase transition as we go from -180° to +180°. This is typical of any series resonant circuit. The length of each element is adjusted until the desired fr is achieved. This is a very sensitive measurement. You can see the shift in fr due to the wind blowing, the length of the element changing as it heats up in the sun or any interactions between the feed line and the antenna as you move the feed line around. In fact, this is a very good point in the process to make sure everything is mechanically stable and free of unexpected couplings. Usually, you will find it necessary place choke baluns on each element to reduce stray coupling.

The next step is to determine the self (Z11 and Z22) and mutual (Z12) impedances from which the actual driving point impedances present when the array is excited can be determined. There are two ways to go.

First, we can simply use the VNA as an impedance bridge — i.e., make two S11 measurements at one element, first with the other element open (Z11 or Z22) and then with it shorted (Z1 or Z2). We can convert the S11 measurements to impedances using Eq 11. The value for Z12 can be obtained from:
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The second approach is to do a full two-port S-parameter measurement (S11, S21, S12 and S22) and derive the impedances using Eq 11. Both approaches will work but the second approach has the advantage that the ± ambiguity in Eq 15 is eliminated.

For this example, the impedance values from the measurements at 14.150 MHz, turn out to be:

Z11 = 51.4 + j0.35

	Z22 = 50.3 + j0.299	(16)


Z12 = 15.06 + j19.26

With these values we can now determine the feed point impedances from:
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Note that -j represents the 90° phase shift between the currents. Substituting the values from Eq 16 into Eq 17:

	Z1′ = 32.09 – j14.7	(18)


Z2′ = 69.61 + j15.32

With these impedances in hand, we can now design the feed network. In this particular example however, we have decided to use the λ/4 and λ/2 cables as described by Lewallen and accept the results. So, we now proceed to cut and trim the two cables to length.

Again, there are two ways to go. First we can determine the frequency at which each cable is λ/4 long. At this point the input impedance of the cable will be equivalent to a series-resonant circuit, and we can simply measure the phase of S11 as we did earlier for fr and get a plot like that shown in Figure 28.45. In this example the λ/4 resonant frequencies of the two cables are 7.075 MHz and 14.150 MHz.

The second approach would be to measure S21 for each cable at 14.150 MHz. The phase shift in S21 tells you how long the cable is, in degrees, at a given frequency. Because there is a small variation in cable characteristics with frequency (dispersion) this approach is slightly more accurate since it is done at the desired operating frequency. But this is not very large effect at HF.

This brings us down to the final measurements, which are to check that the relative current amplitudes and phases between the two elements are correct. We can then determine the feed point SWR. The phase and amplitude ratios are made using the S12 capability of the VNA and the test setup shown in Figure 28.46.
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The VNA transmit port is connected to the normal feed point. A current sensor (see the Phased Arrays chapter for a discussion of current sensors) is inserted at the base of element 1 and the output of the sensor is returned to the detector or receive port of the VNA. A calibration run is then made to normalize this path. That makes it the reference.

Next, the current sensor is shifted to element 2. The amplitude and phase plots for S12 obtained at this point will be the desired relative phase shift and amplitude ratio between the currents in the array when driven at the normal feed point. Figures 28.47 and 28.48 show the behavior of the example array over the 20-meter band. Note that the amplitude ratio has been converted from dB. We can now use these values in a EZNEC model of the array to determine the actual radiation pattern.
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The W7EL feed scheme is not perfect, but it has a definite advantage of simplicity. If better performance is desired, we can use the values of Z1’ and Z2’ determined earlier to design and fabricate a new feed network and then proceed to evaluate its performance in the same way.

The final measurement is to connect the transmit port of the VNA to the feed point and measure S11. From this we can calculate the SWR:
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In this example, the return loss, |S11|, is about 19 dB over the entire 20-meter band. This corresponds to SWR= 1.25:1.

28.6 Time-Domain Reflectometry

Time domain reflectometry (TDR) shows what happens to a short, abrupt pulse as it travels through a transmission line. The pulse is reflected by any changes in impedance, such as an open or short (complete reflection) or a change in the line’s characteristic impedance (partial reflection). The resulting series of pulses and reflections is displayed as a sequence in time, thus the name of the technique.

In an ideal transmission line terminated by its characteristic impedance, Z0, the pulse will travel to the far end and be dissipated in the termination, so the trace will be a perfectly flat line. But at any point along the line where the impedance changes (called a discontinuity) some of the pulse’s energy will be reflected back toward the line’s input. The reflected component of the pulse creates an artifact (visually, a “bump”) on the otherwise straight line.

The sequence of pulses and their reflections is the impulse response of the line. An impulse is basically a very short pulse that begins and ends before the system can respond and stabilize. A mathematical impulse is an infinitely narrow pulse made up of all frequencies from zero to infinity.

While it is not possible to create an ideal (perfect) impulse, a very fast rising edge of a longer pulse is a good enough approximation to measure the line’s impulse response and the same information can be measured. The longer pulse is called a step function. The ideal step function is an infinitely fast change from one level to another, after which it remains at that level. The response of the line to the longer pulse is called the step response. Like the impulse, the infinitely fast change in level also contains all frequencies.

A time domain reflectometer is the instrument that generates the pulse and displays the results. A TDR displays amplitude (voltage) on the vertical axis and time on the horizontal axis. The position of each artifact along the TDR trace corresponds to the distance from the transmission line input to the discontinuity that produced it. Large discontinuities occur when a line is open-circuited or short-circuited, or when it is connected to an antenna. (Most antennas are matched to the line at their operating frequency, but at other frequencies they are not. Since the pulse contains all frequencies, an antenna is a large discontinuity.) Small discontinuities occur at splices or when a line is damaged.

The delay between the input pulse’s rising edge and the artifact is the round-trip time in the line from the TDR to the discontinuity. If the line’s velocity of propagation (VF) is known, the physical distance from the input to the discontinuity can be calculated. The shape of each reflection can sometimes provide a clue as to the nature of the discontinuity.

In this sense, the TDR is very much like a radar display in which a pulse is transmitted (shown at the center on a radar display) and any echoes from discontinuities in the air (i.e. targets) reflect some of the pulse back toward the transmitter. The farther away the target, the longer it takes for the pulse to travel to the target and back to the receiver. A radar screen shows echoes from all directions. The TDR only shows echoes from one direction, along the line. The larger the echo, the larger the target or discontinuity.

The usefulness of TDR is not limited to RF systems. Some of the first uses of TDR were for finding faults in cabling systems carrying all sorts of signals, including ordinary telephone lines, and it is still widely used for that purpose.

When performing TDR on a coaxial cable, remove protective components such as lightning arrestors that may add artifacts to or distort the TDR measurements. Non-linear components such as clamp diodes or small light bulbs may also affect the measurement.

28.6.1 Direct Method TDR

There are two common TDR implementations, with variations of both. In the “direct method,” which is the oldest and simplest, the line is driven by a pulse. This can be a single pulse or it a train of pulses like a square wave.

The pulse and all of the reflections are displayed on an oscilloscope trace triggered by the pulse’s rising edge. The rise time of the pulse must be much shorter than the round-trip time for the impulse to travel to and from the discontinuity. Figure 28.49 shows an example of a direct method TDR with the pulse generator and cable attached to the oscilloscope which is displaying the pulse.
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Although a digital scope can capture a single pulse and its reflections, making the pulse repetitive means that multiple responses can be averaged to improve the signal to noise ratio. The signal to noise ratio of a system excited by a single pulse can be rather limited. Repeated pulses also sustain the trace so the operator to see it if the scope is an analog model. The repetition rate of the pulse must be much slower than it takes for the impulse to make a complete round trip time through the line, however. This insures the line’s response dies out completely before the next pulse excites the line again. See the reference article by King about this type of TDR. An up-to-date article by Larry Lamano, WAØQZY, describing a pulse generator suitable for TDR measurements is included in the online material. Diagrams showing typical TDR traces for various conditions are included in the article “Time Domain Reflectometry” in the online material.

Modern antenna analyzers can use the direct method, as well. For example, the AIM family of analyzers, designed by W5BIG and sold by Array Solutions (arraysolutions.com), excite the line with a step function waveform having a very fast rise time. This implementation provides a display of the impedance at every point on the line — it can, for example, show the relative impedance of cables having different Z0, as well as the position of discontinuities. Figure 28.37 shows a TDR display from an AIM analyzer connected to a length of RG-58 (50 Ω cable), a short length of RG-59 (75 Ω), and a 100 W load. The discontinuities at the cable and load transitions are clearly shown. Software converts the raw data from the pulse amplitudes into impedance and the time is converted into distance along the line.

The TDR function can be used to determine if the line has been degraded, for example, by water leaking into the coax or if the line has been shorted or cut somewhere between the transmitter and the antenna. Damage or defects can be located within a few inches and this reduces the effort required to repair the line. Defective connectors can also be indicated by short glitches in the trace corresponding to the location of the connectors.

28.6.2 Transform Method TDR

The other common implementation could be described as the “transform method.” Instead of determining the impulse response of the cable with a pulse, the excitation is a sine wave swept over a range of frequencies and the analyzer captures the frequency response. An inverse Fourier transform (IFT) is performed on that frequency response, producing the time-domain response. (See the ARRL Handbook for more information on Fourier transforms.)

Frequency and time are the inverse of each other; the complete frequency response of a system contains its time response and the response to an ideal impulse contains the frequency response. A Fourier transform of the time response provides the frequency response, an inverse Fourier transform of the frequency response provides the time response.

Some antenna analyzers and vector network analyzers use this method. (Several well-suited for amateur use can be found by an internet search for “vector antenna analyzer” or “vector network analyzer.”) One example is the hand-held SARK-110 Vector Impedance Antenna Analyzer (sark110.com). The sine wave exciting the cable need not be a continuous sweep — rather, it can be stepped over a wide range of frequencies and the frequency response is computed from that data. Sweep range, spacing between data points, and the settling time at each data point are set by the user. The process of using a VNA for TDR is also described with examples in the article “Using a VNA Like a Time-Domain Reflectometer” by Roger Denker, in the Sep 2022 issue of Microwaves & RF.

An IFT produces spurious artifacts which must be removed by applying a mathematical windowing function to the transformed data. Several mathematically different windowing functions are commonly used, and which of the windows provides the most useful display depends on the shape of the impulse response.

The frequency content of the excitation strongly influences the degree of detail that the measurement can reveal. When the excitation is an impulse, a very fast rise time reveals greater detail. When the excitation is a swept sine wave, a wider frequency range reveals the greatest detail. Currently available analyzers can sweep from 1 kHz to more than 1 GHz.

When performing TDR, a sweep from 5 to 500 MHz (or from 500 MHz to 1 GHz) will clearly show detail that would be missed with a sweep to only 100 MHz, while a 5 MHz to 1 GHz sweep may provide too much detail (or show discontinuities that don’t matter below 50 MHz). Beginning the sweep in the HF range avoids smearing of the data due to the variation of VF with frequency (see section below on Effect of Velocity Factor).

Examples of Using the Transform Method

Figure 28.50 is the impulse response of the feed line for a 30 meter half-wave dipole at a height of 100 feet, computed from a sweep over the range of 50 – 500 MHz. Marker 1 shows the effect of lightning protectors at the station entry bulkhead. Marker 2 is a coax splice (two PL-259s and a PL-258 double-receptacle). Markers 3, 4, and 5 are coax defects. Marker 6 is the antenna feed point. Marker 7 is the end of the antenna (displayed distances are for the feed line, so for the antenna are divided by 0.795). Marker 8 is unexplained, but most TDR sweeps show multiple reflections after the antenna.
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Figure 28.51 is the step response (similar to that from the direct method shown in Figure 28.37) computed from the same sweep as that used for Figure 28.38. The data revealed (and a visual inspection confirmed) that the cable inside the station and from the bulkhead to the coax splice is 50 Ω, but that the cable from there to the antenna is 75 Ω.
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TDR measures time. To convert that measurement to physical distance, we must provide the velocity factor. The 75 Ω cable is Belden 8213, this sample of which has a measured VF of 0.795 at VHF. The 50 Ω cable has a measured VF of 0.8425 at VHF. In the setup screen for this TDR measurement, VF was set at 0.795, so distance measurements will be correct for the 75 Ω cable, but wrong for the 50 Ω cable. Computed results could be made correct for the 50 Ω cable by changing VF in that setup screen, or by leaving VF at 0.795 and applying a correction factor of (0.8425/0.795) to the dimensions of the 50 Ω cable.

28.6.3 The Effect of Velocity Factor

The velocity of propagation in any transmission line is not constant — it varies with frequency. At the lowest audio frequencies, the velocity factor (VF) is quite a bit lower than the published specification, rising rapidly throughout the audio spectrum, 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.

For most cables, VF at 2 MHz is typically 1-2% slower than this constant value. In other words, an actual transmission line is 1-2% percent longer electrically than using the “nominal” (VHF) value that the simplified equation for VF predicts. Because of this change, the physical length of a stub for the lower frequency bands is 1-2 percent shorter than predicted from the specified value.

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 shareware (based on Excel spreadsheets, see ac6la.com/zplots.html) computes and plots VF, Z0, and attenuation versus frequency from measurements of a known length of a transmission made with the far end open and with the far end shorted. ZPlots can accept data in the Touchstone format discussed earlier.

Figure 28.52 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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It should also be noted that Z0 also varies with frequency and below VHF is complex – that is, not a pure resistance, and is slightly capacitive. The TLW program (Transmission Lines for Windows by N6BV), included with 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.

28.7 Coaxial Transmission Line Measurements

Accurate knowledge of transmission line lengths, characteristic impedance, and sometimes loss is necessary for some applications such as impedance transformation stubs and lines, or lines used for feeding phased arrays. Manufacturer or distributor specifications very often aren’t accurate enough for these applications, so the characteristics of the actual cable to be used must be measured. Many of the methods commonly recommended for these measurements fall short in practice when good accuracy is required. This section describes tested methods to accurately make them with commonly available equipment. The material in this section was developed by Roy Lewallen, W7EL.

Measurements of parallel conductor lines are potentially subject to major errors due to common mode currents, balun imperfections, dispersion, and proximity to other objects in addition to the error sources present in coax measurement. While they can be overcome to some degree in specific cases, the frequency range of valid results is likely to be narrow, and verification of the results probably impossible without sophisticated test equipment. So, this section applies only to coaxial cables. It’s also assumed that the cables are of at least standard quality with low-loss dielectric such as polyethylene (PE) or polytetrafluoroethylene (PTFE or Teflon®) in some form. This includes all the coax cable types commonly marketed for radio use.

These methods can be used at least to VHF, although the effect of minor errors increases and the accuracy of measuring equipment typically decreases above HF. Typical coaxial cables begin behaving differently below about 1 MHz, so these techniques may not work well in that frequency range.

Transmission lines have three important properties which might require measurement: velocity factor (VF), characteristic impedance (Z0), and loss.

28.7.1 Are Measurements Necessary

Many applications of transmission lines depend also on knowledge of other factors such as antenna or array element feed point impedance, and these are often not known with great accuracy. Also, techniques for designing impedance matching sections and phased array feed systems are usually based on the assumption that transmission lines are lossless which of course they are not. So even if the line characteristics are known exactly, the system is unlikely to work exactly as predicted. Nevertheless, results are much more likely to be satisfactory if the transmission line characteristics are known with reasonable accuracy.

The level of accuracy required depends on the application and on the level of acceptable deviation from the system design characteristics. For example, quite small changes in transmission line length can cause a substantial reduction in null depth of a phased array pattern. However, even relatively large errors often have only minor effects on gain and main lobe shape. A 2:1 SWR is acceptable for the impedance seen by most HF transmitters, so considerable error might be tolerated in a transmission line matching system. But in general, the effect of errors particularly in transmission line length (due to VF error) is greater when the SWR on the line is high, that is, when the line is terminated with an impedance greatly different from its Z0. The effect of errors also multiply when longer lines are used, for example 3λ/4 instead of λ/4 or λ instead of λ/2. Those factors also narrow the frequency range over which a system will perform satisfactorily. The methods described here should produce VF and Z0 accuracy in most cases on the order of 2 – 3% at HF with good measurement equipment.

Precision measurements of a large number of solid and foam dielectric coaxial cables have shown the following:

1. Velocity factor and characteristic impedance of most coaxial cables changes with frequency. This occurs primarily below 3 – 5 MHz. The change from the middle of the HF range to 1 MHz is typically on the order of 2 – 3%, increasing more below 1 MHz. So, measurement is recommended for any transmission lines or stubs to be used below 3.5 MHz, and measuring at or near the frequency of use is particularly important in those cases. The remaining comments apply to 3.5 MHz and above.

2. When specific RG cable types such as RG-58/U are mentioned here, they refer only to cables made to the mil-spec standard. Ones marked with just that designation are usually in that category if made by a reputable manufacturer. Cables advertised or labeled as “RG-##/U type” can be just about anything, including having foamed insulation or different center conductor or shield. Note that the popular “RG-8x” is not mil-spec and has no other universal standard.

3. Coaxial cables having solid PE insulation reliably have a velocity factor close to the universally specified 0.66. Measurements consistently showed 0.65 to be closer, but with very little difference from one type or brand of solid PE insulated coax to another. So, you can generally skip velocity factor measurement for this category of cable. Solid PTFE dielectric cables are almost always high quality and reliably have a velocity factor close to 0.695. See item 5 for comments on foam dielectric cable.

4. RG/58-U (see item 2 above) has s specified Z0 of 53.5Ω, but measurements of a few samples showed them to be close to 57 Ω. RG-8/U, RG-58A/U, and RG-58C/U have a specified Z0 of 50 Ω and consistently measured 49-50 Ω. So the specified Z0 of the latter three types could probably be used without measurement. Measurements of some samples of name brand RG-59/U (specified 75 Ω Z0) showed a Z0 of 70.6 Ω. So Z0 measurement of 75 Ω cables is recommended.

5. All parameters of coaxial cables having foam dielectric vary a great deal from brand to brand and lot to lot, and even within a single piece of cable. These should always be measured.

28.7.2 Required Equipment

The methods described here require an accurate means to measure the magnitude of impedance (|Z|, referred to here just as Z). Examples are an antenna analyzer, scalar or vector network analyzer, or impedance bridge. If only R and X are available, Z can be computed as
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Most of the impedances to be measured will have X much less than R, so in most cases. Equipment should be calibrated with known standards before measurements if possible.

A resistive load such as a low power dummy load is required for some measurements. A 50-Ω load can be used for characterizing lines of characteristic impedances other than 50 Ω. The value of the load generally isn’t critical, but it must remain constant over a range of measurement frequencies, so its impedance can’t have any significant reactive component that changes with frequency.

There must be an accurate way to measure the physical length of cables before and after cutting to length.

Loss measurement is best done directly with a power meter and a dummy load with resistance equal to the cable’s Z0. It can also be done with SWR measurements, but accuracy suffers at losses less than a dB or so and greater than a few dB as described in the Loss section below.

Methods to short and open circuit one end of a cable are required for many measurements. These are critical to accuracy, so be sure to follow the recommendations below.

28.7.3 Short and Open Circuits

To open circuit a cable end, cut it flush or, if it has a connector, leave it unconnected and not close to other objects.

A short circuit requires more care. A jumper wire (or “pigtail”) is unacceptable for two reasons: It adds reactance to the connection, and it provides a path for current along the outside of the cable. Either can have a profound effect on results. There are two ways to make an effective short circuit.

1. If the cable end doesn’t have a connector, strip the cable as necessary to twist the shield over the bare center conductor. The connection can temporarily be secured with an electrical wire nut or some kind of clamping device, or more permanently by soldering.

2. If the cable has a connector, construct a mating short-circuited connector. For an SO-239 (UHF) or BNC, the best way is to poke a small hole in a piece of copper foil or braid, insert the center connector pin through the hole, and solder the center conductor to the foil. Then trim the foil until it’s larger than the insulator but smaller than the connector flange and solder it to the inner edge of the flange all the way around so there’s no path for current from the inside of the shield to the outside. The result is shown in Figure 28.53 for UHF and B for BNC connectors. Most other solderable metals should work adequately well. A satisfactory alternative is to solder four or more very short and evenly spaced wires between the center pin and the inner edge of the flange, shown for a UHF connector in Figure 28.53C.
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28.7.4 Electrical Length and Velocity Factor

You can skip this section if you’re already familiar with these terms but it’s essential to become familiar with them if not.

