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Chapter 6

Long-Wire and Traveling-Wave Antennas

The power gain and directive characteristics of electrically long wires (that is, wires that are long in terms of wavelength) make them useful for long-distance transmission and reception on the higher frequencies. Long wires can be combined to form antennas of various shapes that increase the gain and directivity over a single wire. The term long wire, as used in this chapter, means any such configuration, not just a straight-wire antenna. The material in this chapter applies to antennas used at MF and HF. A related antenna used for receiving, the Beverage, is discussed in the Receiving Antennas chapter.

6.1 Overview

6.1.1 Long Wires Versus Multielement Arrays

In general, the gain obtained with long-wire antennas is not as great, when the space available for the antenna is limited, as you can obtain from driven dipole arrays or from a parasitic array such as a Yagi or quad. However, the long-wire antenna has advantages of its own that tend to compensate for this deficiency. The construction of long-wire antennas is simple both electrically and mechanically, and there are no especially critical dimensions or adjustments. The long-wire antenna will work well and give satisfactory gain and directivity over a 2-to-1 frequency range. In addition, it will accept power and radiate well on any frequency for which its overall length is not less than about a half wavelength. Since a wire is not electrically long, even at 28 MHz, unless its physical length is equal to at least a half wavelength on 3.5 MHz, any long-wire can be used on all amateur bands that are useful for long-distance communication.

Between two directive antennas having the same theoretical gain, one a multielement array and the other a long-wire antenna, many amateurs have found that the long-wire antenna seems more effective in reception. One possible explanation is that there is a diversity effect with a long-wire antenna because it is spread out over a large distance, rather than being concentrated in a small space, as would be the case with a Yagi, for example. This may raise the average level of received energy for ionospheric-propagated signals. Another factor is that long-wire antennas have directive patterns that can be extremely sharp in the horizontal (azimuthal) plane. This is an advantage that other types of multielement arrays do not have, but it can be a double-edged sword too. We’ll discuss this aspect in some detail in this chapter.

6.1.2 General Characteristics of Long-Wire Antennas

Whether the long-wire antenna is a single wire running in one direction or is formed into a V-beam, rhombic, or some other configuration, there are certain general principles that apply and some performance features that are common to all types. The first of these is that the power gain of a long-wire antenna as compared with a half-wave dipole is not considerable until the antenna is really long (its length measured in wavelengths rather than in a specific number of feet). The reason for this is that the fields radiated by elementary lengths of wire along the antenna do not combine, at a distance, in as simple a fashion as the fields from half-wave dipoles used in other types of directive arrays.

There is no point in space, for example, where the distant fields from all points along the wire are exactly in phase (as they are, in the optimum direction, in the case of two or more collinear or broadside dipoles when fed with in-phase currents). Consequently, the field strength at a distance is always less than would be obtained if the same length of wire were cut up into properly phased and separately driven dipoles. As the wire is made longer, the fields combine to form increasingly intense main lobes, but these lobes do not develop appreciably until the wire is several wavelengths long. See Figure 6.1.
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The longer the antenna, the sharper the lobes become, and since it is really a hollow cone of radiation about the wire in free space, it becomes sharper in both planes. Also, the greater the length, the smaller the angle with the wire at which the maximum radiation lobes occur. There are four main lobes to the directive patterns of long-wire antennas; each makes the same angle with respect to the wire.

Figure 6.2A shows the azimuthal radiation pattern of a 1-l long-wire antenna, compared with a 1⁄2-l dipole. Both antennas are mounted at the same height of 1 l above flat ground (70 feet high at 14 MHz, with a wire length of 70 feet) and both patterns are for an elevation angle of 10°, an angle suitable for long-distance communication on 20 meters. The long-wire in Figure 6.2A is oriented in the 270° to 90° direction, while the dipole is aligned at right angles so that its characteristic figure-8 pattern goes left-to-right. The 1-l long-wire has about 0.6 dB more gain than the dipole, with four main lobes as compared to the two lobes from the dipole.
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You can see that the two lobes on the left side of Figure 6.2A are about 1 dB down compared to the two lobes on the right side. This is because the long-wire here is fed at the left-hand end in the computer model. Energy is radiated as a wave travels down the wire and some energy is also lost to ohmic resistance in the wire and the ground. The forward-going wave then reflects from the open-circuit at the right-hand end of the wire and reverses direction, traveling toward the left end, still radiating as it travels. An antenna operating in this way has much the same characteristics as a transmission line that is terminated in an open circuit — that is, it has standing waves on it. Unterminated long-wire antennas are often referred to as standing wave antennas. As the length of a long-wire antenna is increased, a moderate front-to-back ratio results, about 3 dB for very long antennas.

Figure 6.2B shows the elevation-plane pattern for the long-wire and for the dipole. In each case the elevation pattern is at the azimuth of maximum gain — at an angle of 38° with respect to the wire-axis for the long-wire and at 90° for the dipole. The peak elevation for the long-wire is very slightly lower than that for the dipole at the same height above ground, but not by much. In other words, the height above ground is the main determining factor for the shape of the main lobe of a long-wire’s elevation pattern, as it is for most horizontally polarized antennas.

The shape of the azimuth and elevation patterns in Figure 6.2 might lead you to believe that the radiation pattern is simple. Figure 6.3 is a 3-D representation of the pattern from a 1-l long-wire that is 1 l high over flat ground. Besides the main low-angle lobes, there are strong lobes at higher angles. Things get even more complicated when the length of the long-wire increases.
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DIRECTIVITY

Because many points along a long wire are carrying currents in different phases (with different current amplitudes as well), the field pattern at a distance becomes more complex as the wire is made longer. This complexity is manifested in a series of minor lobes, the number of which increases with the wire length. The intensity of radiation from the minor lobes is frequently as great as, and sometimes greater than, the radiation from a half-wave dipole. The energy radiated in the minor lobes is not available to improve the gain in the major lobes, which is another reason why a long-wire antenna must be long to give appreciable gain in the desired directions.

Figure 6.4 shows an azimuthal-plane comparison between a 3-l (209 feet long) long-wire and the comparison 1⁄2-l dipole. The long-wire now has eight minor lobes besides the four main lobes. Note that the angle the main lobes make with respect to the axis of the long-wire (also left-to-right in Figure 6.4) becomes smaller as the length of the long-wire increases. For the 3-l long-wire, the main lobes occur 28° off the axis of the wire itself.
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Other types of simple driven and parasitic arrays do not have minor lobes of any great consequence. For that reason they frequently seem to have much better directivity than long-wire antennas, because their responses in undesired directions are well down from their response in the desired direction. This is the case even if a multielement array and a long-wire antenna have the same peak gain in the favored direction. Figure 6.5 compares the same 3-l long-wire with a 4-element Yagi and a 1⁄2-l dipole, again both at the same height as the long-wire. Note that the Yagi has only a single rear lobe, down about 21 dB from its broad main lobe, which has a 3-dB beamwidth of 63°. The 3-dB beamwidth of the long-wire’s main lobes (at a 28° angle from the wire axis) is far more narrow, at only 23°.
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For amateur work, particularly with directive antennas that cannot be rotated, the minor lobes of a long-wire antenna have some advantages. Although the nulls in the computer model in Figure 6.5 are deeper than 30 dB, they are not so dramatic in actual practice. This is due to irregularities in the terrain that inevitably occur under the span of a long wire. In most directions the long-wire antenna will be as good as a half-wave dipole, and in addition will give high gain in the most favored directions, even though that is over narrow azimuths.

Figure 6.6A compares the azimuth responses for a 5-l long-wire (350 feet long at 14 MHz) to the same 4-element Yagi and dipole. The long-wire now exhibits 16 minor lobes in addition to its four main lobes. The peaks of these sidelobes are down about 8 dB from the main lobes and they are stronger than the dipole, making this long-wire antenna effectively omnidirectional. Figure 6.6B shows the elevation pattern of the 5-l long-wire at its most effective azimuth compared to a dipole. Again, the shape of the main lobe is mainly determined by the long-wire’s height above ground, since the peak angle is only just a bit lower than the peak angle for the dipole. The long-wire’s elevation response breaks up into numerous lobes above the main lobes, just as it does in the azimuth plane.
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For the really ambitious, Figure 6.7 compares the performance for an 8-l (571 feet) long-wire antenna with a 4-element Yagi and the 1⁄2-l dipole. Again, in actual practice, the nulls would tend to be filled in by terrain irregularities, so a very long antenna like this would be a pretty potent performer.
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CALCULATING LENGTH

In this chapter, lengths are discussed in terms of wavelengths. Throughout the preceding discussion the frequency in the models was held at 14 MHz. Remember that a long-wire that is 4 l long at 14 MHz is 8 l long at 28 MHz.

There is nothing very critical about wire lengths in an antenna system that will work over a frequency range including several amateur bands. The antenna characteristics change very slowly with length, except when the wires are short (around one wavelength, for instance). There is no need to try to establish exact resonance at a particular frequency for proper antenna operation.

The formula for determining the lengths for harmonic wires is:

[image: ]

where N is the antenna length in wavelengths. In cases where precise resonance is desired for some reason (for obtaining a resistive load for a transmission line at a particular frequency, for example) it is best established by trimming the wire length until the standing-wave ratio on the line is minimum.

TILTED WIRES

In theory, it is possible to maximize gain from a long-wire antenna by tilting it to favor a desired elevation take-off angle. Unfortunately, the effect of real ground under the antenna negates the possible advantages of tilting, just as it does when a Yagi or other type of parasitic array is tilted from horizontal. You would do better keeping a long-wire antenna horizontal, but raising it higher above ground, to achieve more gain at low takeoff angles.

6.1.3 Feeding Long Wires

A long-wire antenna can be fed at the end using an impedance transformer and coaxial cable, similarly to an end-fed half-wave (EFHW) as described in the Multiband HF Antennas chapter. On bands for which its length is an integer number of half-wavelengths, the feed point impedance will be highest. This is classic long-wire multiband operation. On other bands, the impedance at the wire’s end will be high enough for the fixed ratio of the impedance transformer to present an acceptable impedance to the coax.

The antenna can also be fed directly by coaxial cable at a current maximum where feed point impedance is relatively low. The current maximum position will change with frequency, but coax feed can be used for bands at which the current maximums coincide.

It is important to note that for antennas with more than one current maximum (typically 1 λ or longer), the position of the feed point will alter the current distribution on the antenna and that will affect the antenna’s radiation pattern. In such cases, modeling will help determine the best place to feed the antenna.

Another common method of feeding a long-wire is to use open-wire line connected at the end of the antenna. Any convenient line length can be used if you match the transmitter to the line’s input impedance using an antenna tuner. Using coaxial cable to feed long wires directly can lead to excessive losses if the SWR is high and so open-wire line is the usual choice. If the feed line is resonant (an integer multiple of one-half wavelength on the lowest band) This system will work on all harmonically related bands (such as 80, 40, 20, 15, and 10 meters) down to the band, if any, at which the antenna is only a half-wave long.

The unbalanced open-wire end-fed arrangement has the disadvantage that there is likely to be a considerable common-mode current on the line. In addition, the antenna reactance changes rapidly with frequency. Consequently, when the wire is several wavelengths long, a relatively small change in frequency — a fraction of the width of a band — may require major changes in the adjustment of the antenna tuner. The problem can be overcome by using multiple long wires in a V or rhombic shape, as described below.

Two arrangements for using nonresonant lines are given in Figure 6.8. The one at A is useful for one band only since the matching section must be a quarter-wave long, approximately, unless a different matching section is used for each band. In B, the λ/4 transformer (Q-section) impedance can be designed to match the antenna to the line. You can determine the value of radiation resistance using a modern modeling program or you can measure the feed point impedance. Although it will work as designed on only one band, the antenna can be used on other bands by treating the line and matching transformer as a resonant line.

[image: ]

6.2 The V-Beam Antenna

The directivity and gain of long wires may be increased by using two wires placed in relation to each other such that the fields from both combine to produce the greatest possible field strength at a distant point. The principle is similar to that used in designing multielement arrays.

One possible method of using two (or more) long wires is to place them in parallel, with a spacing of 1⁄2 l or so, and feed the two in phase. In the direction of the wires the fields will add in phase. However, the takeoff angle is high directly in the orientation of the wire, and this method will result in rather high-angle radiation even if the wires are several wavelengths long. With a parallel arrangement of this sort the gain should be about 3 dB over a single wire of the same length, at spacings in the vicinity of 1⁄2 wavelength.

Instead of using two long wires parallel to each other, they may be placed in the form of a horizontal V, with the included angle between the wires equal to twice the angle made by the main lobes referenced to the wire axis for a single wire of the same physical length. For example, for a leg length of 5 l, the angle between the legs of a V should be about 42°, twice the angle of 21° of the main lobe referenced to the long-wire’s axis. See Figure 6.6A.

The plane directive patterns of the individual wires combine along a line in the plane of the antenna and bisecting the V, where the fields from the individual wires reinforce each other. The sidelobes in the azimuthal pattern are suppressed by about 10 dB, so the pattern becomes essentially bidirectional. See Figure 6.9.
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The included angle between the legs is not particularly critical. This is fortunate, especially if the same antenna is used on multiple bands, where the electrical length varies directly with frequency. This would normally require different included angles for each band. For multiband V-antennas, a compromise angle is usually chosen to equalize performance. Figure 6.10 shows the azimuthal pattern for a V-beam with 1-l legs, with an included angle of 75° between the legs, mounted 1 l above flat ground. This is for a 10° elevation angle. At 14 MHz the antenna has two 70-foot high, 68.5-foot long legs, separated at their far ends by 83.4 feet. For comparison, the azimuthal patterns for the same 4-element Yagi and 1⁄2-l dipole used previously for the long-wires are overlaid on the same plot. The V has about 2 dB more gain than the dipole but is down some 4 dB compared to the Yagi, as expected for relatively short legs.
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Figure 6.11 shows the azimuthal pattern for the same antenna in Figure 6.10, but at 28 MHz and at an elevation angle of 6°. Because the legs are twice as long electrically at 28 MHz, the V-beam has compressed the main lobe into a narrow beam that now has a peak gain equal to the Yagi, but with a 3-dB beamwidth of only 18.8°. Note that you could obtain about 0.7 dB more gain at 14 MHz, with a 1.7-dB degradation of gain at 28 MHz, if you increase the included angle to 90° rather than 75°.

[image: ]

Figure 6.12 shows the azimuthal pattern for a V-beam with 2-l legs (137 feet at 14 MHz), with an included angle of 60° between them. As usual, the assumed height is 70 feet, or 1 l at 14 MHz. The peak gain for the V-beam is just about equal to that of the 4-element Yagi, although the 3-dB nose beamwidth is narrow, at 23°. This makes setting up the geometry critical if you want to maximize gain into a particular geographic area. While you might be able to get away with using convenient trees to support such an antenna, it’s far more likely that you’ll have to use carefully located towers to make sure the beam is aimed where you expect it to be pointed.

[image: ]

For example, in order to cover all of Europe from San Francisco, an antenna must cover from about 11° (to Moscow) to about 46° (to Portugal). This is a range of 35° and signals from the V-beam in Figure 6.12 would be down some 7 dB over this range of angles, assuming the center of the beam is pointed exactly at a heading of 28.5°. The 4-element Yagi on the other hand would cover this range of azimuths more consistently, since its 3-dB beamwidth is 63°.

Figure 6.13 shows the same V-beam as in Figure 6.12, but this time at 28 MHz. The peak gain of the main lobe is now about 1 dB stronger than the 4-element Yagi used as a reference, and the main lobe has two nearby sidelobes that tend to broaden out the azimuthal response. At this frequency the V-beam would cover all of Europe better from San Francisco.
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Figure 6.14 shows a V-beam with 3-l (209 feet at 14 MHz) legs with an included angle of 50° between them. The peak gain is now greater than that of a 4-element Yagi, but the 3-dB beamwidth has been reduced to 17.8°, making aiming the antenna even more critical. Figure 6.15 shows the same V-beam at 28 MHz. Here again, the main lobe has nearby sidelobes that broaden the effective azimuth to cover a wider area.

[image: ]

[image: ]

Figure 6.16 shows the elevation-plane response for the same 209-foot leg V-beam at 28 MHz (3-l at 14 MHz), compared to a dipole at the same height of 70 feet. The higher-gain V-beam suppresses higher-angle lobes, essentially stealing energy from them and concentrating it in the main beam at 6° elevation.
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The same antenna can be used at 3.5 and 7 MHz. The gain will not be large, however, because the legs are not very long at these frequencies. Figure 6.17 compares the V-beam versus a horizontal 1⁄2-l 40-meter dipole at 70 feet. At low elevation angles there is about 2 dB of advantage on 40 meters. Figure 6.18 shows the same type of comparison for 80 meters, where the 80 meter dipole is superior at all angles.
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OTHER V COMBINATIONS

A gain increase of about 3 dB can be had by stacking two V-beams one above the other, a half wavelength apart, and feeding them with in-phase currents. This will result in a lowered angle of radiation. The bottom V should be at least a quarter wavelength above the ground, and preferably a half wavelength. This arrangement will narrow the elevation pattern and it will also have a narrow azimuthal pattern.

The V antenna can be made unidirectional by using a second V placed an odd multiple of a quarter wavelength in back of the first and exciting the two with a phase difference of 90°. The system will be unidirectional in the direction of the antenna with the lagging current. However, the V reflector is not normally employed by amateurs at low frequencies because it restricts the use to one band and requires a fairly elaborate supporting structure. Stacked Vs with driven reflectors could, however, be built for the 200- to 500-MHz region without much difficulty.

FEEDING THE V-BEAM

The V-beam antenna is most conveniently fed with tuned open-wire feeders with an antenna tuner, since this permits multiband operation. Although the length of the wires in a V-beam is not at all critical, it is important that both wires be the same electrical length. If a single band matching solution is desired, probably the most appropriate matching system is that using a stub or quarter-wave matching section.

6.3 The Resonant Rhombic Antenna

The diamond-shaped or rhombic antenna shown in Figure 6.19 can be looked upon as two acute-angle V-beams placed end-to-end. This arrangement is called a resonant rhombic. The leg lengths of the resonant rhombic must be an integral number of half wavelengths to avoid reactance at its feed point.
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The resonant rhombic has two advantages over the simple V-beam. For the same total wire length it gives somewhat greater gain than the V-beam. A rhombic with 3 l on a leg, for example, has about 1 dB gain over a V antenna with 6 wavelengths on a leg. Figure 6.20 compares the azimuthal pattern at a 10° elevation for a resonant rhombic with 3 l legs on 14 MHz, compared to a V-beam with 6 l legs at the same height of 70 feet. The 3-dB main lobe beam-width of the resonant rhombic is only 12.4° wide, but the gain is very high at 16.26 dBi.
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The directional pattern of the rhombic is less frequency sensitive than the V when the antenna is used over a wide frequency range. This is because a change in frequency causes the major lobe from one leg to shift in one direction while the lobe from the opposite leg shifts the other way. This automatic compensation keeps the direction the same over a considerable frequency range. The disadvantage of the rhombic as compared with the V-beam is that an additional support is required. Some authors also report success with “half-rhombics” oriented vertically over ground with and without a counterpoise. (See References and Bibliography entry for Orr.)

The same factors that govern the design of the V-beam apply in the case of the resonant rhombic. The optimal apex angle A in Figure 6.19 is the same as that for a V having an equal leg length. The diamond-shaped antenna also can be operated as a terminated antenna, as described later in this chapter, and much of the discussion in that section applies to the resonant rhombic as well.