The velocity factor (VF) of a transmission line is the speed of the waves inside the line expressed as a decimal fraction or percent of the speed of light in free space. This quantity is always less than 100%, or less than one when expressed as a fraction. The electrical length of a transmission line is the delay of a wave in the line, expressed as degrees, wavelengths, or length units such as feet or meters. These are correctly preceded by “electrical” as in “electrical degrees” to avoid confusion with the corresponding physical or free-space quantities. Because the wave is travelling more slowly in the line than in free space, the electrical length of a line is always greater than the physical length:
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If any two of these quantities are known, the third can be calculated.

For example, start EZNEC and, with any model, change the frequency to 7.1 MHz and see in the window just below the frequency that the wavelength is 138.53 feet or 42.2243 meters. This is the free space wavelength at that frequency. If we have a transmission line of that physical length which has a velocity factor of 0.66, its electrical length would be 209.89 feet or 63.976 meters. so it would have a delay (when impedance matched) of 1.515 wavelengths, or about 545 degrees. If we wanted the matched cable to have a delay of exactly one wavelength (360°), we need to cut it to 0.66 times the free space wavelength, or about 91.43 feet or 27.87 meters. A piece of the line half this physical length would have an electrical length of λ/2, and so forth.

Measuring Transmission Line Electrical Length

The electrical lengths of cables having solid polyethylene (PE) dielectric such as RG-8, 11, 58, and 59/(A-C)U can usually be determined for frequencies of a few MHz or more simply by multiplying the physical length by a velocity factor of 0.65. The universally published value of 0.66 will probably be close enough for frequencies of a few MHz or higher, although careful measurements of 15 cable samples puts the actual value closer to 0.65 in the mid HF range. The dielectric constant of PE, which determines the velocity factor, doesn’t vary much from cable to cable, and probably not perceptively along the length of a cable.

However, measurements also show a consistent decrease in velocity factor at lower frequencies, typically dropping about 1 – 1.5 percent from 10 to 1 MHz (see the Transmission Lines chapter). The phenomenon is due to the change in internal inductance (per unit length) of the conductors as the skin depth decreases to less than many times the wire diameter or shield thickness. The internal inductance is negligible at frequencies where the diameter or thickness is many times the skin depth. But at low frequencies it increases to become a greater part of the total inductance at lower frequencies. Because of the smaller conductors, the effect occurs at higher frequencies with smaller cables like RG-58 than with RG-8. For this reason, VF measurements should be made at approximately the frequency at which the cables will be used.

Foam dielectric coaxial cables such as the popular RG-8x, LMR type, and many promoted as being extra flexible have much more variation in velocity factor – probably due to varying foam density — than solid dielectric cable, and manufacturers’ specifications are often very different from what measurements show. So, they require measurement for even moderate accuracy.

The remaining part of this section explains how to make the measurements if it’s necessary.

With equipment generally available to amateurs it’s possible and practical to directly find the frequency at which the electrical length of a line is some multiple of λ/4. Any other electrical length at any other frequency can be calculated from that. This is done by short or open circuiting the far end of the line and looking for the frequency where the magnitude of the input impedance is minimum or where the reactance (X) is zero and the impedance is low. If this happens with an open circuited line, the electrical length is an odd number of quarter wavelengths. If it happens with a short-circuited line, the electrical length is an even number of quarter wavelengths. Various factors such as line loss, imperfect open or short circuit terminations, instrument imperfections, and other factors limit the accuracy of these measurements, but they’ll generally be adequate if carefully done.

The best tool is an antenna analyzer or vector network analyzer both of which are commonly available for a modest cost. However, a scalar network analyzer or noise or resistance bridge can also be used. Simple resistance bridges are described in the ARRL Handbook’s Test Equipment and Measurements chapter.

For the best accuracy you should:

• Measure lengths at frequencies where the input impedance is near zero rather than very high. This is easier for the instrument to accurately determine the desired condition. To produce this condition, open circuit the far end of the line and measure the frequency where the line is an odd number of electrical quarter wavelengths, or short circuit and measure where it’s an even number of electrical quarter wavelengths.

• Don’t use jumper wires for connections! This not only adds reactance but also provides a path for common mode current along the outside of the line which can have a dramatic effect on measurements. A good short circuit can be made without a connector or jumpers as described next.

• Terminate the line with as good a short or open circuit as possible. (See Short and Open Circuits above.) Stray shunt capacitance of an open circuit or stray series inductance or resistance of a short circuit will affect the measurement.

• Find a λ/4 multiple length that’s close to the frequency at which the line will be used. Line characteristics including velocity factor vary slightly with frequency.

Here’s a step-by-step procedure and example:

A cardioid array feed system was designed in the “Simplest” (Transmission Line Only) Feed System subsection of the Phased Array chapter. The Arrayfeed1 calculation results are shown in Fig. 7.21. At the lower right, the 1st SOLUTION wires are shown as being 17.315 and 39.291 feet when using coax having a velocity factor of 0.66 which is standard for solid polyethylene (PE) dielectric. 75-Ω line is needed, so RG-59/U or RG-11/U could be used. Alternatively, foam PE dielectric cable could be used but would be longer – for example, one with 0.75 velocity factor would be 0.75 / 0.66 times as long. But we’ll use solid PE dielectric cable for this example.

As explained earlier, a velocity factor of 0.65 or 0.66 might be close enough that you can simply cut the cables to the lengths shown in the figure since it isn’t subject to a major cause of variation in foam dielectric cables, namely the foam density. There is, however, some variation due to other causes so measurement is still a good idea. Here’s how measurement of the example transmission lines can be done.

1. Find the closest number of electrical quarter wavelengths in the uncut cable is, at the frequency where the transmission line will be used. For our example, The Physical Lengths section of Fig. 7.21 shows the length of an electrical quarter wavelength at 7.15 MHz to be about 22.7 feet, assuming a velocity factor of 0.66. Let’s suppose that you have a 100-foot length of coax to cut the transmission lines from. This length is just over four electrical quarter wavelengths (about 91 feet), so the length measurement will be done at the frequency at which the uncut cable is one wavelength.

2. If neither end of the uncut cable has a connector, install one on one end. Connect that end to your measurement device (antenna analyzer, scalar or vector network analyzer, impedance bridge, or other device).

3. Open or short circuit the far end as appropriate – short when measuring an even number of quarter wavelengths and open when measuring an odd number. The one wavelength of our example uncut cable requires a short circuit. See the “best accuracy” list above for methods.

4. Find the resonant frequency where the resistance or magnitude of the impedance is low (typically about an ohm or less) and either the reactance (X) is zero or the magnitude of the impedance (Z) is minimum. We’ll call this the “measured frequency” in the following discussion. The example cable would be a bit longer than an electrical wavelength at 7.15 MHz if the cable velocity factor is 0.66, so the measured frequency will probably be a little lower than 7.15 MHz.

5. Calculate the physical lengths of the feed system transmission lines. Although bypassing calculation of the velocity factor would save a step, including it provides a check on the calculations by seeing that it’s close to the estimated velocity factor. It also can then be used for quickly making other transmission lines from the same uncut cable, or as a starting point for measuring similar uncut cables.

A. Find the free space wavelength at the measured frequency. A quick and easy way is to start EZNEC, click the FREQUENCY line, and enter the measured frequency. The wavelength is shown in the line below. You can change units by clicking on the UNITS line. For the example, if the measured electrical one wavelength frequency was 6.4 MHz, the free space wavelength is 153.683 feet.

B. Calculate the length of uncut cable for one electrical wavelength at the measured frequency. In our example, the measurement was done at the one electrical wavelength resonant point, so one electrical wavelength of the cable is simply 100 feet. If, for example, the measurement had been made at ¾ λ, the length for one electrical wavelength would be 4/3× the uncut cable length.

C. Calculate the velocity factor:

Velocity factor = electrical wavelength / free space wavelength (both at the same frequency, 6.4 MHz in our example) which for our example = 100 ft / 153.683 ft ≈ 0.651

D. Find the length of a free space wavelength at the frequency where the transmission lines will be used (as in item a. above except at the operating frequency), then use the velocity factor to find the physical length of a wavelength in the uncut cable. In our example, 7.15 MHz is the frequency of use, and the free space wavelength is 137.562 feet. One physical wavelength of the uncut cable = the velocity factor x the free space wavelength = 89.55 feet. at 7.15 MHz. You can use this velocity factor to find the physical wavelength at other frequencies but be aware that the velocity factor does change slightly with frequency, particularly below about 3 MHz.

E. Calculate the physical lengths of the feed system transmission lines. If you’re using Arrayfeed1 and have the current solution shown, simply change the VELOCITY FACTOR to the calculated value (0.651 for the example) and read the resulting transmission line physical lengths in the area below (17.078 and 38.756 feet for the example first solution). Or you can calculate the physical lengths. For our example, the Fig. 7.21 1st SOLUTION lengths are 68.65 and 155.80 electrical degrees. One 89.55 ft physical wavelength of cable is 360° so 68.65 electrical degrees = 68.65/360 x 89.55 ft = 17.08 ft. Similarly, the 155.80 electrical degree Line 2 is 155.80/360 x 89.55 ft = 38.76 ft.

28.7.5 Characteristic Impedance (Z0)

The characteristic impedance (Z0) of high quality 50 Ω coaxial cables should be between 48 and 52 Ω. However, the variation is often much greater, particularly with smaller diameter cables and those with foam dielectric. Measurements of 15 samples of various 50 Ω coax cable types showed Z0 ranging from 48 to 57 Ω. This variation can be due to small differences in center conductor or dielectric diameter, centering of the center conductor, or dielectric constant of the insulator. It changes with frequency, most notably below about 5 MHz. A decrease of around 3 percent is commonly observed from 5 to 1 MHz, and the increase becomes greater and more rapidly changing below that. Some of this is due to skin effect penetration depth but other factors such as changes in the insulator dielectric constant with frequency are probably involved. So Z0 should be measured for any application where its value is important. And like velocity factor, it should be measured near the frequency of use and with the actual cable the transmission lines will be cut from.

If you’ve modeled the array including feed system (highly recommended), you can change the model’s transmission line Z0 to see the effect on the pattern and judge the importance of making careful measurements. The following procedures have been found to produce accurate and repeatable results.

About Z0

Any real transmission line has some loss, and this causes its Z0 to be a complex value, that is, to have reactance as well as resistance. For the types and lengths of cables used for phased arrays, the reactive part of Z0 is small. The measurements that follow use only the magnitude of the impedances and result in a single real value for Z0. This is adequately accurate for the purpose, and appropriate for use in array transmission line calculations which generally don’t include the effect of cable loss.

Method 1: Open/Short

This method requires measuring the impedance when the far end of the line is shorted or open. Use the same technique for shorting as described in the section dealing with physical length measurement.

Best accuracy is obtained when the measurement is done where the test line is in the vicinity of an odd number of eighth wavelengths long, and the frequency is in the neighborhood of the frequency where the transmission line will be used.

Tune the test instrument (e.g., antenna analyzer, network analyzer, Z bridge) to the frequency where the line will be used. Then tune up or down until you find the nearest frequency where the magnitude of the impedance (|Z|, written simply as Z in the following) is about the same with the line open or shorted at the other end. If your analyzer separately reports the reactance, this will be very close to the frequency where the reactance has the same magnitude but a different sign with the line open or shorted. If you can conveniently locate the frequency where Z is the same for both end conditions, that value of Z is Z0. If you want to reduce the number of times you have to change between an open and short at the far end, just get to where one value is no more than two or three times the other and record Zshort and Zopen. Then calculate
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Method 2: Dummy load

This requires measuring the magnitude of the impedance with the far end of the line terminated with a dummy load. The only requirement for the dummy load is that it must be nearly a pure resistance and not change value appreciably at the two frequencies where measurements will be made. A 50-Ω load can be used to measure the Z0 of either 50 or 75-Ω cables. The far end of the line must connect to the dummy load with a connector and not pigtails or any other kind of contrived connection. Best accuracy is obtained when the measurement is done where the test frequencies are in the neighborhood of the frequency where the transmission line will be used.

Tune the test instrument (e.g., antenna analyzer, network analyzer, Z bridge) to the frequency where the line will be used. Then watch the value of the magnitude of the impedance (|Z|, written simply as Z in the following), and tune around that frequency looking for the closest maximum and minimum values of Z. If possible, find a minimum on one side and a maximum on the other. But if the cable length doesn’t allow that, look for adjacent minimum and maximum values on one side or the other. If this isn’t possible, you’ll need to use Method 1 above. If you were able to get the maximum and minimum Z values, calculate
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28.7.6 Transmission Line Loss

Although transmission line loss is ignored in many, or most, calculations for such things as impedance matching sections and phased array feed systems, even a small amount of loss can sometimes have a profound effect on system operation. Adding the effect of loss to calculations greatly increases their complexity, frequently requiring hyperbolic trigonometry with complex arguments in place of simple trigonometry with real arguments. But many antenna and transmission line programs can take into account the effects of loss and do the necessary complex calculations for accurate results. So, a good approach for designing any system including transmission lines is to model the system as completely as possible. If the underlying design doesn’t include transmission line loss, leave it out of the initial model to verify operation as intended. Then add it and readjust the other components of the model if necessary to compensate or to retain satisfactory operation. Of course, to do this you’ll need to know the transmission line loss with reasonable accuracy.

Published figures for transmission line loss are, in the author’s experience, universally optimistic. So, you can pretty safely use them as a conservative worst case. For higher accuracy, though, you’ll need to measure the loss. The two methods to be described use commonly available equipment, but the accuracy of the results is of course ultimately limited by that of the equipment. These methods measure the matched loss, that is, the loss when the line is terminated with its characteristic impedance. The actual loss will increase when terminated with other impedances, but the matched loss is the value needed for most calculations and for use in modeling.

About Line Loss

In the MF range and above, the fields in a coaxial cable having an effective shield is almost completely confined to the region between the center conductor and shield, so only that region affects the loss. There are two major contributors of loss in that region. The first, sometimes called “skin effect loss”, is resistive I2R loss in the outer portion of the center conductor and inner portion of the shield. This increases with frequency because of the decreasing skin depth, resulting in the dB loss being approximately proportional to the square root of frequency. The second is dielectric loss in the material between conductors. This loss, in dB, increases in direct proportion to frequency. Below roughly 1 GHz, dielectric loss in PE or PTFE is negligible compared to skin effect loss so the latter dominates. Above that range, the faster-increasing dielectric loss becomes dominant – a log-log graph of dB loss vs frequency for cables with non-plated conductors has a slope close to ½ up to about that frequency, gradually transitioning to a slope of one as frequency increases. Both effects are present at all frequencies but the dielectric loss, very low in the HF range and below but increasing more rapidly than skin effect loss, eventually becomes greater.

So why does foam dielectric cable have less loss than solid dielectric cable at HF, if the loss of even solid dielectric is negligible in that region? The answer is that foam dielectric has a lower dielectric constant, requiring a larger center conductor for the same Z0. And that decreases the skin effect loss which dominates.

Other factors affect loss including shield roughness and wire plating. At the lower end of the MF range and below, the relationship between inductance and resistance per unit length and the effects of increasing skin depth can cause further changes. For an excellent discussion of these and other phenomena see Johnson and Graham, listed in the References and Bibliography.

Method 1: Direct measurement

The simplest and potentially most accurate method of loss measurement is with an accurate power meter. Terminate the line with a dummy load having the same impedance as the line’s Z0 and apply power which is well within the range of the power meter. The loss in dB is simply
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where Pout is the power measured at the termination and Pin is the power measured at the line input.

Method 2: Input SWR of open or shorted line

Short or open circuit the far end of the line (see Short and Open Circuits above) and measure the SWR at the input, then calculate the loss.
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Tests with both a high quality network analyzer and antenna analyzer gave good results with 50 Ω cable when the measured SWR was between about 1.2 and 7 (loss between about 1.3 and 10 dB). Beyond this range, small changes in SWR result in very large percentage changes in calculated loss and dramatically reduce the accuracy of the calculated result. An alternative method based on a color chart was developed by John Stanley, K4ERO, and is provided with the online material in the article “Calculating Transmission Line Loss with SWR Readings.”

K4ERO and Steve Stearns, K6OIK have noted that under some circumstances and at low frequencies, the shorted and open measurements may not match. In this case, either use an electrical quarter-wavelength of line for the measurements or average the short and open-circuit values to get the correct value. This measurement error is described in the article “Precautions When Using the Return Loss Method of Measuring Coax Loss,” by K4ERO in the January 2022 issue of QEX.

28.8 Antenna Field Measurements

Of all the measurements made in Amateur Radio systems, perhaps the most difficult and least understood are various measurements of the radiated field from antennas. For example, it is relatively easy to measure the frequency and CW power output of a transmitter, the response of a filter, or the gain of an amplifier. These are all what might be called bench measurements because, when performed properly, all the factors that influence the accuracy and success of the measurement are under control. In making antenna measurements, however, the “bench” is probably your backyard. In other words, the environment surrounding the antenna can affect the results of the measurement.

Control of the environment is not at all as simple as it was for the bench measurement, because now the work area may be rather spacious. This section describes antenna measurement techniques that are closely allied to those used in an antenna measuring event or contest. With these procedures you can make measurements successfully and with meaningful results. These techniques should provide a better understanding of the measurement problems, resulting in a more accurate and less difficult task. The information in this section was provided by Dick Turrin, W2IMU, and was originally published in the November 1974 QST. The conventionsused by amateurs to plot radiation patterns and antenna measurements are covered in the Antenna Fundamentals chapter.

28.8.1 Field Measurement Basics

An antenna is simply a transducer or coupler between a suitable feed line and the environment surrounding it. In addition to the efficient transfer of power from feed line to environment, an antenna at VHF or UHF is most frequently required to concentrate the radiated power into a particular region of the environment.

To be consistent while comparing different antennas, you must standardize the environment surrounding the antenna. Ideally, you want to make measurements with the measured antenna so far removed from any objects causing environmental effects that it is literally in outer space — a very impractical situation. The purpose of the measurement techniques is therefore to simulate, under practical conditions, a controlled environment. At VHF and UHF, and with practical-size antennas, the environment can be controlled so that successful and accurate measurements can be made in a reasonable amount of space.

The electrical characteristics of an antenna that are most desirable to obtain by direct measurement are: (1) gain (relative to an isotropic source, which by definition has a gain of unity); (2) space-radiation pattern; (3) feed point impedance (mismatch) and (4) polarization.

Polarization

In general the polarization can be assumed from the geometry of the radiating elements. That is to say, if the antenna consists of a number of linear elements (straight lengths of rod or wire that are resonant and connected to the feed point) the polarization of the electric field will be linear and polarized parallel to the elements. If the elements are not consistently parallel with each other, then the polarization cannot easily be assumed. The following techniques are directed to antennas having polarization that is essentially linear (in one plane), although the method can be extended to include all forms of elliptic (or mixed) polarization.

Antenna Testing with Automated Receiver Networks
Automated receiver networks provide a new tool for antenna testing. It’s not the same as making direct measurements of field strength with a single instrument — it’s a distributed measurement made by receiving stations worldwide. You can then retrieve their measurements and use them to compare antennas.
WSPR is the ultra-low-power beacon mode for propagation testing that is part of the WSJT-X software suite. It’s a slow mode with transmit cycles taking two minutes. Since propagation will change during that time, both antennas must be transmitting at the same time on different (but close) frequencies. Over time, the receivers build up a data set, available at wsprnet.org, that gives you a picture of how the antennas are performing. The process of using WSPR to evaluate antennas is described in a paper by Larry Plummer, W6LVP, at w6lvp.com/wp-content/uploads/2017/01/White-Paper-WSPR-for-antenna-testing.pdf. Randy Hall, W7AGE, illustrates the process with a video on his YouTube channel at youtube.com/@K7AGE: search for the video “Antenna Testing Using WSPR.”
You can also use one of the other WSJT-X modes, such as FT8 or FT4. The transmit cycles for these modes are 15 and 7.5 seconds, respectively, so there is much less variation during the transmission than during a WSPR cycle. Sites like PSKReporter (pskreporter.info) store reception and decoding reports from all stations that heard your transmission.
An even faster method is to use short CW transmissions that are decoded and measured by stations around the world using the CW Skimmer or RTTY Skimmer software by Alex Shovkoplyas, VE3NEA. (dxatlas.com/CwSkimmer) They measure your station’s signal-to-noise ratio and report it to the servers at the RBN (reversebeacon.net). The usual method for antenna comparison is to make a couple of short CQs including your call sign and watch for your signal report to be posted. Then call CQ again using a different call sign — perhaps your club’s — and watch for that signal to be reported. Or you can make two transmissions on different but closely spaced frequencies with different call signs. There are many possible methods. Then you download the data or use the comparison tools of the RBN. Larry Gauthier, K8UT, describes the process at k8ut.com/wpfb-file/rbn-as-an-antenna-performance-tool-final-pdf.