The resonant rhombic has a bidirectional pattern, with minor lobes in other directions, their number and intensity depending on the leg length. In general, these sidelobes are suppressed better with a resonant rhombic than with a V-beam. When used at frequencies below the VHF region, the rhombic antenna is always mounted with the plane containing the wires horizontal. The polarization in this plane, and also in the perpendicular plane that bisects the rhombic, is horizontal. At 144 MHz and above, the dimensions are such that the antenna can be mounted with the plane containing the wires vertical if vertical polarization is desired.

When the rhombic antenna is to be used on several HF amateur bands, it is advisable to choose the apex angle, A, on the basis of the leg length in wavelengths at 14 MHz. Although the gain on higher frequency bands will not be quite as favorable as if the antenna had been designed for the higher frequencies, the system will still work well at the low angles that are necessary at such frequencies.

The resonant rhombic has lots of gain, but you must not forget that this gain comes from a radiation pattern that is very narrow. This requires careful placement of the supports for the resonant rhombic to cover desired geographic areas. This is definitely not an antenna that allows you to use just any convenient trees as supports!

Even if you cannot place its corners exactly, the rhombic can still give good performance. (See the References and Bibliography entry for Hallas.) The main lobe broadens and peak gain is lower but the author found it to be a very effective antenna.

The resonant rhombic antenna can be fed in the same way as the V-beam. Resonant feeders are necessary if the antenna is to be used in several amateur bands.

6.4 Terminated Long-Wire Antennas

All the antenna systems considered so far in this chapter have been based on operation with standing waves of current and voltage along the wire. Although most hams use antenna designs based on using resonant wires, resonance is by no means a necessary condition for the wire to radiate and intercept electromagnetic waves efficiently, as discussed in the Antenna Fundamentals chapter. The result of using nonresonant wires is reactance at the feed point, unless the antenna is terminated with a resistive load.

In Figure 6.21, suppose that the wire is parallel with the ground (horizontal) and is terminated by a load Z equal to its characteristic impedance, ZANT. The wire and its image in the ground create a transmission line. The load Z can represent a receiver matched to the line. The terminating resistor R is also equal to the ZANT of the wire. A wave coming from direction X will strike the wire first at its far end and sweep across the wire at some angle until it reaches the end at which Z is connected. In so doing, it will induce voltages in the antenna, and currents will flow as a result. The current flowing toward Z is the useful output of the antenna, while the current flowing backwards toward R will be absorbed in R. The same thing is true of a wave coming from the direction X'. In such an antenna there are no standing waves, because all received power is absorbed at either end.
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The greatest possible power will be delivered to the load Z when the individual currents induced as the wave sweeps across the wire all combine properly on reaching the load. The currents will reach Z in optimum phase when the time required for a current to flow from the far end of the antenna to Z is exactly one-half cycle longer than the time taken by the wave to sweep over the antenna. A half cycle is equivalent to a half wavelength greater than the distance traversed by the wave from the instant it strikes the far end of the antenna to the instant that it reaches the near end. This is shown by the small drawing, where AC represents the antenna, BC is a line perpendicular to the wave direction, and AB is the distance traveled by the wave in sweeping past AC. AB must be one-half wavelength shorter than AC. Similarly, AB' must be the same length as AB for a wave arriving from X'.

A wave arriving at the antenna from the opposite direction Y (or Y'), will similarly result in the largest possible current at the far end. However, since the far end is terminated in R, which is equal to Z, all the power delivered to R by the wave arriving from Y will be absorbed in R. The current traveling to Z will produce a signal in Z in proportion to its amplitude. If the antenna length is such that all the individual currents arrive at Z in such phase as to add up to zero, there will be no current through Z. At other lengths the resultant current may reach appreciable values. The lengths that give zero amplitude are those which are odd multiples of 1⁄4 l, beginning at 3⁄4 l. The response from the Y direction is greatest when the antenna is any even multiple of 1⁄2 l long; the higher the multiple, the smaller the response.

DIRECTIONAL CHARACTERISTICS

Figure 6.22 compares the azimuthal pattern for a 5-l long 14-MHz long-wire antenna, 70 feet high over flat ground, when it is terminated and when it is unterminated. The rearward pattern when the wire is terminated with a 600 W resistor is reduced about 15 dB, with a reduction in gain in the forward direction of about 2 dB.
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For a shorter leg length in a terminated long-wire antenna, the reduction in forward gain is larger — more energy is radiated by a longer wire before the forward wave is absorbed in the terminating resistor. The azimuthal patterns for terminated and unterminated V-beams with 2-l legs are overlaid for comparison in Figure 6.23. With these relatively short legs the reduction in forward gain is about 3.5 dB due to the terminations, although the front-to-rear ratio approaches 20 dB for the terminated V-beam. Each leg of this terminated V-beam use a 600-W non-inductive resistor to ground. Each resistor would have to dissipate about one-quarter of the transmitter power. For average conductor diameters and heights above ground, the ZANT of the antenna is of the order of 500 to 600 W.
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6.4.1 The Terminated Rhombic Antenna

The highest development of the long-wire antenna is the terminated rhombic, shown schematically in Figure 6.24. It consists of four conductors joined to form a diamond, or rhombus. All sides of the antenna have the same length and the opposite corner angles are equal. The antenna can be considered as being made up of two V antennas placed end to end and terminated by a noninductive resistor to produce a unidirectional pattern. The terminating resistor is connected between the far ends of the two sides, and is made approximately equal to the characteristic impedance of the antenna as a unit. The rhombic may be constructed either horizontally or vertically, but is practically always constructed horizontally at frequencies below 54 MHz, since the pole height required is considerably less. Also, horizontal polarization is equally, if not more, satisfactory at these frequencies over most types of soil.
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The basic principle of combining lobes of maximum radiation from the four individual wires constituting the rhombus or diamond is the same in either the terminated type or the resonant type described earlier in this chapter.

TILT ANGLE

In dealing with the terminated rhombic, it is a matter of custom to talk about the tilt angle (f in Figure 6.24), rather than the angle of maximum radiation with respect to an individual wire. Figure 6.25 shows the tilt angle as a function of the antenna leg length. The curve marked “0°” is used for a takeoff elevation angle of 0°; that is, maximum radiation in the plane of the antenna. The other curves show the proper tilt angles to use when aligning the major lobe with a desired takeoff angle. For a 5° takeoff angle, the difference in tilt angle is less than 1° for the range of lengths shown.
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The broken curve marked “optimum length” shows the leg length at which maximum gain is obtained at any given takeoff angle. Increasing the leg length beyond the optimum will result in less gain, and for that reason the curves do not extend beyond the optimum length. Note that the optimum length becomes greater as the desired takeoff angle decreases. Leg lengths over 6 l are not recommended because the directive pattern becomes so sharp that the antenna performance is highly variable with small changes in the angle, both horizontal and vertical, at which an incoming wave reaches the antenna. Since these angles vary to some extent in ionospheric propagation, it does not pay to attempt to try for too great a degree of directivity.

MULTIBAND DESIGN

When a rhombic antenna is to be used over a considerable frequency range, a compromise must be made in the tilt angle. Figure 6.26 gives the design dimensions of a suitable compromise for a rhombic that covers the 14 to 30 MHz range well. Figure 6.27 shows the azimuth and elevation patterns for this antenna at 14 MHz, at a height of 70 feet over flat ground. The comparison antenna in this case is a 4-element Yagi on a 26-foot boom, also 70 feet above flat ground. The rhombic has about 2.2 dB more gain, but its azimuthal pattern is 17.2° wide at the 3 dB points, and only 26° at the –20 dB points! On the other hand, the Yagi has a 3-dB beamwidth of 63°, making it far easier to aim at a distant geographic location. Figure 6.27B shows the elevation-plane patterns for the same antennas above. As usual, the peak angle for either horizontally polarized antenna is determined mainly by the height above ground.
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The peak gain of a terminated rhombic is less than that of an unterminated resonant rhombic. For the rhombic of Figure 6.26, the reduction in peak gain is about 1.5 dB. Figure 6.28 compares the azimuthal patterns for this rhombic with and without an 800-W termination.
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Figure 6.29 shows the azimuth and elevation patterns for the terminated rhombic of Figure 6.26 when it is operated at 28 MHz. The main lobe becomes very narrow, at 6.9° at the 3-dB points. However, this is partially compensated for by the appearance of two sidelobes each side of the main beam. These tend to spread out the main pattern some. Again, a 4-element Yagi at the same height is used for comparison.
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TERMINATION

Although the difference in the gain is relatively small with terminated or unterminated rhombics of comparable design, the terminated antenna has the advantage that over a wide frequency range it presents an essentially resistive and constant load to the transmitter. In a sense, the power dissipated in the terminating resistor can be considered power that would have been radiated in the other direction had the resistor not been there. Therefore, the fact that some of the power (about one-third) is used up in heating the resistor does not mean that much actual loss in the desired direction.

The characteristic impedance of an ordinary rhombic antenna, looking into the input end, is in the order of 700 to 800 W when properly terminated in a resistance at the far end. The terminating resistance required to bring about the matching condition usually is slightly higher than the input impedance because of the loss of energy through radiation by the time the far end is reached. The correct value usually will be found to be of the order of 800 W, and should be determined experimentally if the flattest possible antenna is desired. However, for average work a noninductive resistance of 800 W can be used with the assurance that the operation will not be far from optimum.

The terminating resistor must be practically a pure resistance at the operating frequencies; that is, its inductance and capacitance should be negligible. Ordinary wire-wound resistors are not suitable because they have far too much inductance and distributed capacitance. Small carbon resistors have satisfactory electrical characteristics but will not dissipate more than a few watts and so cannot be used, except when the transmitter power does not exceed 10 or 20 watts or when the antenna is to be used for reception only. The special resistors designed either for use as dummy antennas or for terminating rhombic antennas should be used in other cases. To allow a factor of safety, the total rated power dissipation of the resistor or resistors should be equal to half the power output of the transmitter.

To reduce the effects of stray capacitance it is desirable to use several units, say three, in series even when one alone will safely dissipate the power. The two end units should be identical and each should have one fourth to one third the total resistance, with the center unit making up the difference. The units should be installed in a weatherproof housing at the end of the antenna to protect them and to permit mounting without mechanical strain. The connecting leads should be short so that little extraneous inductance is introduced.

Alternatively, the terminating resistance may be placed at the end of an 800-W line connected to the end of the antenna. This will permit placing the resistors and their housing at a point convenient for adjustment rather than at the top of the pole. Resistance wire may be used for this line, so that a portion of the power will be dissipated before it reaches the resistive termination, thus permitting the use of lower wattage lumped resistors.

If the rhombic is to be used on a single-band, Hallas (see the References and Bibliography) presents an interesting method of using an antenna tuner and a more common 50-W dummy load to create a “tunable load” that can be adjusted for the best performance.

MULTI-WIRE RHOMBICS

The input impedance of a rhombic antenna constructed as in Figure 6.26 is not quite constant as the frequency is varied. This is because the varying separation between the wires causes the characteristic impedance of the antenna to vary along its length. The variation in ZANT can be minimized by a conductor arrangement that increases the capacitance per unit length in proportion to the separation between the wires.

The method of accomplishing this is shown in Figure 6.30. Three conductors are used, joined together at the ends but with increasing separation as the junction between legs is approached. For HF work the spacing between the wires at the center is 3 to 4 feet, which is similar to that used in commercial installations using legs several wavelengths long. Since all three wires should have the same length, the top and bottom wires should be slightly farther from the support than the middle wire. Using three wires in this way reduces the ZANT of the antenna to approximately 600 W, thus providing a better match for practical open-wire line, in addition to smoothing out the impedance variation over the frequency range.
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A similar effect (although not quite as favorable) is obtained by using two wires instead of three. The 3-wire system has been found to increase the gain of the antenna by about 1 dB over that of a single-conductor version.

FRONT-TO-BACK RATIO

It is theoretically possible to obtain an infinite front-to-back ratio with a terminated rhombic antenna, and in practice very large values can be had. However, when the antenna is terminated in its characteristic impedance, the infinite front-to-back ratio can be obtained only at frequencies for which the leg length is an odd multiple of a quarter wavelength. The front-to-back ratio is smallest at frequencies for which the leg length is a multiple of a half wavelength.

When the leg length is not an odd multiple of a quarter-wave at the frequency under consideration, the front-to-back ratio can be made very high by decreasing the value of terminating resistance slightly. This permits a small reflection from the far end of the antenna, which cancels out the residual response at the input end. With large antennas, the front-to-back ratio may be made very large over the whole frequency range by experimental adjustment of the terminating resistance. Modification of the terminating resistance can result in a splitting of the back null into two nulls, one on either side of a small lobe in the back direction. Changes in the value of terminating resistance thus permit steering the back null over a small horizontal range so that signals coming from a particular spot not exactly to the rear of the antenna may be minimized.

METHODS OF FEED

If the broad frequency characteristic of the terminated rhombic antenna is to be utilized fully, the feeder system must be similarly broadbanded. Open-wire transmission line of the same characteristic impedance as that shown at the antenna input terminals (approximately 700 to 800 W) may be used. Data for the construction of such lines is given in the chapter on Transmission Lines. While the usual matching stub can be used to provide an impedance transformation to more satisfactory line impedances, this limits the operation of the antenna to a comparatively narrow range of frequencies centering about that for which the stub is adjusted. Probably a more satisfactory arrangement would be to use a coaxial transmission line and a broadband transformer balun at the antenna feed point.

6.5 Project: Four-Wire Steerable V-Beam for 10 through 40 Meters

A simple arrangement of four wires can be used to work multiple bands and have antenna gain in different directions without using a rotator. A version of this antenna was described in QST (see References and Bibliography entry for Colvin) and is included in ARRL’s Wire Antenna Classics. That version had wires 584 feet long. In this version, built by Sam Moore, NX5Z, each wire is only 106 feet long. Many DX stations have had great success with this type of antenna. (The full QST article by NX5Z is included in the online material.)

ANTENNA CHARACTERISTICS

An unterminated V-beam gain pattern is bidirectional with two main gain lobes 180° apart if the leg lengths are at least a wavelength long. In Figure 6.31, a long wire antenna at the left is shown to have a gain pattern of four major lobes. Another long wire antenna positioned 45° from the first is also shown. If these are combined to form a V, it has the gain pattern as shown to the right in Figure 6.31.
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In this design, four 106-foot wires are spaced at 45°. The length of the wire is not as important as that they all be the same length. The author installed his V-beam with the apex and relay control box at a height of 40 feet with the wire ends 10 feet off the ground in a sloping V configuration. This V-beam’s gain approximates that of a three element Yagi on 10, 12, 15 and 17 meters and is within a few dB on 20 meters. The antenna provides useful operation on 30 and 40 meters, with essentially an omnidirectional pattern on 40. The beam direction is controlled by simply switching two switches in the station.

This antenna may also be built with wire lengths as short as 60 feet to more easily fit on a city lot. There will be a small decrease in gain. The V-beam gain increases with the length of the wires. The longer the wires, the greater the gain. As the wire lengthens, however, the beamwidth narrows. The gains and beamwidths of 106 and 60 foot versions are shown in Table 6.1, based on EZNEC analysis. (EZNEC modeling software is discussed in the Antenna Modeling chapter.) As a reference, the typical two-element Yagi has 6 to 7 dBi gain while a three element Yagi can be expected to have a 7.5 to 8.1 dBi gain, depending on design, especially boom length.
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The azimuth pattern looking down on a V-beam is shown in Figure 6.32. If the height of the V-beam is less than 1⁄2 wavelength, the gain pattern will distort and make the antenna more omnidirectional.
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To reduce the gain lobe to the rear of the V-beam you can terminate the wire ends with a resistor. An unterminated version has gain in both directions. If terminated, the antenna would need eight wires instead of four to have gain in all directions.

Since this antenna may be used for multiband operation, the gain waveform changes somewhat depending on the frequency of operation. The higher the frequency, the greater the gain, since the frequency to wire length ratio changes. For example, if your V-beam is 1 wavelength long at 20 meters, it is 2 wavelengths long at 10 meters, thus causing greater gain and narrower beamwidth as shown in Table 6.1. While essentially bidirectional on the upper bands, there is a 1 to 2 dB front to back ratio, with the maximum signal to the open end of the V. The beamwidth shown in Table 6.1 is of the front beam, with the rear beam generally somewhat narrower. A horizontal, rather than sloping, V-beam will be more symmetrical.

The block diagram of the V-beam system is shown in Figure 6.33. The antenna tuner must be able to accept balanced transmission line and a built in or external 4:1 balun is necessary. The author made a homebrew air core external 4:1 balun using 1 inch PVC pipe and used a small automatic antenna tuner.
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CONTROLS AND INDICATORS

The LED switch box supplies power to the relays in the antenna relay box at the center of the V-beam via a three wire cable such as three wire electrical zip cord. Smaller wires would work.

The relay box schematic is shown in Figure 6.34. Only two switches are needed to power relays 1 and 2. Relay 1 switches between wire 1 and 3 and relay 2 switches between wire 2 and 4. Note that wire 4 is used in combination with wire 1 instead of (imaginary) wire 5. This obtuse angle yields the about same gain and waveform as wire 4 to 5 would have offered, without having to string another wire. Figure 6.35 shows an assembled relay box in a power entry PVC cover.
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The assembled control head is mounted as shown in Figure 6.36. Total cost is around $50, not counting the balun and balanced transmission line. For the four wires, the author used electric fence wire, which accepted solder surprisingly well. You can buy a 1⁄4 mile roll of electric fence wire inexpensively at agricultural supply stores. You may also have a few necessary parts in your junk box.
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Chapter 7

Phased Arrays

From the chapter “Arrays of Dipoles And of Apertures” in Antennas, 2nd Edition by Kraus, “the term phased array has come to mean an array of many elements with the phase (and also…the amplitude) of each element being a variable, providing control of the beam direction (this is known as beam steering) and pattern shape, including sidelobes.” For amateurs, the number of elements is usually two to four, although arrays with as many as nine elements are in use. “An objective of a phased array is to accomplish beam steering without (physically) rotating the entire array.”

Kraus also describes beam steering by mechanical switching of different lengths of feed line to each of the array elements. This is not uncommon for simple amateur arrays, being very cost-effective and relying on using the right lengths of feed line as a phase shifter. For example, the popular Four-Square array can be switched in eight directions by this technique. LC circuits can also be used as phase shifters. Given that fully rotatable beam antennas for 80 and 160 meters are impractical for all but a very few stations, the ground-mounted array is a very satisfactory solution.

This chapter begins with an overview of the principles that govern the design and function of phased arrays. This includes careful definition of terms and the techniques that are used to create currents in each element with the necessary phase relationships. The second section of the chapter shows how these techniques are used for practical arrays of monopoles (verticals) with useful pattern control for typical amateur operation. (Even though the array may have any physical orientation, the term “vertical” will be used instead of monopole because of its familiarity to amateurs.) The interested amateur may also want to read the comprehensive professional review of phased array patterns by Delos and others in Microwaves & RF or the Phased Array Antenna Handbook by Mailloux (see the References and Bibliography section).

This chapter has been comprehensively updated for the 25th edition by Roy Lewallen, W7EL, author of the now-free EZNEC antenna modeling software (eznec.com). As de-scribed in a later sidebar, EZNEC models are used to illustrate key ideas and a package of models is available to the reader in the online material. Reading the Antenna Modeling chapter, then following along in the examples given here is an excellent way to get started with antenna modeling.

7.1 Creating Gain and Directivity

The gain and directivity offered by an array of elements represents a worthwhile improvement both in transmitting and receiving. Power gain in an antenna is the same as an equivalent increase in the transmitter power. But unlike increasing the power of your own transmitter, antenna gain works equally well on signals received from the favored direction. In addition, the directivity reduces the strength of signals coming from the directions not favored, and so helps discriminate against interference.