Feed Point Mismatch

The feed point mismatch, although affected to some degree by the immediate environment of the antenna, does not affect the gain or radiation characteristics of an antenna. If the immediate environment of the antenna does not affect the feed point impedance, then any mismatch intrinsic to the antenna tuning reflects a portion of the incident power back to the source. In a receiving antenna this reflected power is reradiated back into the environment, and can be lost entirely.

In a transmitting antenna, the reflected power travels back down the feed line to the transmitter, where it changes the load impedance presented to that transmitter. The amplifier output controls are customarily altered during the normal tuning procedure to obtain maximum power transfer to the antenna. You can still use a mismatched antenna to its full gain potential, provided the mismatch is not so severe as to cause heating losses in the system, especially the feed line and matching devices. (See also the discussion of additional loss caused by SWR in the Transmission Lines chapter.)

Similarly, a mismatched receiving antenna may be matched into the receiver front end for maximum power transfer. In any case you should clearly keep in mind that the feed point mismatch does not affect the radiation characteristics of an antenna. It can only affect the system efficiency when heating losses are considered.

Why then do we include feed point mismatch as part of the antenna characteristics? The reason is that for efficient system performance, most antennas are resonant transducers and present a reasonable match over a relatively narrow frequency range. It is therefore desirable to design an antenna, whether it be a simple dipole or an array of Yagis, such that the final single feed point impedance is essentially resistive and matched to the feed line. Furthermore, in order to make accurate, absolute gain measurements, it is vital that the antenna under test accept all the power from a matched-source generator, or that the reflected power caused by the mismatch be measured and a suitable error correction for heating losses be included in the gain calculations. Heating losses may be determined from information contained in the Transmission Lines chapter.

While on the subject of feed point impedance, mention should be made of the use of baluns in antennas. A balun is simply a device that permits a lossless transition between a balanced system feed line or antenna and an unbalanced feed line or system. If the feed point of an antenna is symmetric, such as with a dipole, and it is desired to feed this antenna with an unbalanced feed line such as coax, you should provide a balun between the line and the feed point. Without the balun, current will be allowed to flow on the outside of the coax. The current on the outside of the feed line will cause radiation, and thus the feed line will become part of the antenna radiation system. In the case of beam antennas, where it is desired to concentrate the radiated energy is a specific direction, this extra radiation from the feed line will be detrimental, causing distortion of the expected antenna pattern. See the Transmission Line System Techniques for additional details on this problem.

28.8.2 Test Site Set-Up and Evaluation

Since an antenna is a reciprocal device, measurements of gain and radiation patterns can be made with the test antenna used either as a transmitting or as a receiving antenna. In general and for practical reasons, the test antenna is used in the receiving mode, and the source or transmitting antenna is located at a specified fixed remote site and unattended. In other words the source antenna, energized by a suitable transmitter, is simply required to illuminate or flood the receiving site in a controlled and constant manner.

As mentioned earlier, antenna measurements ideally should be made under free-space conditions. A further restriction is that the illumination from the source antenna be a plane wave over the effective aperture (capture area) of the test antenna. A plane wave by definition is one in which the magnitude and phase of the fields are uniform, and in the test-antenna situation, uniform over the effective area plane of the test antenna. Since it is the nature of all radiation to expand in a spherical manner at great distance from the source, it would seem to be most desirable to locate the source antenna as far from the test site as possible. However, since for practical reasons the test site and source location will have to be near the Earth and not in outer space, the environment must include the effects of the ground surface and other obstacles in the vicinity of both antennas. These effects almost always dictate that the test range (spacing between source and test antennas) be as short as possible consistent with maintaining a nearly error-free plane wave illuminating the test aperture.

A nearly error-free plane wave can be specified as one in which the phase and amplitude, from center to edge of the illuminating field over the test aperture, do not deviate by more than about 30° and 1 dB, respectively. These conditions will result in a gain-measurement error of no more than a few percent less than the true gain. Based on the 30° phase error alone, it can be shown that the minimum range distance is approximately
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where D is the largest aperture dimension and l is the free-space wavelength in the same units as D. The phase error over the aperture D for this condition is 1⁄16 wavelength.

Since aperture size and gain are related by
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where Ae is the effective aperture area, the dimension D may be obtained for simple aperture configurations. For a square aperture
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that results in a minimum range distance for a square aperture of
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and for a circular aperture of
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For apertures with a physical area that is not well defined or is much larger in one dimension that in other directions, such as a long thin array for maximum directivity in one plane, it is advisable to use the maximum estimate of D from either the expected gain or physical aperture dimensions.

Up to this point in the range development, only the conditions for minimum range length, Smin, have been established, as though the ground surface were not present. This minimum S is therefore a necessary condition even under free-space environment. The presence of the ground further complicates the range selection, not in the determination of S but in the exact location of the source and test antennas above the Earth.

It is always advisable to select a range whose intervening terrain is essentially flat, clear of obstructions, and of uniform surface conditions, such as all grass or all pavement. The extent of the range is determined by the illumination of the source antenna, usually a Yagi, whose gain is no greater than the lowest gain antenna to be measured. For gain measurements the range consists essentially of the region in the beam of the test antenna. For radiation-pattern measurements, the range is considerably larger and consists of all that area illuminated by the source antenna, especially around and behind the test site. Ideally you should choose a site where the test-antenna location is near the center of a large open area and the source antenna is located near the edge where most of the obstacles (trees, poles, fences, etc.) lie.

The primary effect of the range surface is that some of the energy from the source antenna will be reflected into the test antenna, while other energy will arrive on a direct line-of-sight path. This is illustrated in Figure 28.54. The use of a flat, uniform ground surface assures that there will be essentially a mirror reflection, even though the reflected energy may be slightly weakened (absorbed) by the surface material (ground). In order to perform an analysis you should realize that horizontally polarized waves undergo a 180° phase reversal upon reflection from the Earth. The resulting illumination amplitude at any point in the test aperture is the vector sum of the electric fields arriving from the two directions, the direct path and the reflected path.
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If a perfect mirror reflection is assumed from the ground (it is nearly that for practical ground conditions at VHF/UHF) and the source antenna is isotropic, radiating equally in all directions, then a simple geometric analysis of the two path lengths will show that at various points in the vertical plane at the test-antenna site the waves will combine in different phase relationships. At some points the arriving waves will be in phase, and at other points they will be 180° out of phase. Since the field amplitudes are nearly equal, the resulting phase change caused by path length difference will produce an amplitude variation in the vertical test site direction similar to a standing wave, as shown in Figure 28.55.
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The simplified formula relating the location of h2 for maximum and minimum values of the two-path summation in terms of h1 and S is
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with n = 0, 2, 4, . . . for minimums and n = 1, 3, 5, . . . for maximums, and S is much larger than either h1 or h2.

The significance of this simple ground reflection formula is that it permits you to determine the approximate location of the source antenna to achieve a nearly plane-wave amplitude distribution in the vertical direction over a particular test aperture size. It should be clear from examination of the height formula that as h1 is decreased, the vertical distribution pattern of signal at the test site, h2, expands. Also note that the signal level for h2 equal to zero is always zero on the ground regardless of the height of h1.

The objective in using the height formula then is, given an effective antenna aperture to be illuminated from which a minimum S (range length) is determined and a suitable range site chosen, to find a value for h1 (source antenna height). The required value is such that the first maximum of vertical distribution at the test site, h2, is at a practical distance above the ground, and at the same time the signal amplitude over the aperture in the vertical direction does not vary more than about 1 dB. This last condition is not absolutely necessary but is closely related to the particular antenna under test.

In practice these formulas are useful only to initialize the range setup. A final check of the vertical distribution at the test site must be made by direct measurement. This measurement should be conducted with a small low-gain but unidirectional probe antenna such as a corner reflector or 2-element Yagi that you move along a vertical line over the intended aperture site. Care should be exercised to minimize the effects of local environment around the probe antenna and that the beam of the probe be directed at the source antenna at all times for maximum signal. A simple dipole is undesirable as a probe antenna because it is susceptible to local environmental effects.

The most practical way to instrument the vertical distribution measurement is to construct some kind of vertical track, preferably of wood, with a sliding carriage or platform that may be used to support and move the probe antenna. It is assumed of course that a stable source transmitter and calibrated receiver or detector are available so variations of the order of 1⁄2 dB can be clearly distinguished.

Once you conduct these initial range measurements successfully, the range is now ready to accommodate any aperture size less in vertical extent than the largest for which Smin and the vertical field distribution were selected. Place the test antenna with the center of its aperture at the height h2 where maximum signal was found. Tilt the test antenna so that its main beam is pointed in the direction of the source antenna. The final tilt is found by observing the receiver output for maximum signal. This last process must be done empirically since the apparent location of the source is somewhere between the actual source and its image, below the ground.

An example will illustrate the procedure. Assume that we wish to measure a 7-foot diameter parabolic reflector antenna at 1296 MHz (l = 0.75 foot). The minimum range distance, Smin, can be readily computed from the formula for a circular aperture.
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Now a suitable site is selected based on the qualitative discussion given before.

Next determine the source height, h1. The procedure is to choose a height h1 such that the first minimum above ground (n = 2 in formula) is at least two or three times the aperture size, or about 20 feet.
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Place the source antenna at this height and probe the vertical distribution over the 7-foot aperture location, which will be about 10 feet off the ground.

[image: ]

Plot the measured profile of vertical signal level versus height. From this plot, empirically determine whether the 7-foot aperture can be fitted in this profile such that the 1-dB variation is not exceeded. If the variation exceeds 1 dB over the 7-foot aperture, the source antenna should be lowered and h2 raised. Small changes in h1 can quickly alter the distribution at the test site. Figure 28.56 illustrates the points of the previous discussion.
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The same set-up procedure applies for either horizontal or vertical linear polarization. However, it is advisable to check by direct measurement at the site for each polarization to be sure that the vertical distribution is satisfactory. Distribution probing in the horizontal plane is unnecessary as little or no variation in amplitude should be found, since the reflection geometry is constant. Because of this, antennas with apertures that are long and thin, such as a stacked collinear vertical, should be measured with the long dimension parallel to the ground.

A particularly difficult range problem occurs in measurements of antennas that have depth as well as cross-sectional aperture area. Long end-fire antennas such as long Yagis, rhombics, V-beams, or arrays of these antennas, radiate as volumetric arrays and it is therefore even more essential that the illuminating field from the source antenna be reasonably uniform in depth as well as plane wave in cross section. For measuring these types of antennas it is advisable to make several vertical profile measurements that cover the depth of the array. A qualitative check on the integrity of the illumination for long end-fire antennas can be made by moving the array or antenna axially (forward and backward) and noting the change in received signal level. If the signal level varies less than 1 or 2 dB for an axial movement of several wavelengths then the field can be considered satisfactory for most demands on accuracy. Large variations indicate that the illuminating field is badly distorted over the array depth and subsequent measurements are questionable. It is interesting to note in connection with gain measurements that any illuminating field distortion will always result in measurements that are lower than true values.

28.8.3 Absolute Gain Measurement

Having established a suitable range, the measurement of gain relative to an isotropic (point source) radiator is almost always accomplished by direct comparison with a calibrated standard-gain antenna. That is, the signal level with the test antenna in its optimum location is noted. Then you remove the test antenna and place the standard-gain antenna with its aperture at the center of location where the test antenna was located. Measure the difference in signal level between the standard and the test antennas and add to or subtract from the gain of the standard-gain antenna to obtain the absolute gain of the test antenna. Here, absolute means with respect to a point source with a gain of unity, by definition. The reason for using this reference rather than a dipole, for instance, is that it is more useful and convenient for system engineering. We assume that both standard and test antennas have been carefully matched to the appropriate impedance and an accurately calibrated and matched detecting device is being used.

A standard-gain antenna may be any type of unidirectional, preferably planar-aperture, antenna, which has been calibrated either by direct measurement or in special cases by accurate construction according to computed dimensions. A standard-gain antenna for VHF and low-UHF bands has been suggested by Richard F. H. Yang (see References and Bibliography). Shown in Figure 28.57, it consists of two in-phase dipoles 1⁄2 l apart and backed up with a ground plane 1 l square. (It is recommended that the builder cut the dipoles close to their free-space length and trim to resonance.)
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In Yang’s original design, the stub at the center is a balun formed by cutting two longitudinal slots of 1⁄8-inch width, diametrically opposite, on a 1⁄4-l section of 7⁄8-inch rigid 50-W coax. An alternative method of feeding is to feed RG-8 or RG-213 coax through slotted 3⁄4-inch copper tubing with a 7⁄8-inch OD. (Due to variations in ID/OD for stock copper tubing, either bring a section of the rigid coax or take careful measurements with a caliper to check for fit between the coax and the balun tubing.)

Be sure to leave the outer jacket on the coax to insulate it from the copper-tubing balun section. When constructed accurately to scale for the frequency of interest, this type of standard will have an absolute gain of 9.85 dBi (7.7 dBd gain over a dipole in free space) with an accuracy of ± 0.25 dB. (The balun is described in detail in the original article.)

At 1296 MHz it may be more practical to build a reference horn out of sheet metal as described by Paul Wade, W1GHZ on his website (w1ghz.org). The waveguide section can also be made out of sheet metal.

28.8.4 Radiation Pattern Measurements

Of all antenna measurements, the radiation pattern is the most demanding in measurement and the most difficult to interpret. Any antenna radiates to some degree in all directions into the space surrounding it. Therefore, the radiation pattern of an antenna is a three-dimensional representation of the magnitude, phase and polarization. In general, and in practical cases for amateur radio communications, the polarization is well defined and only the magnitude of radiation is important.

Furthermore, in many of these cases the radiation in one particular plane is of primary interest, usually the plane corresponding to that of the Earth’s surface, regardless of polarization. Because of the nature of the range setup, measurement of radiation pattern can be successfully made only in a plane nearly parallel to the Earth’s surface. With beam antennas it is advisable and usually sufficient to take two radiation pattern measurements, one in the polarization plane and one at right angles to the plane of polarization. These radiation patterns are referred to in antenna literature as the principal E-plane and H-plane patterns, respectively. E-plane means parallel to the electric field that is the polarization plane and H-plane means parallel to the magnetic field in free space. The electric field and magnetic field are always perpendicular to each other in a plane wave as it propagates through space.

When the antenna is located over real Earth, the terms azimuth and elevation planes are commonly used, since the frame of reference is the Earth itself, rather than the electric and magnetic fields in free space. For a horizontally polarized antenna such as a Yagi mounted with its elements parallel to the ground, the azimuth plane is the E-plane and the elevation plane is the H-plane.

The technique to obtain these patterns is simple in procedure but requires more equipment and patience than does making a gain measurement. First, a suitable mount is required that can be rotated in the azimuth plane (horizontal) with some degree of accuracy in terms of azimuth-angle positioning. Second, a signal-level indicator calibrated over at least a 20-dB dynamic range with a readout resolution of at least 2 dB is required. A dynamic range of up to about 40 dB would be desirable but does not add greatly to the measurement significance.

With this much equipment, the procedure is to locate first the area of maximum radiation from the beam antenna by carefully adjusting the azimuth and elevation positioning. These settings are then arbitrarily assigned an azimuth angle of zero degrees and a signal level of zero decibels. Next, without changing the elevation setting (tilt of the rotating axis), the antenna is carefully rotated in azimuth in small steps that permit signal-level readout of 2 or 3 dB per step. These points of signal level corresponding with an azimuth angle are recorded and plotted on polar coordinate paper. A sample of the results is shown on ARRL coordinate paper in Figure 28.58. (See the Antenna Fundamentals chapter for more information on coordinate scales.)
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On the sample radiation pattern the measured points are marked with an X and a continuous line is drawn in, since the pattern is a continuous curve. Radiation patterns should preferably be plotted on a logarithmic radial scale, rather than a voltage or power scale. The reason is that the log scale approximates the response of the ear to signals in the audio range. Also many receivers have AGC systems that are somewhat logarithmic in response; therefore the log scale is more representative of actual system operation.

Having completed a set of radiation-pattern measurements, one is prompted to ask, “Of what use are they?” The primary answer is as a diagnostic tool to determine if the antenna is functioning as it was intended to. A second answer is to know how the antenna will discriminate against interfering signals from various directions.

Consider now the diagnostic use of the radiation patterns. If the radiation beam is well defined, then there is an approximate formula relating the antenna gain to the measured half-power beamwidth of the E- and H-plane radiation patterns. The half-power beamwidth is indicated on the polar plot where the radiation level falls to 3 dB below the main beam 0-dB reference on either side. The formula is
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where qE and fH are the half-power beamwidths in degrees of the E- and H-plane patterns, respectively. This equation assumes a lossless antenna system, where any side-lobes are well suppressed. (To obtain gain in dBi, take the log of isotropic gain and multiply by 10.)

To illustrate the use of this equation, assume that we have a Yagi antenna with a boom length of two wavelengths. From known relations (described in the HF Beam Antennas chapter) the expected free-space gain of a Yagi with a boom length of 2 l is about 13 dBi; its gain, G, equals 20. Using the above relationship, the product of qE × fH ≈ 2062 square degrees. Since a Yagi produces a nearly symmetric beam shape in cross section, qE = fH = 45°. Now if the measured values of qE and fH are much larger than 45°, then the gain will be much lower than the expected 13 dBi.

As another example, suppose that the same antenna (a 2-wavelength-boom Yagi) gives a measured gain of 9 dBi but the radiation pattern half power beamwidths are approximately 45°. This situation indicates that although the radiation patterns seem to be correct, the low gain shows inefficiency somewhere in the antenna, such as lossy materials or poor connections.

Large broadside collinear antennas can be checked for excessive phasing-line losses by comparing the gain computed from the radiation patterns with the direct-measured gain. It seems paradoxical, but it is indeed possible to build a large array with a very narrow beamwidth indicating high gain, but actually having very low gain because of losses in the feed distribution system.

In general, and for most VHF/UHF Amateur Radio communications, gain is the primary attribute of an antenna. However, radiation in directions other than the main beam, called sidelobe radiation, should be examined by measurement of radiation patterns for effects such as nonsymmetry on either side of the main beam or excessive magnitude of sidelobes. (Any sidelobe that is less than 10 dB below the main beam reference level of 0 dB should be considered excessive.) These effects are usually attributable to incorrect phasing of the radiating elements or radiation from other parts of the antenna that was not intended, such as the support structure or feed line.

The interpretation of radiation patterns is intimately related to the particular type of antenna under measurement. Reference data should be consulted for the antenna type of interest, to verify that the measured results are in agreement with expected results.

To summarize the use of pattern measurements, if a beam antenna is first checked for gain (the easier measurement to make) and it is as expected, then pattern measurements may be academic. However, if the gain is lower than expected it is advisable to make pattern measurements to help determine the possible causes for low gain.

Regarding radiation pattern measurements, remember that the results measured under proper range facilities will not necessarily be the same as observed for the same antenna at a home-station installation. The reasons may be obvious now in view of the preceding information on the range setup, ground reflections, and the vertical-field distribution profiles. For long paths over rough terrain where many large obstacles may exist, the effects of ground reflection tend to become diffused, although they still can cause unexpected results. For these reasons it is usually unjust to compare VHF/UHF antennas over long paths.
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Chapter 29

Antenna System Troubleshooting

There is not a single amateur who, at some time, has not introduced an error into the antenna system either during installation or use. Similarly, of course, nothing remains faultless forever and those are the subjects of this chapter — finding the errors and faults. The first section of the chapter is directed at the beginner, providing a structured process to hunt for and find the problem. It is adapted from the Wireless Institute of Australia Amateur Radio magazine’s excellent series of “Foundation Corner” articles for new hams. It was originally written by Ted Thrift, VK2ARA, and Ross Pittard, VK3CE. The second section of the chapter is more detailed and assumes more technical background on the part of the reader. It is adapted from material written by Tom Schiller, N6BT, as part of his book Array of Light, 3rd Edition (n6bt.com).