One common method of obtaining gain and directivity is to combine the radiation from a group of λ/2 dipoles to concentrate it in a desired direction. A few words of explanation may help make it clear how power gain is obtained.

In Figure 7.1, imagine that the four circles, A, B, C and D, represent four dipoles so far separated from each other that the coupling between them is negligible. Also imagine that point P is so far away from the dipoles that the distance from P to each one is exactly the same (obviously P would have to be much farther away than it is shown in this drawing). Under these conditions the fields from all the dipoles will add up at P if all four are fed RF currents in the same phase.
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Let us say that a certain current, I, in dipole A will produce a certain value of field strength, E, at the distant point P. The same current in any of the other dipoles will produce the same field at P. Thus, if only dipoles A and B are operating, each with a current I, the field at P will be 2E. With A, B and C operating, the field will be 3E, and with all four operating with the same I, the field will be 4E. Since the power received at P is proportional to the square of the field strength, the relative power received at P is 1, 4, 9, or 16, depending on whether one, two, three or four dipoles are operating.

Now, since all four dipoles are alike and there is no coupling between them, the same power must be put into each in order to cause the current I to flow. For two dipoles the relative power input is 2, for three dipoles it is 3, for four dipoles 4, and so on. The actual gain in each case is the relative received (or output) power divided by the relative input power. Thus, we have the results shown in Table 7.1. The power ratio is directly proportional to the number of elements used.
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It is well to have clearly in mind the conditions under which this relationship is true:

1) The fields from the separate antenna elements must be in-phase at the receiving point.

2) The elements are identical, with equal currents in all elements.

3) The elements must be separated in such a way that the current induced in one by another is negligible; that is, the radiation resistance of each element must be the same as it would be if the other elements were not there.

Very few antenna arrays meet all these conditions exactly. However, the power gain of a directive array using dipole elements with optimum values of element spacing is approximately proportional to the number of elements. Another way to say this is that a gain of approximately 3 dB will be obtained each time the number of elements is doubled, assuming the proper element spacing is maintained. It is possible, though, for an estimate based on this rule to be in error by a ratio factor of two or more (gain error of 3 dB or more), especially if mutual coupling is not negligible.

7.1.1 Definitions

Some definitions are repeated here from the Antenna Fundamentals chapter for the convenience of the reader. Refer to that chapter for more extensive discussion of basic concepts.

An element in a phased array is usually a λ/2 radiator (dipole) or a λ/4 vertical (monopole) element above ground. However, other lengths and other shapes, for example loops or inverted vees, can be used. For simplicity, antenna elements in multielement arrays of the type considered in this chapter are always either parallel, as in Figure 7.2A, or collinear (end-to-end), as in Figure 7.2B. Other relative orientations are possible, but analysis requires modeling software. Figure 7.2C shows an array combining both parallel and collinear elements. The elements can be either horizontal or vertical, depending on whether horizontal or vertical polarization is desired. Except for space communications, there is seldom any reason for mixing polarization, so arrays are customarily constructed with all elements similarly polarized.
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A driven element is one supplied power from the transmitter, usually through a transmission line. A parasitic element is one that obtains power solely through coupling to another element in the array because of its proximity to such an element. Parasitic elements are usually a few percent shorter or longer than resonant to create the phase shift of current necessary for creating the desired pattern.

A driven array is one in which all the elements are driven elements. A parasitic array is one in which one or more of the elements are parasitic elements. At least one element must be a driven element since you must somehow introduce power into the array.

A broadside array is one in which the principal direction of radiation is perpendicular to the axis of the array and to the plane containing the elements, as shown in Figure 7.3. The elements of a broadside array may be collinear, as in Figure 7.3A, or parallel (two views in Figure 7.3B).
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An end-fire array is one in which the principal direction of radiation coincides with the direction of the array axis. This definition is illustrated in Figure 7.4. An end-fire array usually consists of parallel elements. They cannot be collinear, as linear elements do not radiate straight off their ends. A Yagi is a familiar form of an end-fire array.
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A bidirectional array is one that radiates equally well in either direction along the line of maximum radiation. A bidirectional pattern is shown in Figure 7.5A. A unidirectional array is one that has only one principal direction of radiation, as the pattern in Figure 7.5B shows.
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The major lobes of the directive pattern are those in which the radiation is a maximum. Lobes of lesser radiation intensity are called side or minor lobes. The beamwidth of a directive antenna is the width, in degrees, of the major lobe between the two directions at which the relative radiated power is equal to one half its value at the peak of the lobe. At these half-power points the field intensity is equal to 0.707 times its maximum value, or in other words, is down 3 dB from the maximum. Figure 7.6 shows a lobe having a beamwidth of 30°.
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Unless specified otherwise, the term gain as used in this section is the power gain over an isotropic radiator in free space. The gain can also be compared with a λ/2 dipole of the same orientation and height as the array under discussion and having the same power input.

Gain may either be measured experimentally or determined by calculation. Experimental measurement is difficult and often subject to considerable error, for two reasons. First, errors normally occur in measurement because the accuracy of simple RF measuring equipment is relatively poor — even high-quality instruments suffer in accuracy compared with their low-frequency and dc counterparts. And second, the accuracy depends considerably on conditions — the antenna site, including height, terrain characteristics, and surroundings — under which the measurements are made. (At UHF and higher frequencies, an anechoic chamber can measure an antenna as if it was in a free space environment.)

Calculations are frequently based on the measured or theoretical directive patterns of the antenna. The theoretical free space gain of a unidirectional array may be determined approximately from:

[image: ]

where

G = decibel gain over a dipole in its favored direction

H3dB = half-power beamwidth in degrees of the H-field pattern

E3dB = vertical half-power beamwidth in degrees of the E-field pattern.

This equation, strictly speaking, applies only to lossless antennas having approximately equal and narrow E- and H-plane beam widths — up to about 20° — and no large minor lobes. The error may be considerable when the formula is applied to simple directive antennas having relatively large beam widths. The error is in the direction of making the calculated gain larger than the actual gain.

PHASE, POLARITY, AND DIRECTION

The term phase has the same meaning when used in connection with the currents flowing in antenna elements as it does in ordinary circuit work. Reiterating from the Antenna Fundamentals chapter, it is important to distinguish between phase and polarity. Polarity is simply a convention that assigns a positive and negative direction or convention, while phase refers to the part of the cycle of an ac voltage or current. But it’s essential to realize that both are relative values and are meaningless without some reference — and the reference is largely arbitrary! For example, suppose an RF voltage is applied to a transmission line that delays the phase of the voltage by 1/8 of a cycle. Relative to the input end, the phase at the far end of the line will be –45°. But if we consider the phase of the voltage at the far end of the line to be zero, then the phase of the source at the input is +45°. So, the voltage at neither end of the line has an absolute value of phase — but the relative phase between ends is constant.

What happens when we reverse the source terminals, which reverses the polarity of the applied signal? If the source was and is still considered to be producing a voltage with zero phase at its positive terminal relative to its negative terminal, then the phase of the voltage applied to the transmission line has reversed, becoming 180° (or –180° which is the same thing), and the voltage at the other end of the line has also changed phase by 180° to become +135° or –225°. But we could use the voltage at the line input to be the zero-degree reference, in which case we’re back to –45° at the line output.

In dealing with currents on wires, we also have the concept of current direction. Alas, this is also arbitrary, and causes a great deal of confusion when modeling antennas. If a current can be said to be flowing in one direction in a wire with a phase angle of –45°, it can be said equally correctly to be flowing in the other direction with a phase angle of –225° or +135. In phased arrays, we’re interested in the physical direction or phase of one current relative to that in other elements. Figure 7.7A shows the phases of the currents at the source and approximately the midpoint of each wire half when modeling the Dipole1.EZ example antenna with EZNEC. (Filenames with the .EZ extension refer to EZNEC models that are included in the online material.) In Figure 7.7B, the wire ends have been reversed. The program defines the direction of positive current flow from a source to be in the wire end 1 — end 2 direction, so physically reversing the wire ends also physically reverses the source, keeping its orientation the same relative to the wire ends. The phase of the currents in the wires, relative to the phase of the source, hasn’t changed. However, the physical direction of the current has changed, and another element will see this as a 180° change in this element’s current — it was at an angle of –4.28° to the right and now it’s –4.28° to the left.
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The same physical phase reversal can be created by leaving the ends as they were and changing the source phase to 180° as in Fig. 7.7C. This is equivalent to turning the source around or reversing a feed-line connection. The “direction” of current is still defined as from end 1 to end 2 (left to right) but its phase is reversed — so the currents are exactly the same as in B and 175.72° in one direction is exactly the same as –4.28° in the other. Finally, both reversing the wire and the phase of the source as in Fig. 7.7D results in exactly the same currents as in A.

The phasing of driven elements depends on the direction of the element, the phase of the applied currents, and the point at which the current is applied. In many arrays used by amateurs, the currents applied to the elements are exactly in- or exactly out-of-phase with each other. Also, the axes of the elements are nearly always in the same direction, since parallel or collinear elements are invariably used. The currents in driven elements in such systems therefore are usually either exactly in or exactly out-of-phase with each other.

It is possible to use phase differences of less than 180° in driven arrays. One important case is where the current in one set of elements differs by 90° from the current in another set (said to be in quadrature). However, making provision for proper phasing in such systems is considerably more complex than in the case of simple 0° or 180° phasing, as described in a later section of this chapter.

In parasitic arrays the phase of the currents in the parasitic elements depends on the spacing and tuning as described later and can take on various values of relative amplitude and phasing.

GROUND EFFECTS

The effect of the ground is the same with a directive antenna as it is with a simple dipole antenna. The reflection factors discussed in the chapter Effects of Ground may therefore be applied to the vertical pattern of an array, subject to the same modifications mentioned in that chapter. In cases where the array elements are not all at the same height, the reflection factor for the mean height of the array may be used for a close approximation. The mean height is the average of the heights measured from the ground to the centers of the lowest and highest elements.

7.1.2 Mutual Coupling

Consider two λ/2 elements that are fairly close to each other. Assume that power is applied to only one element (“element 1”), causing current to flow. This creates an electromagnetic field which induces a voltage in the second element and causes current to flow in it as well. The current flowing in element 2 will in turn induce a voltage in element 1, causing a change in the current flowing there. The total current in 1 is then the sum (taking phase into account) of the original current and the induced current. This effect is called mutual coupling. The ratio of voltage induced in the second element to the current in the first is called mutual impedance. It’s determined only by the array geometry and used in calculating the effects of mutual coupling. It’s not the same as and shouldn’t be confused with coupled impedance, described next.

The element 1 current will be different than if element 2 were not there. This indicates that, if element 1 is driven, the presence of the second element has changed the feed-point impedance of the first. This change is called coupled impedance which has both resistive and reactive components. The actual impedance of an antenna element is the sum of its self-impedance (the impedance with no other antennas present) and its coupled impedances from all other elements in the array (or, often unintentionally, other antennas in the vicinity). The induced current and coupled impedance in an element depends on the spacing between it and other elements, and their lengths, diameters, orientations, and currents. The coupled impedance (feed-point impedance change) of a driven element often has a major impact on the current being delivered to it by the feed system. Consequently, the feed system must be designed to deliver the desired current — magnitude and phase — to the feed-point impedance which includes the coupled impedance(s).

It’s important to realize that the altered current in the first element determines the coupled impedance in the second element and vice versa, and in many cases the resulting coupled impedance is different for each element in an array. Because all elements in an array interact with all others, analysis of all element interactions must be done simultaneously. Practically, this can only be done with a computer except for some simple cases.

In the discussion of the several preceding paragraphs, power is applied to only one of the two elements. Do not interpret this to mean that mutual coupling exists only in driven or parasitic arrays! It is important to remember that mutual coupling exists between any two conductors that are located near one another — regardless of whether they’re part of an intentional array.

Because these phenomena affect nearby antennas in the same manner as elements in intentional arrays, “antenna” and “element” are used interchangeably in the following discussion.

AMPLITUDE OF INDUCED CURRENT

The induced current will be largest when two antennas are close together and are parallel. Under these conditions the voltage induced in the second antenna by the first, and in the first by the second, has its greatest value and causes the greatest induced current. The coupling decreases as the parallel antennas are moved farther apart.

The coupling between collinear antennas is comparatively small, and so the mutual impedance between such antennas is likewise small. It is not negligible, however.

PHASE RELATIONSHIPS

When the separation between two antennas is an appreciable fraction of a wavelength, a measurable amount of time elapses before the field from antenna 1 reaches antenna 2. There is a similar time lapse before the field set up by the current in number 2 gets back to induce a current in number 1. Hence the current induced in antenna 1 by antenna 2 will have a phase relationship with the original current in antenna 1 that depends on the spacing between the two antennas as well as other factors.

The induced current can range all the way from being completely in-phase with the original current to being completely out-of-phase with it. If the currents are in-phase, the total current is larger than the original current and the antenna feed-point impedance is reduced. If the currents are out-of-phase, the total current is smaller, and the impedance is increased.

Except in the special cases when the induced current is exactly in or out-of-phase with the original current, the induced current causes the phase of the total current to shift with respect to the applied voltage. Consequently, the presence of a second antenna nearby may cause the impedance of an otherwise resonant antenna to be reactive — that is, the antenna will be detuned from resonance — even though its self-impedance is entirely resistive. The amount of detuning depends on the magnitude and phase of the induced current.

TUNING CONDITIONS

The length and diameter of an antenna and its spacing from other antennas affect the magnitude and phase of the current induced into it, and therefore the magnitude and phase of currents it induces into other antennas. If it is a parasitic element, changing one or more of those physical properties is the only way to alter these currents.

7.1.3 Mutual Coupling and Gain

The mutual coupling between antennas or antenna elements can have a significant effect on the amount of current that will flow for a given amount of power supplied, which then determines the radiated field strength from the antenna in various directions. But the total amount of power radiated from any combination of antennas and elements, excluding loss, must always equal the total amount of power applied. So, any increases in field strength in some directions must result in corresponding decreases in others.

Loss can usually be analyzed separately, but sometimes mutual coupling can result in increased or decreased losses due to its effect on current amplitudes. One example is the W8JK antenna (see the Broadside and End-Fire Dipole Arrays chapter). In this antenna consisting of two parallel, closely spaced, out-of-phase dipole elements, mutual coupling greatly reduces the feed-point impedances and increases the currents for a given power input. The result is greater wire I2R loss which converts more of the applied power to heat and consequently reduces the gain below what would be expected without loss. At very close spacings and/or small wire sizes, the amount of loss can equal or exceed the gain in the best directions, resulting in zero or negative gain in all directions.

Other things being equal, if the mutual coupling between two antennas is such that the currents are greater for the same total power than would be the case if there was no coupling, the power gain in the most favored direction will be greater than shown in Table 7.1. If mutual coupling results in a reduction of current, the gain will be less than if there was no coupling. But the same increase in current caused by mutual coupling that increases gain also increases loss, placing a practical limit to how much overall performance can be gained as in the example above.

The calculation of coupled impedance between antennas is a complex problem. Data for two simple but important cases are graphed in Figures 7.8 and 7.9. These graphs do not show the coupled impedance, but instead show a more useful quantity — the feed-point resistance measured at the center of an antenna as it is affected by the spacing between two antennas.
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As shown by the solid curve in Figure 7.8, the feed-point resistance at the center of either antenna, when the two are self-resonant, parallel, and operated in-phase, decreases as the spacing between them is increased until the spacing is about 0.7 λ. This is a broadside array since the fields from the two elements arrive in-phase at a distant point placed on a line perpendicular to the line joining the two antennas. (Self-resonance means the antenna is resonant in the absence of mutual coupling with any other antenna.) The maximum gain is achieved from a pair of such elements when the spacing is in this region because the current is larger for the same power.

The dashed line in Figure 7.8, representing two antennas operated 180° out-of-phase (this is an end-fire array in which maximum radiation is in the plane of the elements), cannot be interpreted quite so simply. The feed-point resistance decreases with spacing down to less than about 0.6 λ. However, for the range of spacings considered, only when the spacing is 0.5 λ do the fields from the two antennas add up exactly in phase at a distant point in the favored direction. At smaller spacings the fields become increasingly out-of-phase, so the total field is less than the simple sum of the two. Smaller spacings thus decrease the gain while the reduction in feed-point resistance is increasing it. For a lossless antenna, the gain goes through a maximum when the spacing is in the region of 1/8 λ. However, when loss is considered, the low resistance and consequent high current for a given power input could significantly reduce the actual gain that is achieved.

The feed-point resistance curve for two collinear elements in-phase, Figure 7.9, shows that the feed-point resistance decreases and goes through a broad minimum in the region of 0.4 to 0.6 λ spacing between the adjacent ends of the antennas. As the minimum is not significantly less than the feed-point resistance of an isolated antenna, the gain will not exceed the gain calculated based on uncoupled antennas. That is, the best that two collinear elements will give, even with optimum spacing, is a power gain of about 2 (3 dB). When the separation between the ends is very small — the usual method of operation — the gain is reduced.

7.1.4 Gain and Array Dimensions

The gain of an array is principally determined by the dimensions of the array, so long as there are a minimum number of elements. A good example of this is the relationship between boom length, gain and number of elements for an array such as a Yagi. Figure 7.10 compares the gain versus boom length for Yagis with different numbers of elements. For a given number of elements, notice that the gain increases as the boom length increases, up to a maximum. Beyond this point, longer boom lengths result in less gain for a given number of elements. This observation does not mean that it is always desirable to use only the minimum number of elements. Other considerations of array performance, such as front-to-back ratio, minor lobe amplitudes or operating bandwidth, may make it advantageous to use more than the minimum number of elements for a given array length. A specific example of this is illustrated in the discussion of the Half-square, Bobtail curtain, and Bruce array in the chapter Broadside and End-Fire Dipole Arrays.
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In a broadside array the gain is a function of both the length and width of the array. The gain can be increased by adding more elements (with additional spacing) or by using longer elements (>λ/2), although the use of longer elements requires proper attention to current distribution in the elements. In general, in a broadside array the element spacing that gives maximum gain for a minimum number of elements is in the range of 0.5 to 0.7 λ. Broadside arrays with elements spaced for maximum gain will frequently have significant side lobes and associated narrowing of the main lobe beamwidth. Side lobes can be reduced by using more than the minimum number of elements, spaced closer than the maximum gain distance.

Additional gain can be obtained by expanding the array into a third dimension. An example of this is the stacking of end-fire arrays in a broadside configuration. In the case of stacked short end-fire arrays, maximum gain occurs with spacings in the region of 0.5 to 0.7 λ. However, for longer higher-gain end-fire arrays, larger spacing is required to achieve maximum gain. This is important in VHF and UHF arrays, which often use long-boom Yagis. (See the discussions of stacking Yagi antennas in the HF Antenna System Design and VHF, UHF, and Microwave Antenna Systems chapters.)

7.2 Driven Arrays

Phenomena described in the preceding section apply to multielement arrays of both types, driven and parasitic, since mutual coupling occurs regardless. However, there are special considerations for driven arrays that do not necessarily apply to parasitic arrays, and vice versa. Such considerations for Yagi and quad parasitic arrays are presented in the HF Beam Antennas chapter. The remainder of this chapter is devoted to driven arrays.

Driven arrays in general are either broadside or end-fire, and may consist of collinear elements, parallel elements, or a combination of both. From a practical standpoint, the maximum number of usable elements depends on the frequency and the space available for the antenna. Fairly elaborate arrays, using as many as 16 or even 32 elements, can be installed in a rather small space when the operating frequency is in the VHF range and more at UHF. At lower frequencies the construction of antennas with a large number of elements is impractical for most amateurs.