The goal of this chapter is not to provide an exhaustive procedure that can be followed “cookbook-style” to troubleshoot any antenna or antenna system. There are just too many variables and configurations for that to be possible. Rather, this chapter suggest systematic approaches and general guidelines to apply in order to find problems. Once problems are identified, the solution is usually obvious and even trivial.

Anyone with experience in maintaining or building systems of more than a few parts — whether related to amateur radio or not — will recognize the value of a systematic approach to troubleshooting. The underlying lesson in this material is that carefully analyzing a problem with a step-by-step approach pays off in effective troubleshooting, saving time and expense. This is true for antennas, transceivers, computer systems — any sort of technology. Whether the reader is just getting on the air or has a lifetime of experience, there is something for everyone in this chapter.

The material on troubleshooting and repair of antenna tuners was contributed by Matt Kastigar, WØMJ. Antenna tuners operate at the same power levels as the final amplifier, so they are subjected to the same stresses plus higher SWR levels. This material helps you find problems and repair the affected components.

The final section of this chapter is more about maintenance than troubleshooting but the two are so closely linked that the information will be helpful. It is another adaptation from the WIA Amateur Radio “Foundation Corner” columns, this one written by Ross Pittard, VK3CE, and Geoff Emery, VK4ZPP.

29.1 Antenna System Troubleshooting for Beginners

So you can no longer hear anything and you think your antenna system is faulty. It is very likely that it is, or at least some part of it is faulty. To repair the fault, we first have to find it. To do this we have to treat your antenna system in exactly the same way as fault finding inside a radio. After all, it is an electrical circuit and if not completely correct, will not work in the way that you expect. The process described in the rest of this section can be adapted to most simple antenna systems similar to that shown in Figure 29.1.
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Start with an inventory of the antenna system. Any of these can be the cause of your problem:

• The support poles and ropes

• The antenna insulators

• The antenna elements

• The feed point or balun

• The feed line

• The entry point to the station

• The jumper cable to the radio

A jumper cable (also called a patch cable) is a short piece of coaxial cable with RF connectors on each end. It is used to connect two pieces of equipment together. The discussion below assumes that you have a coaxial feed line to the antenna.

Determine the characteristics of the antenna you are troubleshooting:

• Is it a balanced half-wave dipole?

• Is it an off-center-fed (OCF) dipole?

• Is it a multiband antenna, for example, a G5RV?

• What is the primary band it is designed for?

Consider the characteristics of the radio as well:

• Does it have a built in antenna tuner or do you use an add-on antenna tuner?

• Can you transmit a carrier signal on any band?

• Can you adjust the power level of the carrier?

During the following sequence of testing, be alert for mistaken or loose connections, loose or disconnected power and control cables, wires touching each other that shouldn’t be, and so forth. Your main system components may be just fine but not connected properly. This is very common!

If you haven’t started one yet, this is a great time to start your “station notebook” in which you record how your station is built. This is where you write down test results, color codes of control cables, modifications to equipment, dates of installation, etc. This information can be a huge time-saver in the future when you are troubleshooting or designing an addition to the station. A spiral-bound or composition book of graph paper is the best option, but a loose-leaf binder works well, too. Remember to put the date on each page as you make an entry. It’s easy to take time-stamped photos, too.

29.1.1 Before Testing

If your radio has a built in auto tuner it has by now attempted to match your antenna system, faults and all. You may have also tried other bands to see if you can get “something” to work. To find the fault we must test the system on the primary band for which it was designed. Keep this in mind when you start testing. If your testing indicates that the tuner may be at fault, see the section on Antenna Tuner Troubleshooting and Repair later in this chapter.

Test Equipment

In addition to your radio, you will need at least the following items.

• A suitable power/SWR meter.

• A volt-ohm meter to check continuity of cables and wires.

• A suitable 50-W dummy load.

• At least two tested and known-good 50-W jumper cables.

29.1.2 Initial Testing

This is to ensure that both your radio and your test equipment are working correctly.

1) Remove the antenna coax and connect your test jumper cable.

2) Connect the other end of the jumper cable to your power/SWR meter.

3) Connect your dummy load to the power/SWR meter.

4) Set the power range on the meter to a high scale to prevent overload.

5) Set the radio to the antenna’s primary band.

6) Set your radio to CW, AM, or FM.

7) Adjust output power to minimum.

8) Press (PTT) and adjust output power to (say) 5 – 10 W.

9) Check that the power indication in the radio and the power/SWR meter are similar.

10) If your radio passes this test, activate whatever tuner you use, either the transceiver’s internal tuner or an external tuner. Then repeat steps 8 and 9 after the internal tuner has adjusted to match the 50 Ω load or you have adjusted the manual tuner to match the 50 Ω load. If the internal or external tuner experience difficulty tuning to the 50 Ω load, proceed to the section Antenna Tuner Troubleshooting and Repair.

The Station Notebook
An often neglected but very important part of putting together your station is properly documenting your work. Having the station well documented is an invaluable aid when tracking down a problem. Rather than having to search your memory for information on what you did a long time ago, you’ll have the facts on hand.
Each time you install a new antenna, measure the SWR at different points in the band and make a table or plot a curve. Record the frequency of minimum SWR. If you have an analyzer that can measure complex impedance, save the data as a file for later reference, including the date of measurement. Note whether the measurements were made at the antenna, through a length of cable, near the ground, in final position, and so forth. Later, if you suspect a problem, you’ll be able to look in your records and compare the antenna with its original performance.
Recording station connections is also important. When adding an accessory, a new antenna, or reconfiguring your existing system, take a photo or make a drawing noting what was changed and why. Even a quick sketch saved as a photo can be invaluable.


You have now set a benchmark with known output into a 50-W load. This is an important step. Do not change any settings on your radio until all tests are completed and the faults fixed.

29.1.3 Antenna System Testing

Your Second Test

Here is where we start to eliminate possible causes of your problems. Start by simplifying your antenna system. Remove any extra equipment (switches, filters, etc) between the radio and the antenna, reducing your antenna system to a single connection similar to that in Figure 29.1.

It is likely that you have some kind of receptacle or bulkhead connector (such as a UG-363 adaptor or Amphenol 83-1F) where your antenna coax enters the station. From there you have a jumper cable to your radio. We test this next.

1) Remove the test jumper cable from the radio to the power/SWR meter.

2) Connect your normal jumper cable from the radio to the power/SWR meter.

3) Press (PTT) and observe the power reading. It should be exactly the same as step 8, above. If not, your jumper cable is faulty or not suitable.

Test and Fix

First, perform a continuity check of the inner and outer conductors of the jumper cable. Then check the cable insulation — there should be no continuity from the inner to outer conductor. Check that each PL-259 plug is correctly soldered and the pins fit firmly in the SO-239 receptacles. Look for markings on the jacket of the cable to ensure that it is a 50-W cable. If you find a fault and fix it, retest steps 1-3 above.

Your Third Test

Here is another elimination step. It is very common to have bulkhead connectors that are also lightning arrestors. These are not totally fool-proof and can fail due to a lightning hit or moisture. Even non-arrestor connectors fail from moisture or other reasons. We do need to test this connector. If you do not have any connectors between the antenna and your transceiver, skip this test and proceed to the fourth test below.

1) Disconnect the coax to the antenna from the bulkhead connector.

2) Using your “now tested OK” jumper cable, perform a dc test (continuity test) on the connector using the following steps.

3) Connect the jumper cable to the connector on the inside.

4) Test the insulation from inner to outer conductor using a high resistance scale. If the connector is also a lightning arrestor, test the inner conductor to earth ground (should be an open circuit) then test the outer conductor to earth ground (should be a short circuit or very low resistance).

5) The easiest way to test continuity of the connector is to connect your 50-W dummy load to the outside of the connector. Look for 50 W from the inner to outer conductor.

6) Using two jumper cables and the power/SWR meter, apply power from your transmitter to the dummy load on the outside of the connector.

7) Power should be the same as when you tested your jumper cable.

8) SWR must be no higher than 1.1:1 or the connector is faulty at RF.

Before the Fourth Test

When are we going to test the antenna? Very soon but since it does not work we need to perform a visual inspection. Assuming you have some kind of wire antenna, you need to lower it and in the process, inspect and ensure that:

• On the insulators at each end, there is no possibility of contact between the antenna wire and the supporting wire/ropes.

• If there are any splices in the wire elements, they are well crimped or soldered.

• At the center insulator, there is no possibility of contact between the element wires.

• At the balun or coax connection the element connections are soldered or firmly connected.

– If it is a center-fed dipole it should be a 1:1 choke balun.

– If it is an OCF dipole, it should be a 4:1 or 6:1 balun.

Cut away the waterproofing around the coax termination and inspect for water damage. If the connector is discolored or corroded it will need to be cleaned if not replaced and the cable checked as well.

Similar steps apply if you have a Yagi or vertical antenna.

Your Fourth Test

Now we are going to carefully test the main antenna coax cable and its connectors. First some dc tests, then we can RF test.

1) With the coax disconnected from the antenna and bulkhead connector (or radio), test continuity overall of the inner conductor, then the outer conductor. Test the insulation from the inner to outer conductor on the highest scale.

2) Connect the 50-W dummy load to the antenna end of the main coax. At the radio end, measure resistance from the inner to outer conductor. You should see close to 50 W.

3) Reconnect the bulkhead connector or radio end of the main coax. You should now have connected in sequence; radio, jumper, power/SWR meter, jumper, bulkhead/wall connector, main coax and dummy load as in Figure 29.2.
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4) Press PTT and note the power reading: It should be very close to your preset 5 or 10 W. Check SWR; it should be no higher than 1.1:1. Be very wary of seeing no reflected power at all. This could mean that the coax is so lossy that reflected power is unreadable. One more test will determine this.

5) Relocate the power/SWR meter from the station to the antenna end of your main coax but put it where it can be seen. The sequence is now: radio, jumper, bulkhead/wall connector, main coax, power/SWR meter, dummy load as in Figure 29.3.
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6) Press PTT and note power reading: it should be at least 75% of your preset 5 or 10 W. If much less, the coax is lossy and should be replaced.

7) Check SWR and it should be no higher than 1.1:1.

8) If you do replace the main coax, repeat all of steps 1 to 7 above.

We are nearly done. Reapply the waterproofing to the connection of coax to balun, or at least some temporary tape. (If it now works you will get so busy you may forget to finish it all!) Pull your antenna back up into position, taking care not to put any stress on the coax cable. We are going to test the SWR on the primary band without the help of the tuner in the radio.

The Final Test

Initially we are going to test without the tuner engaged, so we can see how well the antenna is working on the main band that it was designed for. It is only on this band that we can make any adjustments to the length of the wire elements. Before we start adjusting we need to know which direction to go, so we will test the high end, middle and low end of the band.

Connect the power/SWR meter between the radio and the bulkhead connector or between the radio and the coax to the antenna. Remember that we are now going to be testing “on air” so we need to consider others and ask if the frequency is in use. (You can also use an SWR analyzer as described in the Antenna and Transmission Line Measurements chapter.)

Assuming that the main band is 40 meters, tune the radio to, say, 7250 kHz (near the top of the band) and find a quiet spot. Check/ask if the frequency is in use. If it is not, announce, “[Your call] testing.”

•Set carrier power to a low value such as 10 W.

•Set SWR meter calibrate control to near maximum and increase power just enough to be able to set the calibration reading to full-scale.

•Return the meter to read SWR and write down the reading.

Now tune the radio to the middle of the band and find a quiet spot. Repeat the test procedure using an appropriate mode. Repeat near the bottom of the band.

Compare the three SWR readings and decide if the antenna is long (SWR too high at the high end of the band) or short (SWR too high at the low end of the band), or if no adjustment is required. Note that if all SWR readings are 1.5:1 or lower, very little will be gained by adjusting the length. If SWR is uniformly high everywhere in the band, the antenna itself is at fault.

If the antenna SWR measurements are acceptable, it is now time to let the radio and auto tuner operate. If you use an add-on antenna tuner, you’ll need to make sure that the jumper between it and the radio is good as described previously, then reinstall it between the radio and antenna. The following paragraph assumes the auto tuner is internal to the radio.

Remove the power/SWR meter from the antenna feed line so that the antenna is connected directly to the radio through the bulkhead connector and jumper. Engage the auto tuner and let it set up on a convenient frequency. Set the output power control to about 75-80% of maximum, then find a clear frequency as before and initiate the auto tuner operation as instructed for your radio. Since you have confirmed your antenna system presents a reasonable SWR to the radio, your tuner should operate normally and you can resume operating! If the tuner does not operate properly, there may be excessive RF current on the feed line’s outer surface. Add a choke balun at the output of the radio or antenna tuner and try again. (See the Transmission Line System Techniques chapter.) If the tuner still doesn’t work, you may have a defective tuner.

If the antenna SWR measurements indicate an antenna fault, the exact troubleshooting sequence will depend on the type of antenna. Remember to write everything down in case you need to contact the manufacturer or ask for other help. Start with a visual inspection of the entire antenna looking for loose or corroded elements and joints. Perform a continuity check of all coils, clamps, and capacitors. Wiggle the various pieces while making measurements to look for intermittent connections. If nothing is obviously wrong, try disassembling the antenna, cleaning the various metal-to-metal surfaces using a nonferrous, nonabrasive synthetic cleaning pad such as a Scotch-Brite pad, then reassemble (checking for proper dimensions and orientation of parts) and test. If this fails to restore normal operation, you should contact the manufacturer’s customer service department or ask for help from your local club.

29.2 Guidelines for Antenna System Troubleshooting

The antenna is an electrical device implemented via a mechanical construction; therefore, if it is built properly, it should “work” (especially for production units). There are five general categories of problems:

• Test measurements

• Mechanical

• Proximity

• Feed system

• Misunderstandings

Guidelines for dealing with and approaching each type of problem are presented in the following sections. They will be used in subsequent sections in different ways to address different types of problems. Think of them as a kind of toolbox for troubleshooting. Many of them assume you are testing some type of Yagi or other beam antenna but the general guidelines apply to all types of antennas

It is important to remember this simple rule for adjustments and troubleshooting: Do the simplest and easiest adjustment or correction first, and only one at a time.

When making on-air comparisons, select signals that are at the “margin” and not pushing your receiver well over S9 where it can be difficult to measure differences of a few dB. Terrain has a lot to do with performance as well. If you are comparing with large stations, keep in mind that station location was probably selected carefully and the antennas were placed exactly where they should be for optimum performance on the property.

Remember the Law of Conservation of Energy: Energy can neither be created, nor destroyed. Therefore, the sum of all the energies in a system (an antenna system) is a constant. From the perspective of transmitting, we start with so many watts and the energy will go somewhere, either emitted from the antenna and on its way to the destination, or dissipated as heat due to loss.

If you increase your antenna efficiency, you will expand your performance envelope, and thus be able to hear and work more stations, providing more enjoyment from radio. If you increase only your transmit power, you will expand your “transmit envelope,” but you won’t be able to hear any better!

29.2.1 Test Measurements

A. Test the antenna at a minimum height of 15 – 20 feet. (See Figure 29.4) This will move the antenna far enough away from the ground (which acts to add capacitance to the antenna) and enable meaningful measurements. Use sawhorses only for construction purposes.
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• A minimum height of 15-20 feet above ground does not mean 5 feet above a 10-15 foot high roof, it means above ground with nothing in between.

• Antenna resonant frequency will shift upward as it is raised.

• Feed point impedance will change with a change in height and this applies to both horizontal and vertical antennas.

• Some antennas are more sensitive to proximity to ground than others.

• Some antennas are more sensitive to nearby conductive objects (i.e. other antennas) than others.

B. Aiming the antenna upward with the reflector on the ground might coincide with some measurements on rare occasions, but there are no guarantees with this method. The reflector is literally touching a large capacitor (earth) and the driven element is very close, too. Raise the antenna at least 15-20 feet off the ground.

C. When using a hand-held SWR analyzer you are looking for the dip in SWR, not where the impedance or resistance meter indicates 50 W. (“Dip” = frequency of lowest SWR value, or lowest swing on the meter.) On the MFJ-259/269 series, the left-hand meter (SWR) is the one you want to watch, not the right-hand meter (IMPEDANCE).

D. Check for nearby broadcast transmitters. The small amount of power used by the hand-held metering devices is no match for several thousand watts. The front-ends of the devices are broadband and will receive this out-of-band broadcast energy and “assume” it is reflected energy. This will manifest itself as the meter never showing a low SWR — sometimes as low as 1.3:1 or higher than 5:1 — all the while the antenna is actually matched properly. The broadcast transmitter will change its power and direction at sunset/sunrise, making daytime and nighttime measurements different. If the signal is from an AM transmitter, you may see the meters move with the programming audio amplitude.

E. Does the SWR and frequency of lowest dip change when the coax length is changed? If so, the balun might be faulty, as in not isolating the load from the coax feed line. Additionally. with an added length of coax and its associated small (hopefully small) amount of loss:

•The value of SWR is expected to be lower with the additional coax and,

•The width of the SWR curve is expected to be wider with the additional coax when measured at the transmitter end of the coax.

F. Be sure you are watching for the right dip, as some antennas can have a secondary resonance (another “dip”). It is quite possible to see a Yagi reflector’s resonant frequency, or some other dip caused by interaction with adjacent antennas.

29.2.2 Mechanical

A. Are the dimensions correct? Production units should match the documentation (within reason). When using tubing elements, measure each exposed element section during assembly and the element half-length (the total length of each half of the element) after assembly. Measuring the entire length is sometimes tricky depending on the center attachment to the boom on Yagis, as the element can bow, or the tape might not lie flat along the tubing sections. Self-designed units might have a taper error.

B. Making the average taper diameter larger will make the equivalent electrical element longer. This makes the antenna act as if the physical element is too long.

C. Making the average taper diameter smaller will make the equivalent electrical element shorter. This makes the antenna act as if the physical element is too short.

D. If the element is a mono-taper (tubing element is the same for the entire length), larger diameter elements will be physically shorter than smaller diameter mono-taper elements to give the same electrical performance at the same frequency.

E. The type of mounting of the element to the boom affects the element length, whether it is attached directly to the boom, or insulated from the boom. Incorrect mounting/mounting plate allocation will upset the antenna tuning:

• A mounting plate 4 × 8 inches has an equivalent diameter of approximately 2.5 inches and 4 inches in length for each element half.

• A mounting plate that is 3 × 6 inches has an equivalent diameter of about 1.8 inches and a length of 3 inches for each element half.

• The mounting plate equivalent will be the first section in a model of the element half.

F. In a Yagi, if the elements are designed to be touching, are the elements touching the boom in the correct locations?

G. In a Yagi, if the elements are designed to be insulated, are the elements insulated from the boom in the correct locations?

H. The center of hairpin matching devices (i.e. on a Yagi) can be grounded to the boom.

I. The boom is “neutral,” but it is still a conductor! The center of a dipole element is also “neutral” and can be touched while tuning without affecting the reading. With a hairpin match, the center of the hairpin can also be touched while tuning and touching the whole hairpin might not affect the readings much at all.

J. Tests have shown that in installations with several Yagis on a common mast, insulating the elements from the boom can reduce interaction between the individual antennas.

K. Sufficient spacing between Yagis on a common mast is critical to not lose gain and F/B. Even 10 foot spacing between a 20 meter monoband Yagi and a 15 meter Yagi can significantly reduce the gain on 15 (sometimes by 50%), plus almost completely eliminating the F/B on 15.

L. The higher frequency Yagi in a common stack is the one that will be affected by the lower frequency Yagi(s). If a stack of 20, 15 and 10 meter Yagis (20 being the lowest on the mast — which is the correct stacking sequence), the 15 will be affected by the 20, the 10 will be affected by the 15 and possibly also by the 20.

29.2.3 Proximity

A. What else is nearby (roof, wires, guy lines, gutters)? If it can conduct at all, it can and probably will couple to the antenna!

B. Does the SWR change when the antenna is rotated? If so, this indicates interaction. Note that in some combinations of antennas, there can be destructive interaction even if the SWR does not change. Computer models can be useful here.

C. What is within 1⁄4 wavelength of the antenna? Imagine a sphere (like a big ball) with the antenna in question at the center of the sphere, with the following as a radius, depending on frequency. Think in three dimensions like a sphere — up and down and front and rear as in Figure 29.5.
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160 meters = 140 foot radius for 1⁄4 wavelength

80 meters = 70 foot radius

40 meters = 35 foot radius

20 meters = 18 foot radius

15 meters = 12 foot radius

10 meters = 9 foot radius

D. Interaction occurs whether or not you are transmitting on the adjacent antennas. When receiving, it simply is not as apparent as when transmitting.

E. Wire antennas under a Yagi can easily affect it. This includes inverted V dipoles for the low bands and multiband dipoles. The wire antennas are typically for lower frequency band(s) and will not be affected by the Yagi(s), as the Yagis are used for the higher bands.

F. Are the higher frequency antennas (Yagis) above the lower frequency ones in the stack? Is there adequate distance between the various antennas? Remember, anything within 1⁄4 wavelength in any direction is a potential problem. Careful modeling might not necessarily indicate the interaction in found in the actual installation. Cross polarization between VHF antennas and HF Yagis on the same mast is OK.

G. An 80 meter rotatable dipole should be parallel to nearby Yagi boom(s) so that it is essentially transparent. Other antennas that could interfere might be able to be positioned at right angles. Orienting the 80 meter dipole parallel to the boom also makes the installation more neutral in the wind. Most Yagis have more wind load from the elements than from the boom which tends to make them “hunt” in the wind. Adding area to the boom can, therefore, help the installation be more manageable in the wind.

29.2.4 Feed System

The feed system includes:

• the feed line

• switching mechanisms

• pigtails from the feed point on the antenna to the main feed line or switch

• all feed lines inside the radio room

The feed system is the entire connection between the radio and the feed point of the antenna.

A. Is the feed line (coax) known to be good? (Start with the easiest first.) Is there water in the coax? This can give strange readings, even frequency-dependent ones. If there is any question, swap the feed line for a known good one and test again.

B. Are the connectors installed properly? Has a connector been stressed (pulled)? Is the rotation loop done properly to not stress the coax? Is it an old existing loop or a new one? Usually it’s alright if new. Type N connectors (especially the older type) are prone to having the center conductor pull out due to the weight of the coax pulling down on the connector. Connectors are easy to do, using the right technique.

Is It Always a Connector?
No, but after many sessions of troubleshooting antenna systems, it can seem like that. Between the transmitter output and the antenna terminals are often many connections — to accessories, switches, tuners, lightning protectors, matching networks, more sections of cable — and each represents a potential point of failure. (See the sidebar “Coax Connectors — Not as Simple as They Appear” in the chapter on Transmission Lines.)
Splices, particularly PL-258 “barrel” connectors, seem to have a poor track record because there are many poor-quality PL-258s in circulation at bargain prices. Center contacts can loosen from heating at high power or be too loose to begin with. Too few mating indentations or slightly “off” thread size can lead to intermittent connections that change with flexing or temperature.
Water is the mortal enemy of RF connectors. Learn how to waterproof a connection correctly and with the right materials. (See the Building Antenna Systems and Towers chapter.) It takes a lot less time to do the job right than it does to locate the bad connection and re-do it, often requiring replacing the connectors, as well. If possible, route cables so water flows away from connections and protect connections from direct rain, snow, and ice.
Minimize problems by starting with quality connectors and making sure you install them properly, whether crimp or solder. Make sure jumpers in the station are constructed properly, too. If a connector or jumper seems suspicious, rebuild or discard it. Remember that “temporary” often turns into “permanent!” Take care of your connectors and they will take care of you.


C. Is there a “barrel” connector (a PL-258 dual-SO-239 adapter) in the feed line anywhere? (See the sidebar Is It “Always a Connector?”) Has a new or different barrel been inserted? These are a common failure point, even with new barrels. The failures range from micro-bridges across the face of the barrel shorting out the center and shield, to resistance between the two ends of the barrel. Have the new barrels been tested in a known feed system? Always test them before installing. Use only quality RF adapters as these are common system failure points.

D. Is the coax intact and not frayed such that the shield can come into contact with anything? This can cause intermittent problems as the coax shield touches the tower, such as on rotation loops and coax on telescoping towers.

E. Is the tuner OFF on the radio? This is often overlooked when adding a new antenna. If you are using an external antenna tuner, remove it or set it to the “Bypass” position and see if the problem remains.

F. Are there any new devices in the line? It might be a good idea to remove everything but the essential items when troubleshooting.

G. Is there a remote antenna switch? Swap to another port.

H. Are there band-pass or low-pass filters in the line? Filters can become defective, causing strange SWR readings.

29.2.5 Using Portable Analyzers

With the new ultra-portable antenna analyzers, we can have sophisticated test instruments with us at all times, whether on the ground or at the top of a tower. A low-power QRP dummy load can also go with us in the tool bag. That makes it a lot easier to perform “backward” tests toward the station from the antenna, speeding up the search for a problem in the feed line system somewhere.

Learn how to use the TDR (time-domain reflectometry) function of your analyzer. (See the Antenna and Transmission Line Measurements chapter.) Significant impedance changes are easy to spot with a fairly accurate idea of where they are located along the feed line. Along with short- and open-circuits, TDR can also indicate types of mismatches that give a clue to what might be causing the problem. TDR measurements are another good set of data to record for the station records.

Another useful function of a vector analyzer is the ability to move its calibration plane to the antenna terminals. This is done by performing an “short-open-load” (SOL) calibration at the antenna. By applying the set of mathematical corrections from an SOL calibration, the actual antenna impedance can be determined by the analyzer from the other end of the feed line.

29.2.6 Misunderstandings

The antenna can be working properly but there may be a misunderstanding of the anticipated readings versus the actual readings. There can also be discrepancies between the observed “performance” (i.e. F/B ratio) and the specification(s). Having an open mind here is a great asset and will aid in understanding and resolving the situation. “Open mind” means no preconceived ideas or bias, which is sometimes difficult. Remember that we are working toward a solution to improve performance. Common misunderstandings:

A. “A low SWR means the antenna has gain.” No, it only means it is matched to the feed line. Remember that a dummy load also has low SWR.

B. “A high SWR means the antenna does not have gain.” No, it only means it is not matched or is fed improperly.

C. “An SWR that does not go to 1:1 is a serious problem.” No, as long as your tuner can tune it, use it. Reflected power is not totally lost. As long as the feed line loss is acceptable, SWR does not need to be 1:1. (See the Transmission Lines chapter for more information on matched line loss with varying SWR.)

D. “My antenna has a great pattern, so it must have a lot of gain.” No, these two antenna aspects are not necessarily related. The Beverage receiving antenna has an excellent pattern, but its gain is about –20 dBd.

E. “Once the antenna is up, it will stay there forever.” An antenna is an electrical device implemented via a mechanical structure. Mechanical devices require periodic maintenance, just like your car.

29.3 Analyzing an Antenna Problem

Having a specific sequence of steps to take for a systematic resolution of installation questions will make the process easier with less frustration. It will also provide a learning environment and future projects will run smoother and be enjoyable, as the prospect of a higher performance envelope is anticipated!

The following typical debugging sequence is divided into five parts. Each one uses the guidelines to address a specific aspect of the resolution process. Not all the steps will be used each time a new antenna is installed; however, reading through them will be beneficial.

The length of this material and the steps noted should not deter anyone from reading — installation difficulties are usually simple to resolve.

29.3.1 Part 1 — SWR

A. The usual reason for debugging is that the SWR is not as expected. This is the only measurement that can be reliably made by the majority of people.

• If the SWR is showing high values (4:1 or higher), do not attempt any adjustment of the antenna before first certifying the feed system is correct.

• High values like this are so far away from the expected values that they essentially eliminate the antenna from being the current problem.

B. Remove all devices in the feed system to eliminate possible components with problems, such as low pass filters (especially if 10 meter SWR readings are not as expected); therefore, we want to work as directly as possible with the antenna in a good location.

C. Isolate the feed system as the first step.

• Place a 50-W dummy load at the antenna end of the coax feed line.

• Measure the SWR of the coax feed line at the transmitter end (dummy load at the other).

• If you measure anything other than a low SWR (1.2:1 or less), the coax should be changed and/or;

– If you see a significant drop in power through the coax (use a wattmeter), the coax should be replaced.

– If the coax is good, proceed to the next steps.

D. Is the antenna at a reasonable height above ground?

• 15-20 feet above ground and roof.

• If not, place it as high as possible and watch for proximity effects.

E. Does the SWR change as it is rotated?

• What else is on the mast?

• Are there any wire antennas nearby?

• What it is rotating above or below to cause a change in measurement?

F. Are the element lengths correct?

G. Are the elements in the proper location?

H. If a hand-held test unit is used, is there a broadcast transmitter within several miles? This is very important on 160, 80/75 or 40 meter antennas.

29.3.2 Part 2 — Feed System and Antenna Assembly

A. Stay calm.

B. Do the easiest thing(s) first.

C. If a simple change was made (i.e. moved an element a few inches), the problem is most often in the feed system.

D. Swap the coax, even if it takes some effort.

E. Try to remove the parts of the antenna feed system one at a time to isolate the culprit.

F. Be sure to track the correct dip in SWR readings.

G. On production antennas, most problems are identified by checking for:

• Element length and tuning (and location on the boom, but extremely rare).

• A local broadcast transmitter affecting the readings — use your transmitter and its SWR meter.

• Antenna mounted properly; clear of proximity issues, including conductive guy wires.

• Correct feed line and matching system adjusted properly.

Goes Away With Power
This very common symptom has several common causes and here are three common scenarios that may help you find the root of your problem:
Intermittent contacts — Usually noticed on receive, an antenna seems “dead” until a short transmission (one “dit” on CW is usually enough) brings it back to life. This is often caused by corroded, dirty, or worn relay contacts. Relays are commonly found in T-R switches, automatic antenna tuners, antenna switches, and array direction controllers. Start by cleaning relay contacts and visually checking for pitting or corrosion. Sometimes tapping on the relay will restore contact temporarily, locating the problem.
Abrupt change in SWR — Above some power threshold, SWR increasing abruptly is usually caused by arcing. Arcing can occur during transmissions, or it can be caused by a carbon deposit left by a previous arc or lightning surge. Water, dirt, or even insect debris in an enclosure or connector can result in an arc at high power. Perform visual inspections of exposed points at which high voltage may be present. Check RF connectors for signs of arcing from the center pin to the shell.
Worn or defective connector — When high power is applied, SWR gradually increases and may eventually stay high all the time. This is often caused by a connector’s center pin losing firm contact with the mating receptacle. Heat causes the receptacle to expand, reducing contact force. A visual inspection may show discoloration. Water in the connector can also cause this symptom. The usual test is simply to replace the suspect connector.


29.3.3 Part 3 — Keeping Records

A. Keep sequential notes of each step taken.

• A legal pad or notebook is excellent — number the steps and each page.

• Write down what was done and then write down the observed result.

• Underline the amount of a change and use a + or – sign, or say “longer” or “shorter.”

B. If you make a change, do only one item at a time.

• If you change more than one item, you will not know what caused the observed change.

• If nothing appeared to change and more than one item was changed, it is possible that the items changed countered the effect(s) of each other.

• Changing more than one item at a time makes it impossible to track.

C. Write on your notepad the initial observation(s) and the conditions, such as height and proximity.

• This increases your situational awareness and it will provide a documented starting point.

29.3.4 Part 4 — Home-Made Antennas

A. For noncommercial, home-brew, or “one-off” antennas:

• Follow same procedures for production units.

• Element tapering needs to be verified.

• Element mountings might not be properly accounted for (i.e. insulating boots when using old Hy-Gain mounts for a new design)

• Matching techniques might not be working as expected. Check directly at the feed point without the matching device in place.

– A hairpin will step up the impedance and might just move it to the high side of 50 W, making adjustment (down) to 50 W impossible.

– If the design is a “forward stagger” type, the forward Yagi needs to be shorted across the feed point (i.e. hairpin); otherwise, the driver will have an open or shorted coaxial stub (the pigtail feeding it) attached across it.

B. Keeping a station notebook, with as much detail as possible using the same note-taking procedure as described earlier is invaluable.

29.3.5 Part 5 — On-Air Observations

A. F/B is less than expected.

• Antenna height affects F/B, so does the angle being used. Refer to typical plots to acquaint yourself with these issues.

• F/B specification might be too ambitious. Some specifications are given as peak values, available only across a narrow frequency range (if not tuned properly, might be out of band).

• How much to expect?

– A 2-element full-size parasitic Yagi will be around 12-16 dB and A 2-element shortened, loaded Yagi can be >20 dB if tuned properly.

– A 3-element full-size Yagi “naturally” wants to be around 20 dB.

• Stacked Yagis on one mast (for example, 20-15-10 meters) can greatly affect the F/B.

• Rotator clamps not secure, mast slipping.

• Antenna attachment might not be secure, even with the clamps tight, and the antenna is slipping on the mast (typical with hard steel masts).

B. How much gain (redistribution of the constant energy) to expect? Table 29.1 lists real-life, reasonable, verifiable figures for full-size 20 meter antennas, with gain specified as dB compared to a full size dipole at the same height, same location:
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These figures are increased by 2.14 dB when comparing to the isotropic source (4.5 dB + 2.14 = 6.64 dBi); and if ground reflection gain is also included (i.e. at 1 wavelength above ground), add another 5.8 dB. Using both of these, the 5.5 dB figure for a 3-element Yagi becomes 13.44 dBi. Whichever the case, the reference must be specified; otherwise, you know nothing about the antenna.

C. Does not seem to be competitive or crack pileups.

• Not aimed in the right direction (being off 30 degrees can be a lot).

• Gain specification in error or loss in the antenna system.

• Coax, switches, antenna tuning, antenna components, radial system.

• Could it be a problem with the operator?

29.3.6 Troubleshooting High SWR in Yagi Antennas

This section applies mainly to Yagi antennas; however, it should be useful for other types as well. There are additional sections for other types of antennas.

One thought to keep in mind when tuning a Yagi is that in a Yagi, the primary purpose of the driver (driven element) is to excite the array. The driver tuning has very little to do with the gain and pattern, although the spacing between the driver and adjacent elements is quite important to the Yagi design. In a 2-element Yagi, the driver location does impact the gain and pattern, because it sets the boom length; however, the parasitic element (either a reflector or director) is the primary “controller.”

To locate the problem of a high SWR, we need a scope of reasonableness. We need to keep our mind open to locate where the problem is and where the problem is not. Let us say we have just put up a commercially produced Yagi antenna and it has a high SWR at the radio end of the coax. The first thing that comes to mind is that it is the antenna. Perhaps it is, but we need to follow a plan.

Let us say our radio, with the example new antenna, is showing an SWR of 3:1. If the antenna is the culprit, it means the feed line is seeing a load (antenna feed point) that is not close to the characteristic impedance of the coax. In simple form, if the coax is 50 W, a 3:1 SWR means the antenna feed point impedance is either 150 W or 17 W. The feed point impedance of a Yagi can be as low as 17 W, but not as high as 150 W; therefore, we need to make a choice and we choose that the feed point is 17 W. We need to consider there might be an impedance transformation device at the feed point, but this device most likely will never transform the feed point to as high as 150 W for an expected 50-W feed.

There are times when the feed point will be intentionally transformed high. Band-specific 4:1 coaxial baluns can reduce even harmonics. These baluns require the Yagi feed point to be four times the impedance of the coax, or 200 W. This is accomplished using a hairpin across the Yagi feed point. The circuit is: 50-W coax up the tower, mast and out to the driver, through the 4:1 coaxial balun and attached to the feed point, which also has the hairpin across the feed point. Back to our example with a 3:1 SWR.

Impedance transformation devices (matching circuits) are used to step up the feed point impedance to match the feed line (some matching circuits step down the impedance, but almost all used in Yagi antennas step up the feed point impedance). If the Yagi feed point impedance is 17 W, a hairpin (inductive reactance across the feed point) can be used to increase the feed point to match the 50-W feed line. So, if the Yagi really has 17-W feed point impedance and there is a hairpin-matching device, one might want to be sure the hairpin is properly attached and adjusted (if there is an adjustment). An important piece of information is to know the untransformed feed point impedance.

Yagis can be designed with a very low feed point impedance, but most production antennas are not. In our example, let us assume the feed point impedance is in the range of 35 W. Now what do we do?

The Yagi, without a hairpin, would have a SWR of about 1.4:1, derived by dividing the characteristic impedance of the coax by the feed point: 50 / 35 = 1.4. Therefore, if we remove the impedance transformation device and measure the driven element directly (at a reasonable test height above ground), we should see an SWR of about 1.4:1. If we do, we can eliminate the Yagi as the cause of the 3:1 SWR we saw at the radio end of the coax feed line. This means the problem is elsewhere, so we can go to the common section below.

29.3.7 Troubleshooting High SWR in Non-Yagi Antennas

Full-size dipole antennas will not have a matching device, because their impedance is usually between 45 and 90 W, depending on the shape and height above ground. The lower values will be for dipoles that are inverted Vs with the ends not far from the ground. If you have a high SWR on one of these antennas, it is almost sure to be in the feed system.

You should check all the components from the antenna to the radio. This includes the balun (rare to have a problem here), connectors, coax and all equipment in the line, such as SWR meter, antenna switch, etc.

There can be several reasons for a higher than expected SWR. What “a higher than expected SWR” means is that the SWR exceeds the specification by a large margin, such as 2:1, when a 1.3:1 is expected. A difference of a few tenths should not be a serious concern. We are addressing a more major difference. Let us continue the example above for a purchased antenna. If the antenna is one that has been in production, then it is reasonable to expect the antenna to meet the specifications. If the antenna does not meet the specifications, then try the following step first, then move to the longer list below:

Remove the driver element from the array (Yagi), place it on a wooden stepladder. Measure the element to be certain it is built properly, with the correct dimensions. Check the SWR. If the SWR remains at 3:1, the problem is not in the antenna. It must be in the delivery system, because the driver is a dipole and it will not be 3:1 under any circumstances. A dipole’s feed point impedance can be between 40 to 90 W, depending on its height above ground, which translates into an SWR of not more than 1.8:1. If the SWR is noticeably higher, then the delivery system is suspect and must be checked. This consists of the radio, amplifier, tuner(s), antenna selector(s), all metering equipment (SWR/power meter), all coax lines and connections.

The usual questions to move through the process are:

1) Is the tuner in the line? Many times, a tuner has been left in with settings that cause the rig’s SWR indicator to read improperly.

2) Is the SWR/power meter battery powered? A low battery can cause erratic readings.

3) How sure are you that the coax connections are properly made? How good are the solder joints?

4) Is there water in the coax or connectors?

5) Is there an RF choke or balun being used to decouple the coax feed line from the antenna?

If the problem is still not solved, here is the longer list:

1) Remember that an antenna is an electrical design implemented in a mechanical structure; therefore, be sure all joints are mechanically secure, making a solid connection.

2) Remember that an antenna is simply an airborne conductor. There is no “magic”!

3) Be sure the new antenna is at a reasonable test height. Having a Yagi antenna a few feet above ground, such as on sawhorses, will not provide much useful information. An antenna covering 20 through 10 meters should be in the clear about 12 feet above ground, preferably higher. A 40 meter dipole or Yagi can be effectively tested down to 15 feet, but will probably shift upward in frequency as the antenna is raised to its final height. The ground contributes a very large amount of capacitance!

4) Aiming a Yagi upward at the sky with the reflector laying on the ground is also not a good idea. The reflector is very closely coupled to the ground and it will not be properly tuned. If the reflector can be raised several feet above the ground (a quarter wave is perfect), the entire antenna can be accurately tuned. As discussed earlier, raising the antenna 15 – 20 feet above ground is the best practice.

5) Check the dimensions of the assembled antenna to ensure they are reasonably close to the drawings. Unless a particular design is extremely sensitive, a difference of an inch on 20 meter elements should not cause a serious SWR change.