Of course, the simplest of driven arrays is one with just two elements. If the elements are collinear, they are always fed in-phase. The effects of mutual coupling are not great, as illustrated in Figure 7.9. Therefore, feeding power to each element in the presence of the other presents no significant problems. But this may not be the case when the elements are parallel to each other. However, because the combination of spacing and phasing arrangements for parallel elements is infinite, the number of possible radiation patterns is endless.

This is illustrated in Figure 7.11 for arrays of just two elements. When the elements are fed in-phase, a broadside pattern always results. At spacings of less than 5λ/8 with the elements fed 180° out-of-phase, an end-fire pattern always results. With intermediate amounts of phase difference, the results cannot be so simply stated. Patterns evolve that are not symmetrical in all four quadrants.

[image: ]

[image: ]

Because of the effects of mutual coupling between the two driven elements, for a given power input greater or lesser currents will flow in each element with changes in spacing and phasing as described earlier. This, in turn, affects the gain of the array in a way that cannot be shown merely by plotting the shapes of the patterns, as has been done in Figure 7.11. Therefore, supplemental gain information is also shown in Figure 7.11, adjacent to the pattern plot for each combination of spacing and phasing. The gain figures shown are referenced to a single element. For example, a pair of elements fed 90° out of phase with a spacing of λ/4 will have a gain in the direction of maximum radiation of 3.1 dB over a single element.

It is characteristic of broadside arrays that the power gain is proportional to the length of the array but is substantially independent of the number of elements used, provided the optimum element spacing is not exceeded. This means, for example, that a five-element array and a six-element array will have nearly the same gain, provided the elements in both are spaced so the overall array length is the same. Although this principle is seldom used for the purpose of reducing the number of elements because of complications introduced in feeding power to each element in the proper phase, it does illustrate the fact that there is nothing to be gained, in terms of more gain, by increasing the number of elements if the space occupied by the antenna is not increased proportionally.

The maximum gain in the smallest linear dimensions will result when the antenna combines both broadside and end-fire directivity and uses both parallel and collinear elements. In this way the antenna is spread over a greater volume of space, which has the same effect as extending its length to a much greater extent in one linear direction.

7.2.1 Current Distribution in Phased Arrays

In the plots of Figure 7.11, the two elements are assumed to be identical and self-resonant. In addition, currents of equal amplitude are assumed to be flowing at the feed point of each element, a condition that most often will not exist in practice without devoting special consideration to the feeder system. Such considerations are discussed in the next section of this chapter.

Most literature for radio amateurs concerning phased arrays assumes that if all elements in the array are identical, the current distribution (the way the current changes along the element) in all the elements will be identical. This distribution is presumed to be that of a single, isolated element, or nearly sinusoidal. However, information published in the professional literature as early as the 1940s indicates the existence of dissimilar current distributions among the elements of phased arrays. (See Harrison and King entries in the References and Bibliography.) Lewallen, in the July 1990 QST, pointed out the causes and effects of dissimilar current distributions.

In essence, even though the two elements in a phased array may be identical and have exactly equal currents of the desired phase flowing at the feed point, the amplitude and phase relationships degenerate with departure from the feed point. This happens any time the phase relationship is not 0° or 180°. Thus, the field strengths produced at a distant point by the individual elements may differ. This is because the field from each element is determined by the distribution of the current, as well as its magnitude and phase. (Note that the current itself flows in the familiar sine wave. Distribution is the magnitude of that sine wave along the element.)

The effects are minimal with shortened elements — verticals less than λ/4 or dipoles less than λ/2 long. The effects on radiation patterns begin to show at lengths greater than resonance and become profound with longer elements — λ/2 or longer verticals and 1 λ or longer center-fed elements. These effects are less pronounced with thin elements. The amplitude and phase degeneration takes place because the shape of the current distribution of the currents in the array elements becomes farther from being sinusoidal. This is true even in two-element arrays with phasing of 0° or 180°, although in these two special cases they do remain identical so don’t affect the pattern.

The pattern plots of Figure 7.11 take element current distributions into account. The visible results of dissimilar distributions are incomplete nulls in some patterns and the development of very small minor lobes in others. For example, the pattern for a phased array with 90° spacing and 90° phasing has traditionally been published in amateur literature as a cardioid with a perfect null in the rear direction. Figure 7.11, calculated for 7.15 MHz self-resonant dipoles of #12 AWG wire in free space, shows a minor lobe at the rear and only a 33 dB front-to-back ratio due to the current distribution difference between the elements that results from mutual coupling. Element current distribution and its effects are discussed further in the section “Feeding Phased Arrays” later in this chapter.

7.3 Phased Array Techniques

Phased arrays of vertical elements have become increasingly popular for amateur use, particularly on the lower frequency bands where they provide one of the few practical methods to obtain substantial gain and directivity.

The operation and limitations of phased arrays, how to design feed systems to make them work properly and how to make necessary tests and adjustments are discussed in the pages that follow. The examples deal primarily with vertical HF arrays, but the principles apply to VHF and UHF arrays and arrays made from other element types as well. Unless otherwise noted, in the rest of this chapter, the term “phased array” will refer to arrays of vertical ground-plane elements. Step-by-step instructions for some examples are given in the sidebar EZNEC Examples.

7.3.1 Overview

Much of this chapter is devoted to techniques for feeding phased arrays. This is not a simple problem only of connecting array elements through “phasing lines” — transmission lines of the desired electrical lengths. Except for a very few special cases, this approach won’t achieve the desired array pattern. Other proposed universal solutions, such as hybrid couplers or Wilkinson or other power dividers, also usually fail to achieve the necessary phasing in almost all cases.

Very briefly, the reason why the simple phasing line approach fails is that the delay of current or voltage in a transmission line equals the line’s electrical length only if the line is terminated in its characteristic impedance. And in phased arrays, element feed-point impedances are profoundly affected by mutual coupling.

Consequently, even if each element has the correct impedance when isolated, it won’t when all elements are excited. Furthermore, transmission lines that are not terminated in their characteristic impedance will transform both the voltage and current magnitude. The net result is that the array elements will have neither the correct magnitudes nor phases of current necessary for proper operation except in a few special cases. This isn’t a minor effect of concern only to perfectionists, but often a major one that causes significant pattern distortion and poor or mis-located nulls.

7.3.2 Fundamentals of Phased Vertical Arrays

The performance of a phased array is determined by several factors. Most significant among these are the characteristics of a single element, reinforcement or cancellation of the fields from the elements and the effects of mutual coupling. To understand the operation of phased arrays, it is first necessary to understand the operation of a single antenna element.

Of primary importance is the strength of the field produced by the element, assumed to be a vertical ground-plane. The field radiated from a linear (straight) element, such as a dipole or vertical monopole, is proportional to the sum of the elementary currents flowing in each part of the antenna element. For this discussion it is important to understand what determines the current in a single element.

The amount of current flowing at the base of a ground mounted vertical or ground-plane antenna is given by the familiar formula
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where

P is the power supplied to the antenna

R is the feed-point resistance.

R consists of two parts, the loss resistance, and the radiation resistance. The loss resistance, RL, includes losses in the conductor, in the matching and loading components and dominantly (in the case of ground-mounted verticals) in ground losses. The power consumed by the radiation resistance, Rr, is actually the power that is radiated, so maximizing the power consumed by the radiation resistance is desirable. However, the power consumed by the loss resistance truly is dissipated and lost as heat, so resistive losses should be made as small as possible.

The radiation resistance of an element can be derived from electromagnetic field theory, being a function of antenna length, diameter, and geometry. Graphs of radiation resistance versus antenna length are given in the Dipoles and Monopoles chapter. The radiation resistance of a thin resonant λ/4 ground-mounted vertical is about 36 Ω. A resonant λ/2 dipole in free space has a radiation resistance of twice this amount, about 73 Ω. Reducing the antenna lengths by one-half drops the radiation resistances to approximately 7 and 14 Ω, respectively.

The radiation resistance of a large variety of antennas can easily be determined by using EZNEC. The radiation resistance is simply the feed-point resistance (the resistive part of the feed-point impedance) when all losses have been set to zero. For ground mounted verticals use Perfect or MININEC-type ground to assure zero ground loss. This is one of the powerful benefits of modeling. Because it’s not possible to set all the loss resistances of a real antenna to zero, the radiation resistance of an antenna can’t directly be measured unless the losses are known to be negligible. Accurate measurements can be difficult to make in any case.