6) Check for other antennas within proximity to the new antenna. Antennas that are related to the new one are of particular interest. A few guidelines are provided in Table 29.2. “New Antenna” refers to the one just put up and assumes it is a horizontal design.”Watch These” means other antennas that can be influencing the new one. “Coupling Distance” is the distance that the new antenna can effectively couple through the air to another antenna. The coupling distance implies distance to the closest point between the antennas.
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7) If the new antenna is a horizontal type, a vertical antenna within near proximity will not usually cause any problems. The anticipated isolation between horizontal and vertical polarization is 20 dB and this is sufficient to isolate the antennas from causing harmful interference, or sufficient influence as to cause a high SWR on either antenna.

8) Antenna analyzers make antenna adjustments and testing quite easy. These instruments provide a direct SWR readout, along with the frequency. At least one can display a graph of the SWR curve. If one of the new SWR meters is being utilized, caution should be observed. These instruments send out a low level signal to the antenna under test then sense the reflected power, computing the return loss and the resulting SWR at that point on the feed line. The SWR indicated is the SWR at that point on the line, not necessarily at the actual feed point.

The difficulty using these instruments arises when there is RF energy in the area from sources other than from the antenna under test. Some are so sensitive that a SWR reading of 1:1 on the instrument is not possible. The stray RF energy does not have to be near the frequency being tested, as the front end of the instruments are basically untuned and, therefore, very wide.

During the day, AM broadcast stations can dramatically influence these instruments. At dusk, most AM stations reduce their power and redirect the antenna patterns; however, the redirected energy might just now be in the direction of the antenna under test, whereas during the day the energy was directed somewhere else and was not noticed.

AM broadcast harmonics can be a problem up through 40 meters; maybe higher harmonics are multiples of the operating (fundamental) frequency, such as 1200 kHz (AM band) with harmonics at 2400 kHz and 3600 kHz. Although the harmonics are greatly reduced by the filters at the AM transmitter, reducing a harmonic from a 50 kW transmitter so that it is insignificant compared to the reflected power from a 5 mW signal from one of these SWR devices is a tough order.

Any of these instruments can be used as long as one is aware of this possible problem. Using a transmitter at a few watts will be the most accurate, as the energy from other sources will be substantially less than that of the transmitter.

9) If the antenna is physically correct and the antenna is commercially made, then the problem must be due to other conductors or antennas within close proximity, the match, or feed system. The feed system includes the balun or RF choke and the feed line. The feed line has connectors. Some feed lines purchased pre-made use connectors that are only crimped. Some amateurs believe they should be soldered.

10) A balun should have its leads as short as possible, usually about 21⁄2 inches. An RF choke balun should be wound on a cylinder (solenoidal) to be most effective. (See the Transmission Line System Techniques chapter.)

11) The split portion attached to the feed point needs to be waterproofed so that water will not wick down inside the coax. If there are guy wires, they should be broken up with insulators into nonresonant lengths, or use nonconductive guy cable.

12) If the coax feed line is old, it is possibly contaminated. The contamination comes from the jacket of the coax contaminating the interior dielectric.

13) The coax might also have water inside. This can happen when the end is split (i.e. such as for an RF choke or pigtail connection) and the water wicks up the braid and goes inside the coax cable. Water can also find a path on the inner dielectric and flow inside the coax cable. Air-dielectric coax is especially sensitive and vulnerable to water. It has even been suggested that water can condense inside coaxial cable with an air dielectric. An air-dielectric cable is one that uses air, rather than a solid material for the space between the center conductor and the shield.

The above information pertains to antennas you design and build as well, except that the actual SWR specification will probably not be readily known but it will be anticipated. Keep in mind that a vast majority of Yagi designs have an impedance of less than 50 W at the feed point. It is rare to find any that are even in the 40+ W range. Some go as low as 10 W. This means the SWR can be as high as 5:1 without a matching circuit.

29.3.8 Yagi Feed Point Impedance Notes

Most Yagi designs are in the high teens to mid 20-W range and the unmatched SWR will be a maximum of 2.5:1 for a 20-W feed point (assuming no reactance). The matching systems usually utilized (hairpin, gamma, T) are step-up circuits, which means the matching circuit raises feed point impedance. The feed point can be transformed to values above 50 W, even as high at 200 W if a 4:1 balun is desired to be used (50-W coax × 4 = 200 W).

Please note that transformed impedance is not the same as “native” impedance, meaning untransformed. An antenna that has a native impedance of 10 W will have the same current flowing in it when the feed point is transformed to 50 W to match the coax feed line’s characteristic impedance of 50 W.

A “dual-driven” 2-element driver design with crossed-over feed straps between the driver elements is a way of transforming the feed point impedance to a higher value, such as 200 W. The “native” feed point impedance of that antenna will be much lower, possibly even way below 50 W.

29.4 Antenna Tuner Troubleshooting and Repair

Antenna tuners are usually well designed and built with adequately rated parts. Most will last a lifetime but even QRP power levels can result in arcing if the tuner is trying to match a very high impedance or accidentally disconnected from an antenna. Hot switching can cause damage when contacts in the tuner are moved while transmitting. Lightning transients and excessive power beyond the tuner’s ratings cause damage. Frequently adjusted components and contacts can wear out over time or just get dirty. Any of these can cause problems with normal operation.

For more information on the different types of circuits used in tuners, see the section on Impedance Matching Networks in the chapter on Transmission Line System Techniques. Remember that “tuner” is the most common term, but ATU, transmatch, antenna coupler, impedance matching unit, matchbox, and other terms also refer to the same piece of equipment.

If you think your tuner is misbehaving, begin the process of troubleshooting according to the section “Guidelines for Antenna System Troubleshooting.” Make sure the problem really is in the tuner! Once you’re sure the tuner has a problem, give it a good checkout to get an idea of what you’re looking for. Keep notes as you test since these will provide clues to what the problem may be and also point to tests you should perform after repairs to be sure you’ve fixed the problem.

Whether the tuner is internal to your transceiver or an external unit, start with a close and detailed visual inspection. Are the connectors clean? Do any look like there has been an arc or are they discolored from heat or corrosion? If there are multiple antenna connectors, does the unit perform differently when the antenna is connected to different connectors? Are there any loose parts inside that rattle when the unit is tipped or shaken? Smell the unit, too — if anything smells burned, you may have a damaged component inside. These are also excellent inspections to make before buying a used tuner.

Operate the tuner into a dummy load at low and high power. Does it behave the same way at both power levels? Does it operate erratically? Does wiggling any of the feed lines to or from the tuner cause SWR to change at the transmitter output? Operate the tuner into a known-good antenna and feed line, then repeat the tests.

T network tuners have a reputation of being able to “tune up into themselves” meaning they can match even an open circuit because they have such a wide tuning range. This results in very high voltages and currents inside the tuner, creating all sorts of problems.

Once you’ve put the tuner through its paces, you’ll have a better idea of what problems you’re facing. It is also worth considering that there may be more than one problem. When you find something wrong and fix it, repeat your tests to see if the problem is still there or has changed.

29.4.1 Connectors

A “problem” can be chased for hours only to find a connector that is partially seated or loose and is now intermittent. Start by carefully checking them and any connecting cables.

The SO-239 UHF receptacle center socket usually has four fingers that compress around an inserted pin. Check to make sure all of the fingers are still present. Over time or with mechanical stress, a frequently used connector can develop a loose fit between the fingers and pin. You may be able to use a jeweler’s screwdriver to bend the finger back toward the center but eventually this will break off the finger. If the fingers are missing or broken, your only option is to replace the entire connector.

Corrosion usually appears as a dark film of tarnish. Silver-plated connectors sometimes develop tarnish that is conductive. Nickel-plated connectors should be clean and bright. Do not use a drill or sandpaper to scrape the socket or connector surfaces — plating will be removed. Use a cotton swab dipped in a contact cleaning solution and insert a test connector several times. Corrosion from water often appears light-colored and crusty. This type of corrosion can be removed with a brush (on the outside of the connector) or swab. Corrosion that can’t be removed or that pits the connector surface requires that the connector be replaced.

Replacing the SO-239 entails de-soldering the center pin and the removal of four (sometimes only two) 4-40 screws, nuts, and lock washers. Be sure to use lock washers when reassembling using internal- or external-tooth types so they can make a solid contact to the enclosure. Do not use the split-O lock washers which do not ensure good enclosure contact. If lock washers are not present, consider adding them. If rivets were used, you can substitute screws or re-rivet the connector, making sure the mating metal surfaces are clean.

Internal cables are often smaller TMP connectors that are friction fit into board-mounted jacks. Once installed, these cables are rarely changed or moved and may become intermittent due to oxidation. The cable connector can come loose due to vibration or shock. If the cable is under tension (not recommended) it may pull loose or put stress on the jack.

29.4.2 Manual Antenna Tuners

In a manual tuner, there is generally at least one variable inductor (whether a switch selects taps or continuously adjustable) and one variable capacitor. Usually, there are two variable capacitors with the inductor, forming a T network. If there is a power or SWR meter, switches will select power ranges and forward or reflected power. Some tuners have more than one output antenna connector. Some also have a balun to feed a balanced transmission line and that is selected by a switch, as well. This section will focus on the switches and adjustable inductor and capacitor(s).

Switches

In the presence of high voltage or if a switch is changed while transmitting, arcing of switch contacts is common. Eventually, the arcing results in pitting or burning away of the fixed or sliding contact metal as shown for the rotary wafer switch in Figure 29.6. Until the contact becomes completely open it will operate more and more erratically. A corroding contact will act the same way. The symptom of failing switches is intermittent high SWR to the transceiver, whether the contact is in the matching circuit or in an antenna select switch. Another possible symptom is SWR that increases during long transmissions as the switch contacts heat up.
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Moving the switch to a different position and back again can eventually clear away enough oxide or burned material to make contact again. As the contacts degrade, it becomes more and more difficult to maintain consistent operation and eventually the contact will fail completely. If contact cleaner spray is used be sure it does not leave a residue that can break down from high voltage between and around the contacts.

Most rotary switches have “open” contacts, meaning they are not sealed in a housing, so they can usually be repaired or at least cleaned. Toggle, slide, and rocker switches are not reparable and must be replaced. The only option for smaller rotary switches may be replacement; this is switch-specific.

The contacts of larger rotary switches can be filed, polished, and restored. Note that any sharp points from arcing can make contact distances just slightly smaller or reduce breakdown voltage and arcs can re-occur. Be sure to make all air-insulating gaps as smooth as possible by minimizing the size and sharpness of these points.

For a custom switch for which replacement parts are unavailable, repair is sometimes the only option. Remove the switch and drill-out the rivets holding the contacts. If you can find unused contacts on the same switch, or good contacts on another similar switch, remove a set of contacts and mount them on the switch being repaired with #2 hardware (bolt, washer, and nut) in the needed location. (See Figure 29.7.) Do not overtighten the fasteners, as ceramic and older Bakelite or plastics are brittle. If the insulating wafer cracks, it can be repaired with a very small dab of cyanoacrylate. Ceramic can be repaired with white glue or epoxy.

[image: ]

Inductors

Most tuners use fixed-value air-wound inductors as in Figure 29.8 with turns spaced for cooling and higher Q. A switch selects a tap on the coil to change inductance. Impact (tuner was dropped) can cause coil failure by making the plastic or ceramic coil form or formers (strips which holds the turns in place) crack or split. The usual symptom of a broken air-wound coil is a sudden change in coil value that requires a different setting be used for an antenna that hasn’t changed. Arcing can also occur between turns if they move closer together.
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If the coil can be bent back into shape (as uniformly as possible), the former can be glued together (literally) — plastic with modeling cement, ceramic with white glue or epoxy. Plastic forms sometimes crack with age and heat, as well.

If necessary, one (or two) turns can be unwound to replace a connecting lead, then replace the missing section with the proper number of turns and gauge of wire. An “extension” of the coil form made of plastic or wood can be added as a replacement or reinforcement. Glue it so the coil diameter stays as uniform and consistent as possible. If you need to remove and replace many turns, consider replacing the coil.

Toroid core inductors are used in low-power tuners, and the cores can be damaged by impact or by overheating. The symptom of a cracked or broken toroid is usually a large change in inductance that prevents achieving a match.

If the core is just cracked with clean surfaces that fit snugly together, you may be able to glue it back together with a very small amount of glue along the outside edges of the crack. The individual pieces must be fit as closely and tightly as possible. The inductance will be reduced but might still be sufficient to perform its former function — replacement is a better choice if practical. If a core is crushed or pieces are missing, it will have to be replaced.

If you do not have an original part number or specification for the core, assess any paint color and the core’s size. Then, carefully remove the coil from its mounting (typically a PC board) and unwind the coil, counting the turns and noting the placement of turns. Taking a photo of the coil in place before it is removed can be very helpful in duplicating the winding. Procure another core of the same material and as close to the same size as possible, then rewind the coil. If the wire is not damaged, i.e. the enamel is still consistently covering the wire and it is not kinked, re-use it; if not, replace with as close to the same size and type of wire (enameled magnet wire, Teflon-covered, solid or stranded). It can be tedious work, but take your time and spread the turns around the core in the same pattern as the original. Replace the coil and test.

Roller inductors as seen in Figure 29.9 present their own unique challenges. A roller or wiper contacts the coil turns as either it or the roller is moved to increase or decrease inductance. Roller inductors typically develop problems either from corrosion of the coil or moving contact or from overheating at one or more positions on the coil. The usual symptoms of a failing roller inductor are erratic SWR when adjusting inductance or when using high power as the resistance of the moving contact changes.
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Corrosion is usually fixable with silver polish or a non-metallic scuffing pad, such as Scotch-Brite. If a crust of corrosion has formed, an old toothbrush and contact cleaner can be used. Do not use steel bristle brushes as they will scratch or remove any plating. A brass bristle brush may be used, but gently. The roller contact can also corrode and be cleaned in a similar way. If contact cleaner spray is used, be sure it does not leave a residue that can break down from high voltage between the turns. A polish compound should be flushed from the coil with clean water or alcohol and the coil carefully dried.

If the coil or movable contact has developed a burned spot from prolonged high-power use in one position, repair may be difficult or impossible. Try cleaning the burned spot with a brass bristle brush or toothbrush and contact cleaner. If the contact point is pitted, it is likely to develop additional burning after repair. If replacing the inductor is not an option, try adding a small amount of inductance in series with the roller inductor so that operation takes place at a different location on the inductor. Otherwise, you will probably have to replace the inductor entirely

The spring holding the roller contact against the coil can weaken due to metal fatigue and age. This is often the cause of erratic SWR as the contact moves. Remove the roller for cleaning and add a slight bend to the spring to restore operation; be cautious as over-bending may snap the spring. Test with a continuity checker while running through the length of the coil. If a bad spot with weak or erratic contact is found, adjust the roller to make consistent, solid contact. If the roller rides on a shaft, clean the shaft as well.

Capacitors

Air-variable capacitors are almost always present, with or without fixed capacitors that can be switched in for wider ranges or for different bands. Arcing from excessive voltage is most likely to occur on the edges of the capacitor plates, usually on the rounded edges as shown in Figure 29.10. Arcing can be from plate to plate or from plates to wiring or chassis hardware. Once an arc develops, prolonged arcing can eat away a capacitor plate (or switch contact), causing ragged edges and points that enable arcs to form at even lower voltages.
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The symptom of arcing is proper matching at low power and a sudden jump in SWR as power is increased. You may also be able hear or even smell the arc. At the first sign of arcing, remove power and try to determine what is causing the high voltage in the tuner. High SWR from disconnected or incorrect antennas and bad cables are possible causes, so make sure those aren’t the cause before continuing to transmit through the tuner and damaging it.

When there has been an arc, it is fairly obvious. File down the arced section and smooth to a rounded shape. The amount of capacitance lost to this repair is minimal, versus the cost of repairing the capacitor. Check the bearings, where the shaft of the rotor contacts the frame — clean them with alcohol or safe solvent and add a very slight amount of lubricant. Also check the stator (stationary plates) contacts for connections broken due to fatigue or physical damage.

Fixed transmitting capacitors (“door knob” or vacuum capacitors) can fail, typically at the contacts; test with an LCR meter to verify. The only option is replacement. Carefully remove the screws from the contacts or clamps and replace the entire component. If the original value is unavailable, series or parallel combinations of capacitors can be used although the extra inductance may affect performance above 20 MHz.

Baluns

Some tuners also include a balun for use of balanced feed lines. The symptom of a balun problem is similar to toroid inductor failures — a sudden change in settings or SWR. If the balun is suspect, measure the winding resistances or count turns. The impedance ratio of a transformer is the square of the turns ratio. If the balun is sealed, estimate the turns ratio as the ratio of the input and output winding resistances. See the previous section on Inductors for repair information. Most failures are from overheating the core, so if the windings are okay, the core is suspect; verify with replacement. If the windings fail, replace with Teflon-covered wire using the same number of (uniformly wound) turns.

29.4.3 Automatic Antenna Tuners

Most of the same components in a manual tuner are present in an automatic tuner along with sensing, selection and indicating circuits. Figure 29.11 shows the inside of a typical model. The most important new moving parts are relays. Automatic tuners are a bit more difficult to diagnose, but by breaking them down into functional parts, troubleshooting is straightforward.
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Typically, automatic tuners have fixed-value capacitors and inductors in an L network. A phase sensor and voltage detectors are read by a microprocessor, which switches in L and C based on an algorithm to arrive at the best SWR match. The inductors and capacitors are switched in or out by relays. In “zero-power” tuners (tuners that do not draw much, if any current once tuning is complete) latching relays are used. These remain open or closed once power is removed.

There are three usual symptoms for automatic tuner problems. The tuner may not be able to achieve a match at all and display some kind of error condition. The tuner can “hunt” without stopping for a match according to its control program — you’ll hear the relays clicking or buzzing without stopping. Or the tuner will suddenly start re-tuning at higher power levels during transmission because a component or relay is failing.

If the tuner cannot find a match or keeps hunting to find a match, the issue is typically a bad relay contact. The controller thinks it has the correct L or C value switched-in, but the contact is not being made. A relay driver line can also be open. Also check for a bad interconnect cable between the external antenna connector and the main board.

The most common issue is relay failure. Relays have a coil that is energized to move an armature holding the contacts. The usual relay acts as a DPDT switch with a set of NC (normally closed) and NO (normally open) contacts. To test the coils, first measure the coil resistance. Then energize each relay one at a time and measure the resistance across the contacts with and without power. A coil failure (usually an open-circuit) requires relay replacement.

If the coil is good and you can get to the relay contacts, a strip of bond paper and cleaning solution can sometimes clean the contacts of corrosion or oxide. Carefully remove the cover using a hobby knife along the bottom edge, not poking too far into the relay — you do not want to cut the coil. In miniature relays in particular, be careful to avoid bending the armature while cleaning. Put some cleaning solution on the paper strip, slide the strip between one set of contacts, hold them together, then move the strip back and forth. If there is a dark deposit on the paper, keep sliding it back and forth until no additional deposit is seen. Repeat with the other set of contacts. If the contacts are severely pitted or there is large buildup of material on the contact from arcing, the relay should be replaced. Filing the contacts should be avoided because it removes any plating from the contact surfaces.

If the relays are good, they may not be being actuated by the controller. Check the printed-circuit board traces for burned or open traces. Then work your way back to the driver transistors and test them; microcontrollers do not drive relays directly. Typically, a transistor is used to energize the relay coils. There should be a suppressor diode across each coil, as well. Replace components as necessary.

Tuner Controller

The microcontroller controls the relays based on its inputs, usually a pair of voltages connected to an analog-to-digital conversion pin. The sensing circuits are made up of a sensing coil, diodes and possibly an operational amplifier. (See the Antenna and Transmission Line Measurements chapter material on SWR bridges.) The usual symptom of failed sensing circuits is no forward or reflected power reading, even when the tuner is bypassed. (Most tuners will act as power meters when in the bypass configuration.) Test the sensing coil with an ohmmeter, then the diodes (a common failure especially in a high RF environment). If all check good, replace the op amp that conditions the signals for the microcontroller input.

The last and least likely to fail part is the microcontroller. Testing this component requires a high-impedance oscilloscope and probe, a schematic, and basic logic of how the tuner should work. While trying to tune a dummy load at very low power, verify the inputs (from the sensors) and the outputs (to the driver transistors); as the inputs change, the outputs should also change to adapt. You should hear the relays chatter as the tuner attempts to lower the SWR.

Internal Antenna Tuners

Internal antenna tuners are automatic antenna tuners (as described above), mounted inside a transceiver. They are typically small assemblies, since most transceivers today are of the 100 W class. This complicates troubleshooting only slightly, since the components are smaller. It also makes it slightly easier since internal tuners typically will only correct a mismatch of 3:1 — reducing the number of inductors and capacitors to switch. Use the same techniques to troubleshoot, but be careful of other circuits in the transceiver and be sure than any connecting cables are securely seated. Check the printed-circuit board mounting screws, as they can work themselves loose due to thermal cycling, becoming faulty grounds.

29.4.4 Maintenance and Operation

Think of your antenna tuner as the output stage of an amplifier — it contains many of the same type of components, operates at the same power levels, and needs the same care to operate reliably.

In large manual tuners, keep air-variable capacitors, exposed inductors, and switches clean. Dirt and dust can form paths for arcing and cause heat buildup. Remove dust with a gentle brush and vacuum. If the tuner has been in a smoking environment, smoke deposits can accumulate — clean with a brush first, then apply cleaning solution using a brush and thoroughly dry before operation. Lightly re-oil any bearings in air-variable capacitors after using cleaning solution. Don’t put oil on a roller inductor shaft or contact. Check for arcing, broken or heated connections and wires; repair or replace as needed. Use a high-quality cleaning solution on switch contacts, but not to excess and remove any residue. Check connectors and the cables in and out of the tuner.

Check grounding and bonding. The cabinet of an (external) tuner should be bonded to the transceiver, and to any RF bonding bus or plane in the station. If common-mode RF current is upsetting SWR measurements, use ferrite beads or a toroid to block it.

Proper Operation

It sounds backwards, but “tuning a tuner” is the best way to avoid interfering with other stations and is easier on the transceiver, too. There are many antenna analyzer products out today that will put out a very small signal and measure the health of your antenna — they will work in much the same way with the tuner. Connect the analyzer to the input of the tuner (the transmitter port), adjust the analyzer for the desired band / frequency, and tune the tuner for minimum SWR. The result is very low output (reduced interference) and a tuner that is very close to optimal.

If you do not have an antenna analyzer, turn down the transmitter output and use very low power to tune the tuner while your keyer to send a series of 30 WPM dits (followed by your call sign). This is a lower duty cycle than continuous carrier, but will do the same job.

Once you determine the optimal setting for your tuner, write the control settings down by band and frequency — you then have a starting-point for tuning on that band or frequency. Cut an index card to fit over the TUNE and LOAD controls and mark the locations for each band. This way, you are not damaging the front of your tuner. The less time you spend tuning, the less stress you place on your tuner.

29.5 Refurbishing Aluminum Antennas

Whether passed on by another amateur, recovered from the local recycling shop, grabbed as a bargain at a swap meet or just needing to do maintenance, the average amateur often has to bring up to scratch antennas that are the worse for wear.

Two of the most detrimental factors to aluminum are the results of electrolysis caused by poor choice of connectors and the chemistry of the air. Salt near the coast or industrial/automotive particulates can, when mixed with the normal moisture content, eat away at the shiny aluminum. If allowed to progress far enough, the mechanical integrity of the structure is impaired beyond simple repair.

The first procedure is to inspect the antenna. Look for the dreaded white oxide powder around connectors and joints. This points the way to the areas that need particular attention. Next is to try and remove the connector hardware which may be seized beyond recovery. This is particularly the case where steel plated with cadmium or zinc/galvanized hardware has been used. Before struggling with wrenches and screwdrivers, spray the area with penetrating oil such as Kroil or other modern preparations. These are more effective than some of the older preparations such as WD40 and CRC-556.

If the items release, you have had a win. If not then you have to find a suitable method of removal. Sometimes, heating the area with a blowtorch may cause sufficient expansion for the frozen joint to be loosened. Clamps may be cut free using a cutting wheel on a high speed grinding tool — before cutting into the underlying aluminum, try leverage with a small bladed screwdriver and hopefully you will be able to break the metal along the cut without bruising or deformation of the aluminum. Even an old fashioned hacksaw with a fine toothed blade might be suitable in making the cut.

Metal threads that are frozen because of corrosion can be a great frustration. This can be made more difficult if they pass through plastic insulators, as trying to grind the heads off will melt the plastic. A method that has been found helpful is to drill though the head of the metal thread with a sharp drill slightly smaller in diameter than the shank. The hole only needs to be slightly deeper than the depth of the head. Then use a drill slightly smaller than the diameter of the head to remove the head. This method generates less heat from friction than most other methods and is particularly easy to use on PoziDriv or Phillips head hardware as the drill is automatically centered.

Having disassembled the antenna, it is necessary to further inspect its condition and repair and/or treat areas that are damaged. Areas of oxidation need to be removed by abrasion. This can generally be done using a kitchen plastic scouring pad such as Scotch-Brite, if the oxidation is superficial. The advantage of using the plastic pad is that it does not impregnate the surfaces with metal particles of dissimilar metal which will only cause further corrosion later on.

If the pitting is deep, it may be necessary to remove the damaged area and insert a suitable sleeve just to restore mechanical strength. Pitted areas can sometimes be cleaned and an internal sleeve of PVC or similar used but remember to ensure balance if the element or boom section is undamaged on the opposite end. Remember that crystallization occurs in aluminum subjected to constant vibration, a lesson learned from the aircraft industry but obvious in aluminum antennas mounted in windy sites.

If the metal has to be cut, it must be joined to be electrically continuous and particularly at VHF and UHF, the outside diameter must be maintained to keep the tuning characteristics within specification. For this reason, internal sleeves are usually preferable with use of aluminum pop rivets that have aluminum mandrels. Some bargain rivets use steel mandrels and in the right conditions you will have a loose fastening, a nonconductive joint and a noisy antenna.

Once the various components have been cleaned and mended they are ready for reassembly. Replace the hardware with stainless steel and use nylon insert (Nylok) nuts that remain tight without deforming the tubing. Worm drive stainless steel hose clamps are used but not the ones with plain steel worm drives. Boom clamps using U-bolts are expensive items and a wire brush can be used on the threads to remove any rust, followed with a light spray of aluminum-based paint and replacing the washers and nuts with bright steel ones which are then also painted. If possible, after assembly, a further coat of paint is applied to keep the moisture from these components.

Remember that UV light causes many wire jackets to degrade and so any pigtails, whether insulated or not, benefit from having heat shrink tubing applied.

All swaged joints should be cleaned to bright metal on the mating surfaces, remembering the RF skin effect. Use a thin coating of anti-oxidation compound at all metal-to-metal joints as described in the section on Corrosion in the chapter Building Antenna Systems and Towers.

On the exterior, if there are concerns of moisture ingress, clean the surface of any contaminants and apply neutral-cure silicone sealant or cover with butyl rubber self-vulcanizing tape. See the section on Waterproofing in the chapter Building Antenna Systems and Towers. Do not be tempted to use hot melt glue on external applications as it deteriorates rapidly from UV radiation.

Although there are warnings about painting antennas, particularly where there is evidence of pitting or scratching on the surface a light spray of aluminum-based paint provides added protection against additional damage. The point is that you are not painting a rusty hulk and brushing paint on thickly but lightly coating the surfaces and paint runs will not occur to cause insulation of parts of your antenna.

It is probably wise to have a progressive program of inspection and maintenance of all antenna systems. Birds find our structures good perches, wind can bend things and moisture which is trapped can all cause damage. At least every couple of years is a good program. Look after your antennas and they will serve you well and long.
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Figure 28.42 — Test setup to measure a 2-element array using
aVNA
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Figure 25.4 —The Insulator atA uses a conventional twisted
atiachment which is soldered with a non-acid flux solder and
can be sprayed with outdoor acryl fr protscion: AL B, it
its may be used to provide a secure connection between
neavy wires, such as at an insulato ofeplice. Using a palr of

For both types of connection, do not make the wire loop too
i 4 e Thoas i s -1 i B o Ity sl Thse:
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Figure 28.18 — Circuit diagram for the line
C1— 500-pF feedthrough capacitor,
solder-in type.
C2— 1000-pF feedthrough capacitor,
threaded type.
IN34A germanium or 1N5817 Schottky
diode.
1,2 — Coaxlal connector, type N
(UG-58A).
L1 — Pickup loop, copper strap t-Inch long
x YeInch wide. Bend Into “C" shape with
9.
M1 —0-100 A meter.
= 8210 100.0,carbor-fimor metal .
50-k2 composition control, linear
taper.
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Table 27.3
Rope Sizes and Safe Working Load Ratings in
Pounds

3-srand wisted line

Dia.(n) Manla Nylon  Dacron Polypropylene
1 120 180 180 210

3g 215 405 405
1”2 420 700 700 710
58 700 1140 1100 1050
Double braided line

Dia.(in) Nylon  Dacron

w 420 350

3g 960 750

12 1630 1400

58 2800 2400
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Figure 2751 — Examples of clamps that hold a mast centered
g . The clamp shown s the DX Engineering Mastiock
(dxengineering.com/parts/dxe-mastiock) or a clamp can be
A
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Table 25.5

Metr and imperlal Tubing Slles
Wall Thickness

Diameter

(kglm)
0.055

0.035
0.049
0.062

0.081
0138

005
0.072
0.085
0.003

0.099
0.110
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Table 25.9

come from the American Soclety for Testing and
Materlals (now called ASTM International), which develops voluntary
consensus standards. Some 12,000 such standards are In use today
worldwide.

BoltSize TPl ProofLoad ClampLoad  Tightening Torque (fibs)
(in) Lubed Galv  Plain

(in) (Ibs) (Ibs)

174 20 1145 859 2 4 4
516 18 188 1415, 4 9 7
8 16 2790 2093 7 16 13
716 14 3827 2870 10 26 21

172 13 5108 3831 6 40 32
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Figure 28.24 — The attenuator before
final mechanical assembly. The Y&-Inch

connector to the stripline. There are
Yinch square shields between 10-d8
sections. The square shields have a
notch In one coner to accommodate
ey e ey
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Figure 25.8.The exclusion zones or the general
Population In the space surrounding a small HF lo
antenna. No person n the general population gmup may
enter one of these regions and the H exclusion.
clearylargar than that of € fo this tpe f anen roaThis

nalysis was done with the assumptions of 100% duty cycles
A o AT B oy e st

. y:

account
Provided by Kai Siwiak, KE4PT.
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Figure 28.27 —The linear fleld strength meter. The control at the
Upper et for C1 and the ane 1 the fight or C2.At the [ower
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Figure 2721 — Another example of a concrete base for a 70-foot
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jure 25.6 — A A Is a “dog bone”
style Insulator used at feed points
’ p =t

style Insulator (B) allows the

anached with
a connector rather than soldering.
C s a potted plastic version of
the Budwig insulator from
Engineering. D Is a 3D-printed
housing for a coax-to-pigtail
e iagy
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Figure 26.10 — View of parts placement Inside the aluminum
box housing the unit. The wing nut at the upper left connects
the chassis ground of the nit to the station single-point ground
Y S e TS e
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Table 29.1
Expected Performance Values of Full-Size Antennas

Gain Antenna Full Size

(dBd) Boom Length
(20 meter antenna)

0 Dipole Reference®

45 2 element 10'boom

55 3 element 20'boom

65 4 element 30'boom

75 s/6element  42'boom

85 7 element 60'boom

X 8 element 80’ boom

105 9 element 105'boom

125 12element  175'boom

145 20 element

Yagi, such as over ground)
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Figure 26.3 — A fixed-length rope positioning lanyard on the left and a
versatile Klein adjustable lanyard on the right. They both use double-locking
i
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Figure 29.10 — The alr-variable capacitor plates In the white
circies show the effect of persistent arcing. The edges of the
plates are pitted and ragged. The piate on the left Is discolored
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Table 27.4

Guy Wire Specifications
Typical % inch steel guy wire breaking strengths
Common Grade 1540 pounds
Utilty Grade 2400 pounds
Siemens-Martin Grade 2550 pounds.
High Strength Gr 2850 pounds.
Stainless Steel Al 00 pounds
Extra High Strength Grade 3990 pounds
Philystran HPTG4000 4000 pounds
EHS guy wire sizes and breaking strengths

inch 3990 pounds
VA inch 6650 pounds.
516 inch 11,200 pounds

38 inch 15,400 pounds
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Figure 2741 — AsmmyaH metal pulley sultable for tramming.
(Don Daso, K4ZA, phot
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Figure 28.16 — RF sampler using box
sty
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Table 28.2
Closest 1%-Tolerance Reslstor Values

Attenuation R1

(dB) @ @
100 866.00 .60
2.00 436.00 1150
3.00 204.00 1740
5.00 178.00 30.10
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Figure 28.44 — 2-element 20-meter phased
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Resisance of t.meter (ilohms)

Figure 25.1 1 ng
AWG solld copper, #12 AWG Copperweld with 4-mil cladding,

0.6-mil cladding from 1 10 30 MHz. Derived by NGLF from FEM
iy
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Table 26.2

Common Exposure Averaging Duty Cycles for
Common Modulation Types
Moduation Type Averaging Duty Cycle
SSB (no speech processing)

20%
SSB (heavy speech processing)  50%
ow 40%

AM 50%
FM 100%
FSh 100%

AFSK SSB 100%
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Table 27.9
Ham-IV/IVX Connector and Cable Wiring
Pin umbers, oolors, and resistance valles from Ham-V/VX

Pin Colm Clrcu
1 Black .
2 Whie
5 e poston pot element, + end
4 Bue Motor winding 1
5  Orange Rightlimit switch
6 Yellow Leftimitswitch
7 Brown Position pot element, ~ end
8 Red Motor winding 2
Resistanco Checks.—- Read Between Terminals

Brake solenoid 75 Q + cable or leads
15 oar winding 250+ coni o eads
4 1/2 Motor winding 25 0+ cable or leads
6 1/2 Motor + switch 250 + cable or leads
5 1/2 Motor + switch 250 + cable or lead
84 E 5 + cable or leads
85 Right imit switch 0Q + cable or leads
4 Left limit switch 0Q + cable or leads

5009
31 Potwipertoelementend 1 010500 Q

entend2 010500 Q
readings 3-1 and 7-1 should add to 3-7 reading
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Coasial umpers,

Bukhead Connector and
Lightning Protector

Figure 20.1 — A typical slmple amtanna systom. I the ranscalvor does not have  bultin auto tuner, an extamal add-on tuner may be
included in the system. t s good practice for the ante station

g presinby pl, sismdgmlezerr g
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Table 27.7
Rotator Manufacturers (Fixed Station)
AlfaSpid itaradio.

Channel Master  channelmaster.com
DX Engineering ~ dxengineering.com
Hy-Gain -galn.com

M2

m2inc.com
TIC ticgen.com
Yaesu yaesu.com
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Table 25.6
Aluminum Alloy Strength

Tubing
6005&1'61 extruded

*<5 mm wall
*-<3 mm wall
Strengths shown are approximate. Consult

manfacturer data sheefs for specifications of
materials chosen
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Table 25.10
Lubricants and Other Compounds
Trade name

Application
Aluminum-aluminum
Aluminum-aluminum and ‘aluminum-copper joints

na
NOAIOX, OxGard Anti-oxidation,
Penetrox ‘Anti-axidation’
Jet-Lube SS-30 Anti-oxidation,
Anti-seize

40 Penetrating oil
PB Blaster, Kroll Penetrating oil
Lubriplate grease Aluminum-complex
White Lithium grease
Dielectric grease
Lockite Threadiock

Tad brcant o Saioss e paravara T

Light lubrication, water displacement
Loosening rusted enseized parts
‘Tools and bearings

nect
loosening, various strengths

pper oinis
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Press)
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Figure 28.28 — Inside view of the field-strength meter. At the
upper right is C1 and 1o the left, C2. The dark leads from the
circult board to the front panel are the shielded leads described
R e e
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nylon sling (see at the lower right of the
photo) Is attached to the guy anchor

). The come-along Is
then hooked 1o a Klein cable grip on

guy wire can then be atached to the
guy anchor an the Klein gri released.
(Courtesy of Dale Boggs, K7MJ)
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28.39 — Return loss of Figure 28.38 from 13.5 MHZ to

14.5 MHz. A 26 dB return loss (best case at 13.94 MHz) Is an

SWR of 1.105 (at the in-station end of the feed line). Vertical

ecale Is & dR/dlv.
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Figure 281 — RF voltmetr for coaa ine.
G, G2 0005 or 0.0y disc ceramic.
D1'— 1N34A germanium or 1N5817 Schottky diode.
1,32 Couta inge, chassle mounting yoe.
M1 — 0-1 milliammeter (more sensitive meter may be used if

desired; see text).

— 6.8 ko, metak-oxide, 1 W for each 100 W of RF power.

R2 — 680.0, % or 1W carbon-film or metal-oxide.
R3 — 10 k. % W (see text).
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load.
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‘
composition except as noted below.
D1, D2 — 1N34A germanium or 1N5817 Schotiky diodes.
31,42 — Coaxial connecors, chassls-mounting type.

" 0-100 de microar
R, B2 — 47 0,48 carbon-im or meta-oxde (see tex):

Figuro 26.7 — At A schemati of the reistance bridgs for SWR
Capacit ‘Rosi i

m 55 vetume contol.
toline Zy (hor 1W

S Seor toggle.
AtB, a2 x 4 x 4-inch aluminum box Is used to house this
SWR bridge. The varlable resistor, A4, Is mounted on the side.

e Bk s e s plece cﬂllumlnum
The Input connectorIsat the op n this view. Ry Is connected

roctly betwaon the two conter posts of the connectors. R
2 vielie bonind i and perpendicular to it. One terminal of
D1 projecs through a hle nthe chassis o th lead an be

2. 1 1s mounted verially o the et of the

chassis In his view,with D2 Connected betwaon the Junction of
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Figure 26,A — The exclusion zones for the occupational
population In the space surrounding the feed point of an
‘enc-fed random length wire antenna connected o the back of

a 3 base
on E values and represent the regions that a person in that
exposure group, such as radio amateurs and the members
of their household, must stay away from the feed point. This
analysis was done with the assumptions of 100% duty cycles
‘and no feed line loss. Exclusion zones may get smaller If
those assumptions are accounted for.
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Figure 27.10 — A roof mounted tower will give your antennas

(Photo by Redd Swindells, AI2N)
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Table 27.10
Relative Galvanic Series in Sea Water
MORE ANODIC

Magnesium

Zinc

‘Gawanized steel

Aluminum

Mild Steel

Iron

50-50 lead/tin Solder

Stalnless Steel

in
Nickel (active)
Brass
Aluminum-bronze
Copp

Nickel (passive)
Siver

MORE CATHODIC
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Table 28.1
Step Atenuator Performance at 148, 225, and 250 MHz

Measurements made In the ARRL Laboratory

Attenuator set for Attenuator set for
1dB)

Frequency  Attenuation Frequency Atienuation

(MHz) (dB) (MHz)  (dB)

148 7233 148 04

225 7317 225 04

450 75.83 450 084

Note: Laboratory-specified measurement tolerance of 1 &
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Figure 25.7 —The DX
Engineering EZ-BUILD
UWA Center-T Insulator Is

due 1o repeated flexing and
bending in the wind.
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Figure 25.14 —Wood
’
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Table 25.2
Stressed Antenna Wire

American Recommended Tension! (pounds) Weight (pounds per 1000 feet)
Wire Gauge ~ Copper-clad Copper-clad Hard-drawn
steel? cﬂppel steel? copper

4 495 214 158 1260
6 310 130 729 795
8 195 84 . 500
10 120 52 288 314
12 75 32 18.1 198
14 50 20 s 124
16 a1 13 78
18 19 8 i 49
12 5 X 31

there is no danger of ice loading.
2 Copy , 40% copper
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Earth Chassie
Ground

box.
C1-C7 —0.01 F, 2 KV capacitor (Mouser 594-S103MESZ5UP63KT7R).
C8— 0.01 4F, 100V ceramic disc npzcllxx Touser 18010025 1032 AC).

C9— 0.1 pF, 50V,

C10, C11 — 5 pF, 1 kV l:apaﬁlor (Mouser 75-561R1OTCCVS0).

C12— 6.8 pF1 KV capacior (Mouser 75.S61R10TCCVES).
iode (Mouser 512- 1N4003)

02,03 Green £, (Mouser 941-C5SMFGJSCV14Q7S1).

GDT1 r F).
R1- R3 — 580 k2 1/2W 3.5 KV resistor (Mouser 594-HVR3700005803FRS).
R4~ R5 — 10 kD, 14 W reslstor (Mouser 66 CMF /41002FLFTR).
— J7 — $0-239 connector (Mouser 601-25-7350).

i DO Jack 2.1 55 mm (Mouser 162-1060-6X).
K1~ K4 — SPDT power relay (Mouser 655-RTB14012F).
$1— SPDT toggle switch (Mouser 108-0008-EVX).
DC power cable (with compatible plug for J8) — 2.1 x 5.5 mm x 3 feet

(Mouser 172-4204
Plastic box — 138 x 138 x 0.79 Inches (Mouser SA6-1551MBK).
Aluminum box — 4.3 x 3.3 x 1.6 inches (Mouser 563-CU-5471
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Figure 2731 —The rebar cage for KX8D's tower base. (Duane
Durflinger, KX8D, photo)
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Figure 27.40 — A schematic drawing of
the tram line system. A A, rigging the
op o thetower or tramming antennas.
iote the use of a sling and carabiner.
‘The Holst Clamp tram line clamp Is
aviliie from KF7P Metalworks at
com/KFTPIHolst_Clamp i @)
Hating the anchor of the ra
A com-long s wsed o tenston the
Tramiine (0) The tram gy
antennas up and down. Run the antenna
partway up the tramline for testing
before Installation. It just takes a couple
of minutes to run an antenna up or
‘onen tha tramiine Is rigged.





OEBPS/image_rsrc3XA.jpg
89 316" e

3

65 316" EHS.

s

E ] )
70
&
- 85 3" EHS.

6 316" EHS

s ©

Figure 27.17 — The proper method of Installation of a guyed

installations. At (B),
that places considerable stresses on the top section of the.
\

text).
symmetrically spaced around the tower.
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Figure 27.26 — Tower worker
lowering a new section onto the
10p of the assembled stack of

the ground crew pulli
Pl rope. (Miks Bammar NEVR,
P'Mﬂ)
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Table 27.5
Guy Cable Comparisons.
Cable

Nominal Dia. Breaking ~ Weight  Elongation Elongation
(inches) Strength  (Ibs/1001)  (inches/ 100 1) (%)
(Ibs)

316 Inch 1x7 EHS 0.188 3990 73 677 056%

V4 Inch 1x7 EHS 0250 6700 12.1 381 032%
HPTG6700 0220 6700 31 13.20 110%
HPTG8000 0290 8000 35 890 074%

516 Inch 1x7 EHS 0313 11200 205 244 020%
HPTG11200 0320 11200 55 545 045%

38 inch fberglass rod 0375 13000 97 543 0.45%

(2022), 1y steel wire rope.
The HPTG lstings are for Phlystran aramid cables, and are data sheets.
are for

100 feet of cable with a 3000-pound





OEBPS/image_rsrc3YJ.jpg
‘Sioeve bearing
(mast it on rotator)

Thrust bearing
(hoids mast)

Tower
Top section

Figure 2749 — Rotators
can be mounted directly on
masts or Inside lattice-style
towers. Rotators can also be
mounted directly on the top
of towers (not shown).
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Figure 29.9 — The roller inductor coll turns
while the contact at the top rolls along

the wire, moving back and forth along the
shaft. The contact Is held against the wire
by aspring.
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Table 25.4

6061-T6 (615-T6) Round Aluminum Tube In 12-Foot Lengths.

Aluminum Tubing Sizes
Wall Thickness

Tubing Stubs
Dmmenel lnches Ga.

(20)

(nuns in) 004 (#18)

valn. (#20)

0.25n) vo49 (#18)

(#17)

Y ln. (#20)
(0.31251n) 0049 (#
#17)

0058 (#20)
(0.375 in) 0049  (#1
0058 (#17)

0065 (#16)

s in. o (#20)
(0.43751n) 0049 (#1
065 (¢16)

“in. 0028 (#22)
(05in) 0035 (¥20)
o (1

0058 (#17)

0065 (#16)

%in. 0028 (#22)
(0625in) 0035  (#20)
0049 (&1

0058 (#17)

0065 (#16)

%in. 0035 (#20)
©75in) 0049  (#1
0058 (#17)

0065 (#16)

0083  (#14)

%in. 0035 (#20)
(0.875in) 0049  (£18)
0058 (#17)

0065 (#16)

1in. 0035 (#20)
0049 (#18)

0058 (#17)

0065 (#16)

0083  (#14)

D,
Inches
0417
0.089
0180
0152
0134
0.242
0.214
0196
0.305
0.277
0.250
0.245
0.367
0.339
0.307
0.444
0.430
0.402
0.384

Approximate Weight
Pounds inds
PerFoot  PerLength
0019 0228
0025 0330
0027 0324
0036 0.432
0041 0.492
0036 0432
0047 0564
0055 0660
0043 0516
0060 3
0068 0816
0074 0888
0051 0612
0070 0840
0089 1.068
0049 0588
0059 708
0082 0984
0095 1.040
0107 1.284
0061 0732
0075 0900
0106 1272
0121 1.452
0137 1644
0081 1,002
0125 1500
0148 1776
0160 1920
.204 2.448
0108 1.308
0151 1810
0175 2100
0199 2399
0123 1476
0170 2040
0202 2424
0220 2640
0.281 3372

Approximate Weight
D, Pounds inds
Inches  PerFoot  PerLength
1055 0139 1668
1009 0 273
1180 0155 1860
1152 0210 2520
1134 0256 3072
1120 0284 3.408
1084 O 2284
0035 1305 0173 2076
(1 375 in) 0058 (#17) 1259 0282 3384
0035 (#20) 1. 0180 2160
(1 Bin) 0048 (513 1402 0.260 3120
0058 (#17) 1384 0309 3708
065 (#16) 1370 4128
0083 (#14) 1334 043 5208
0125 Yin. 1250 0630 7416
0250 Yiin. 1000 1150 14832
1% in. 0035 (#20) 1555 0.206 2.472
(1625in) 0058  (#17) 1509 0 4032
in. 058 (#17) 1634 0363 4356
(175/n) 0083  (¥14) 1584 0510 6120
i, 0088 (#17) 1759 0.389 4668
(1.8751n)
2in. 049 (#18) 0350 4200
0065 (#16) 0450 5.400
0083 (#14) 0590 7080
0125 Hin. 0870 9.960
250 Vein. 1620 19.920
X (#18) 0398 4776
0065  (#16) 0520 6.240
083 (#14) 0660 7920
0065 (#16) 0587 7044
083 (#14) 0740 8880
0125 %n. 1100 12720
50 Yin. 2080 25440
3. o (#16) 0710 8520
0125 %in. 1.330 15,600
540 31.200

0.250 Y. 2500 2.
“These sizes are extruded. All other sizes are drawn tubes.
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Table 25.8

A bolts materia stengih s designated by grades,

tamped on the bolt head.
Grade  Mark Material Tensilg Strength
on Heaa Nimm?  PSI
2 None Steel 510 74000
5 3 Steel 827 120,000
8 5 Alloy Steel 1030 150000
SHCS  None Alloy Steel 1240 180,000
185 None 302 Stainless 690 100,000

Yield Strength
Nimm? PSI

ass 57,000
634 92000
896 130,000
95 140,000
448 65000
448 65000

316 None 316 Stainless 620 100,000 X
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Figure 28
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Figure 26. patlally

S lement ag! antanna mounted § meters hgh and aligned
slong the X-axis. Analysi s partomed at 144.2 Wiz w1

zontal polarization and a Clay-type ground. (A) Eretusion
m(ln the X-Y plane) spatlally averaged from the ground to

the air along beam
(in the X2 9

p no one may
averaging time, such as people on upper foors of neighboring
bulldi

y get
smaller If those assumptions are accounted for. This analysis.
was provided by Peter Zollman, G4DSE.
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Figure 29.6— The switch on the left shows the effects of destructive arcing compared
10 the new switch at the right. Even heavy-duty switches used in amplifiers and high-
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Figure 28.35 — A simple choke balun made by winding multiple
turns of

on the shield’s outer surface. The choke Is made of 12 turns
of RG-193 miniature coax through a 2.4-Inch OD, Type 31 core
FT-

(Fai
1.8 through 30 MHz.
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relay Is no longer energized. When the motor Is turned off, C1
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Figure 2750 — The accessory shelf In a Rohn 25G top section Is
pre-drled with a standard bol [ayout 0 1 the popular Han-
eries of rotator base plates. This rotator uses a
ittt i for conmections although rotators are avalleble
with waterproof connectors. After-market Kits for converting
rotators with terminal strips o waterproof connectors are also
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eye of q Is then
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OEBPS/image_rsrc3Y5.jpg





OEBPS/image_rsrc3X2.jpg
Table 27.A

Wind Speed and Pressure
Mean Velocity ~ Wind

50.0 MPH 10.0 PSF
60.0 MPH 14.4 PSF
707 MPH 200 PSF
86.6 MPH 300 PSF
100.0 MPH 400 PSF
1118 MPH 500 PSF

122.5 MPH 60.0 PSF
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Figure 2026 —With the
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Figure 269 — A long boom
vertical and
e support. The cross.
bar mounted above the boom
can's a double truss.

10 help keep the antenna In
position.
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Figure 261 — KIATZ wearing a Personal Fal Arres system (A) With shock sbsorbing lanyard,posioring lanyard, and asafey
hook, he’s ready to work aloft. Long pants, hard hat, steel shank boots, and eye protection are included. Shock-absorbing lanyard Is
e wee ¥ e s L] B i I Vit i it st
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the trnbuckles do not loosen after they are tightened. This.
procedure is an absolute requirement in guyed tower systems,
as shown by Jodi Morin, KA1JPA (left) and Helen Dalton,
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Table 27.11

Antioxidant Compounds

Product ‘Manufacturer Use with

OX-GARD B El 1 Al 3 PP
NOALC Ideal Industries, Inc — idealind.com Aluminum-aluminum

NO-OX-ID'A-SPECIAL"  Sanchem, Inc.— sanchem.com
Penetrox

Steel rust preventative

DE-OX ILSCO Corpor '
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Figure 275 — Installation o surplus AB-577
tower wih tribander at 4 foet i KTNV.
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Table 27.8

Common Rotator Specifications
turer  Model Wind

Channel Master
DX Engineering
Hy-Gain

M2
TiC
Yaesu

Az-El Rotators
su
Ataspid

Load
(in'tower,
sqm)

35
20

3
85
15
25
35

108
215
237
323

108
30

Braking  Effective

(in-Ib)
>14,000

18,500
9000

)

2800

Brake Notes
Type
Worm gear  Heavy-duty
Light-duty

Gear reduction  Heavy-duty

ige avy-d
Disc. Light-duty
Disc Medium-duty

ige Medium-duty
Solenold lock  Heavy-duty
‘Worm drive duty
Gear reduction 1 mofor, heavy-duty
Gear reduction 1 motor, heavy-duty
Gear reduction  Light-duty
Mech and elec  Medium-duty
Mech and elec ~ Medium-duty
Mech and elec  Heavy-duty
Gear reduction
Wormgear  At12V
Worm gear  At12V
Worm gear At 12V
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Table 27.6

Physical Properties of Selected Transmission Line Types”
)

Gable Type (Belden p/n)

RG-213U (8267)
R

RG-8U Foam (9913)
RG-8U Foam (8214)
RG-8X Foam (9256)
RG-58 (7807)
*belden.com

Weight/1000 feet (pounds)

Max. Tension (pounds)

1909

Minimum Bend Radius (inches)
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Table 25.3
Aluminum Numbers and Alloy Types for Amateur Use

Common Alloy Numbers

Type Characteristics

2024 Good formabilty, high srength

5052 Excellent surface finish, excallent corrosion
resistance, normally not heat treatable for
high strength

6061 Good machinabiliy, good weldability

6063 Good machinabilty, gooawemmuy

7075 Good formabiliy, high st

Common Tempers

e cr

T0 ‘Spedial soft condition

T3 Hard

T6 Hardest, possibly britle

TXXX ‘Three digit tempers — usually specialized high

\gth heat treatments, similar o T6
General Uses

e
2024-T3  Chassis boxes, antennas, anything that wil
be bent or flexed repeatedly
707573 High strength, corrosion resk

6061-T6  Tubing and pipe; angle channel and bar stock
6063-T832  Tubing and pipe; angle channel and bar stock
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Table 25.7
Metric and Imperial Standard Sizes

Nominal Closest Closest Imperial Size
Metric Imperial Converted to Metric (mm)
Size (mm)  Size (inches)

33 % 32
4-5 Yo 48
6 % 64
8 e 79
10 % 95
12 % 127
15-16 % 159
20 % 19.1
22 % 222
25 1 254
28 % 286
30-32 1% 317
35 1% 319
a8 1% 381
40 1% 13
a5 1% 445
48 % 476
50 508
55 2% 540
58 2% 572
6065 2% 635
70 2% 699
75 3 762
8085 3% 826
% 3% 889
100 4 1016
10-120 4% 1143
125-130 5 1270
140 5% 1397
1 1524
75-180 7 1778

200-205 8 2032
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tuners use a multh-position switch to select different values of
g
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Figure 28.33 —The HCXQS Group NanoVNA covers 50 kHz 0 4 GHz and Is a
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Figure 25.3 — Correct method of splcing antenna wire.

s completed. Aftr cooling, the ot should be sprayed with
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Figure 28.54 — On an antenna test range, energy reaching

artive after
from the surface of the ground, as well as by the direct path.
The two waves may tend to cancel each other, or may rein-

the receiving point.
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Figure 28.17 — RF sampler using tube
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against lightning Is a challenge. Consiruct a
single-point ground panel (SPGP, soo toxt)

Ground fioor

Permeter ground
S

*

or metal pi
Vet The beat option 1416 ground he s of
the feed lines at ground level before running the
feed lines to the entry panel.
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Table 27.2
Essemlal tools.
sotof combinaion wrenches: 716, 12 and 916

1 sovol sockets 38 nch dve
1 deep sockels: 76, 12, 916 inch
1 s (blade and Phillps)
2 ad]usu-mle pliers
1 locking pliers (aka “Vise-grips”)
1 diagonal cutier
1 razor blade ully knife
2 puleys
1 ift pin or centering punch

lforllnmg Up Tower sections)
1 hammer (atach some i for hanging

3each ad]usianle Wrenches — small, medium,
large
bubble level
carabiners

1
6

6 ‘one-inch nylon webbing slings — 2 feet long
250 ft Tope (or moro — his i enough for working
ona i

conas puoke i parts hauing and sorage)
Loos PE2 Tonslon Gau

1
1

1s wie

1 {of more) Gome.along or hand cable winh
1 cable

1

circular saw with aggregate blade or hand
grinder for cuting metal,including guywires)
1 tagline (V4 Inch Is fine —you chose th

ari nded
1 set arill bits Including step-dril,e.g. Unk-Bit
1 antenna analyzer

1 gin pole

1 soldering gun and solder

1 lighter for sealing cut ropes





OEBPS/image_rsrc41B.jpg
—

Tio Wemre Setins Toas Opiers 1

is @
i i
:
¢
¢
i
-
n
2
SorTies 0550
Fenwn  Csieez  Buse TR
s =] ' |Pont =] I 51 Suin iz e S

Figure 28.
koot o Flgule RN S Tt Ko it el i st metil






OEBPS/image_rsrc41K.jpg
SWR +1
Loss(dB) = lOlog[ LA j

SWR -1





OEBPS/image_rsrc40W.jpg
Figure 28.41 — A 2-element array, where h Is the element helght
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Table 27.1
Yield Strengths of Mast Materials
Material Specification

Yield Strength
(Ib/in2)
Drawn aluminum tube
6063-T5 15,000
6063-T832 35,000
6061-T6 35,000
6063-T835 40,000
2024-T3 42,000
Aluminum pipe
6063-T6 25,000
6061-T6 35,000
Extruded alum. tube
7075-T6 70,000
Aluminum sheet and plate
3003-H14 17,000
% 22,000
6061-T6 35,000
Structural steel
A% 33,000
Carbon steel, cold drawn
50,000
1022 58,000
1027 70,000
1041 87000
1144 90,000
Alloy steel
2330 cold drawn 119,000
4130 cold worked 75,000
4340 1550 °F quench 162,000
1000 °F temper Stainless steel
AIS| 405 cold worked 70,000

AISI 440C heat-treated 275,
Physical Design wwmremmsnymms Leeson,
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Figure 28.37 — Two-port network with incident and reflected
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Table 26.1
Limits for Maximum Permissible Exposure (MPE)

Limits for Occupatlonal/Controlled Exposure
Frequency Range  Electric Field Magnetic Field  Power Density  Averaging Time

(MHz) Strength (Vim)  Strength (Alm) {m Wicmsz) (minutes)
0330 614 163 (100)" 6
030 18421 4891 ( .
614 0163 10 6
— — 300 6
- - 5 6

Plano wave equwalem power density (see Notes 1and 2 in Table 22.5).
Limits for General Populallonluncunlroiled Exposure

Frequency Range  Electric Field Magnetic Field  Power Density  Averaging Time
(MHz) Strength (Vim) smmgm (Aim)  (mWicms) (minutes)
03134 614 (100" 20
13430 8241 35 (a2 20

275 0073 20
300-1500 - — r/15<m 20
1500-100,000 - - 20

- frequency i
howie ‘equivalent power density (see Notes 1and 2).

Note 1:This means calculated or measured.
It does not apply el In the near field of an antenna. The equivalent o pouer density can be found in the near or
far fleld regions from the relationships:

Pd - [Etotal|2 / 3770 MW/Cm2 Of 11om Py = [Hg 2 x 7.7 mW/cm2.

Note 2: [Exail? = [Exl? + |Ey[2 + |E-I2 and [Hial® = [H? + [HyP + [H;2
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Figure 28.2—The schematic of the RF current probe
assemby of the RF currant probe (8). Use an alk plastic meter
and mount the circults and torold directly on the back of the
Pl
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Figure 271 — The best way 1o secure a wire 1o a tree Is with an
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_ Mxc 36,827 inch-pounds x1.0 inches
| 0.5369

c = 08,592 psi
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Table 20.2

Potentlal Interactions

New Antenna  Watch These
meters.

10 meters 80 meter
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Figure 2510 Lightury hat-lement designs for Yag)
“The other side of the element Is identical and

\gth shows
h 0116 dnch wall
0.058-Inch wall sections of the same length. Tubing with
0925 Inch or 0550 Inch wellmicknese < 600176 alloy, all

K s S v e
‘segment. Included with this book’s online material Is a
text fle file “K5GO Half-Element Designs” gives complete

ratings for % inch and 1 Inch of radial ice loading.
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Figure 26.2— A shock absorbing fall arrest lanyard. Portions of
the nylon webbing are sewn together and pull apart under the
welght of a climber falling on It, thus decelerating the fall.
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Figure 2748 — A Ham-V rotator (right) with a DCU-1 digital
control unft
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Figure 26.4 — Proper 100% tie-off technique (see text). Lanyard attachment at the worl position is shown In A. Note that the fall

arfest lanyard is aitached above the cilmber. (It s artached 1o a leg, ot  fung.) Getling ready to climb with both fal-arrest lanyards
= = oo

Suie it 08 Do s il s Sl it Dniesuieolis sl et el B i il € i Bl UK.
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Figure 28.57 — Standard-gain antenna.
When accurately constructed for the
sired frequency, this antenna will
exhibit a gain of 77 dB over a dipole
radiator, plus or minus 0.25 dB. In this.
model, Constructed for 432 MHz, the
elements are%-Inch diameter tubing.
The phasing and support lines are of
Si-inch diameter tbing of rod.
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Figure 25.2 —This drawing applies to Equations 1 and 2 for
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pulls hard before
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the strongest
joint

Rivet pulls outer and inner tubing together for solid
contact and a secure aluminum-to-aluminum joint.  ANTI3S)
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