RADIATION EFFICIENCY

To generate a stronger field from a given radiator, it is necessary to increase the power P (the brute-force solution), decrease the loss resistance RL (by putting in a more elaborate ground system for a vertical, for instance) or to somehow decrease the radiation resistance Rr so more current will flow with a given power input. This can be seen by expanding the formula for feed-point current as
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EZNEC Examples
This appendix contains step-by-step procedures using EZNEC to illustrate various topics discussed in this chapter. Instructions for getting and installing EZNEC and the various modeling files described in the text can be found in the previous sidebar “Using EZNEC.”
EZNEC Example — Mutual Coupling and Feed-Point Impedance
This example illustrates the effect of mutual coupling on feed-point impedance. Open the AntBk_Cardioid.EZ file, which is a 2-element vertical array mounted over “perfect” ground and fed with ideal current sources that are equal in amplitude and 90° different in phase. Click the VIEW ANT button to see a diagram of the antenna, a 2-element array of vertical elements. Click on the WIRES line in the main window to open the Wires Window. Click the button at the left of the Wire 2 line, and then press the DELETE key on your keyboard to delete wire #2. After clicking OK, note that one of the verticals (and the source at its base) has disappeared from the View Antenna display, leaving a single element. Click SRC DAT and note that the feed-point impedance of this single vertical is about 36 + j 0 Ω — it’s very nearly resonant.
Next, in the Wires Window, open the EDIT menu at the top and click UNDO DELETE WIRE(S) to restore the second element. Click SRC DAT again and notice that the feed-point impedance of wire #1 is now about 20 – j 19 Ω. The feed-point impedance of the second element, which is identical to the first, is about 51 + j 19 Ω. This difference between elements and the change from the self-impedance of 36 + j 0 Ω is due to mutual coupling. As you see, it’s not at all a minor effect.
As an additional exercise, change the magnitude or phase angle of the source at the base of wire #2 (click on the SOURCES line in the main window to open the Sources Window), then click SRC DAT after making changes to see how this changes the feed-point impedances of both elements.
EZNEC Example — Nulls
This example illustrates the effect of current magnitude on nulls and gain. Again, open the AntBk_Cardioid.EZ file. Click the FF PLOT button to generate the azimuth pattern of an ideal array. Save the plot for future reference as follows: In the plot window, open the FILE menu and select SAVE TRACE AS. Enter the name CARDIOID and click SAVE. Now, in the main window click on the SOURCES line to open the SOURCES Window. Change the amplitude of source 1 from 1 to 1.1, and of source 2 from 1 to 0.9 and press ENTER on your keyboard so that EZNEC will accept the changes.
Click FF PLOT to generate a pattern with the new currents. In the plot window, open the File menu and select ADD TRACE. Enter the name CARDIOID and click OPEN. You should now see the original plot and new plot overlaid. Notice that the null is much less deep with the altered currents, but the forward patterns are nearly identical. By clicking on the names of the traces in the upper left, PRIMARY and CARDIOID, you can see in turn the gain and front-to-back ratio of each of the traces. The original, CARDIOID, has a front-to-back ratio of about 32 dB, while Primary, the new plot, has a ratio of about 22 dB. The forward gain, however, differs by only 0.03 dB, a completely insignificant amount.
EZNEC Example — “Phasing-Line” Feed
This example illustrates the effect of using a “phasing-line” feed with no regard for the feed-point impedance changes caused by mutual coupling. Open the file AntBk_Cardioid_TL_Deg_Example.EZ. This is a model of an array fed with transmission lines whose lengths were designed in a previous section using the Arrayfeed1 program to account for the actual load impedances of elements in a phased array (See Figure 7.21). In that section, the model transmission line lengths were specified in feet but in this model, they are specified in electrical degrees for convenience in illustrating the point of this example. Unlike real lines, degree-specified model lines will change physical length with frequency, so this model shouldn’t be used to evaluate array performance at different frequencies.
In the main window, click on the TRANS LINES line to open the Transmission Lines window. In it you can see that the lengths of the feed lines, both of which are connected to the same source via Virtual Segment V1, are about 69° and 156°. This is a difference of 87° which in this case is close to the desired 90° current phase angle difference, but that’s coincidental and in many cases the length difference is not close. (For example, the lines in the EZNEC example file CardTL.EZ have a length difference of about 74° for 90° phasing.) As we’ll see, just any two lengths differing by about 90° won’t produce the pattern we’re expecting.
In the main window, click the CURRENTS button and look at the current shown for segment 1 of wires 1 and 2. These are the currents at the element feed points. The element 2: element 1 ratio of the magnitude of currents is 0.56316/0.56314 = 1.0000, and the phase difference is –146.58°− (−56.57°) = –90.01°. The current ratio is almost exactly correct.
Let’s try a couple of other length of “phasing lines” differing in length by 90°. First, click the FF PLOT button to generate the azimuth pattern of the original model. Save the plot for future reference as follows: In the 2D Plot window, open the FILE menu and select SAVE TRACE AS. Enter the name CARDTL and click SAVE. Now in the TRANSMISSION LINES Window, change the length of line number 1 from 68.56° to 90°. Important: In the line 1 Length box, enter 90D to make the line 90° long. If you omit the “d,” it will become 90 feet long! Similarly, change the length of line 2 to 180° by entering 180D in the line 2 Length box, then press ENTER on your keyboard so that EZNEC will accept the last change.
Click FF PLOT to generate a pattern with the new line lengths. In the plot window, open the FILE menu and select ADD TRACE. Enter the name CARDTL and click OPEN. You should now see the original plot and new plot overlaid together. Notice that the gain of the modified model is about 0.3 dB greater than the original, but the front-to-back ratio has degraded by 18 dB.
Experiment with different combinations of line lengths that differ by 90° — for example, 45° and 135° (don’t forget the ‘d’!), or change the impedance of one or both lines and you’ll see that you can get a wide variety of patterns. None, however, are likely to be as close to the ideal cardioid pattern as the original, and the front-to-back ratio suffers the worst from an incorrect current ratio.


Splitting the feed-point resistance into components Rr and RL easily leads to an understanding of element efficiency. The efficiency of an element is the proportion of the total applied power that is actually radiated and not converted to heat by losses. The roles of Rr and RL in determining efficiency can be seen by analyzing a simple equivalent circuit, shown in Figure 7.12.
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The power consumed by Rr (the radiated power) equals I2Rr. The total power supplied to the antenna system is

P = I2 (Rr + RL)

so the efficiency (the fraction of supplied power that is radiated) is
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Efficiency is frequently expressed in percent but expressing it in decibels relative to a 100%-efficient radiator gives a better idea of what to expect in the way of signal strength. The field strength of an element relative to a lossless but otherwise identical element is
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This will, of course, always be a negative value if Rr isn’t zero.

For example, information presented by Sevick in March 1973 QST shows that a λ/4 ground-mounted vertical antenna with four 0.2 λ radials has a feed-point resistance of about 65 Ω (see the References and Bibliography section). The efficiency of such a system is 36/65 = 55.4%. It is rather disheartening to think that, of 100 W fed to the antenna, only 55 W is being radiated, with the remainder literally warming up the ground. Yet the signal will be only 10 log (36/65) = –2.57 dB relative to the same vertical with a perfect ground system. In view of this information, trading a small reduction in signal strength for lower cost and greater simplicity may become an attractive consideration.

So far, only the current at the base of a resonant antenna has been discussed, but the field is proportional to the sum of currents in each tiny part of the antenna. The field is a function of not only the magnitude of current flowing at the feed point, but also the distribution of current along the radiator and the length of the radiator. Nothing can be done at the feed point to change the current distribution, so for a given element the field strength is proportional to the feed-point current. However, changing the radiator length or loading it at some point other than the feed point will change the current distribution.

More information on shortened or loaded radiators may be found in the Dipoles and Monopoles and General-Purpose MF and HF Antennas chapters and in the References and Bibliography section. The current distribution is also changed by mutual coupling to other array elements, although for most arrays this has only a minor effect on the pattern. This is discussed later in more detail. A few other important facts follow.

1) If there is no loss, the field from even an infinitesimally short radiator is less than 1⁄2 dB weaker than the field from a half-wave dipole or quarter-wave vertical. Without loss, all the supplied power is radiated regardless of the antenna length, so the only factor influencing gain is the slight difference in the patterns of very short and λ/2 antennas which results from different current distributions. A short antenna has a very low radiation resistance, resulting in a heavy current flow over its short length. In the absence of loss, this generates a field strength comparable to that of a longer antenna with less current. Where loss is present — that is, in practical antennas — shorter radiators usually don’t do so well, since the low radiation resistance leads to lower efficiency for a given loss resistance. Nevertheless, reasonably short antennas can achieve good efficiency if care is taken to minimize loss.

2) Caution must be used in calculating the efficiency of folded antennas. Folding transforms both the radiation resistance and loss resistance by the same factor, so their ratio and therefore the efficiency remains the same. It’s easy to show that in a ground-mounted vertical antenna, folding reduces the current flowing from the feed line to the ground system by a factor of two due to the impedance transformation. However, the folded antenna has an additional connection to ground, which also carries half the original ground current. The result is that the same amount of current flows into the ground system whether unfolded or folded, resulting in the same ground system loss. Analyses purporting to show otherwise invariably transform the radiation resistance but neglect to also transform the loss resistance and therefore reach an incorrect conclusion.

3) The current flowing in an element with a given power input can be increased or decreased by mutual coupling to other elements. The effect is equivalent to changing the element radiation resistance. Mutual coupling is sometimes thought of as a minor effect, but often it is not minor!

FIELD REINFORCEMENT AND CANCELLATION

The mechanism by which phased arrays produce gain, and the role of mutual coupling in determining gain, were covered earlier in this chapter. One important point that can’t be emphasized enough is that all antennas must abide by the law of conservation of energy. No antenna can radiate more power than supplied to it, and in fact always radiates less. The total amount of power it radiates is the amount it’s supplied less the amount lost as heat. This is true of all antennas, from the smallest “rubber duck” to the most gigantic array.

GAIN

Gain is strictly a relative measure, so the term is completely meaningless unless accompanied by knowledge of just what it is relative to. One useful measure for phased array gain is gain relative to a single similar element. This is the increase in signal strength that would be obtained by replacing a single element by an array made from elements just like it. In some instances, such as investigating what happens to array performance when all elements become more lossy, it’s useful to state gain relative to a more absolute, although unattainable standard: a lossless element.

And the most universal reference for gain is another unattainable standard, the isotropic radiator. This fictional antenna radiates absolutely equally in all directions. It’s very useful because the field strength resulting from any power input is readily calculated, so if the gain relative to this standard is known, the field strength is also known for any radiated power. Gain relative to this reference is referred to as dBi, and it’s the standard used by most modeling programs including EZNEC. To find the gain of an array relative to a single element or other reference antenna such as a dipole, model both the array and the single element or other reference antenna in the same environment and subtract their dBi gains. Don’t rely on some assumption about the gain of a single element — many people assume values that can be very wrong.

NULLS

Pattern nulls are very often more important to users of phased arrays than gain because of their importance in reducing noise and interference when receiving. Consequently, a good deal of emphasis is, and should be, placed on achieving good pattern nulls. Unfortunately, good nulls are much more difficult to achieve than positive gain and they are much more sensitive to array and feed-system imperfections.

As an illustration, consider two elements that each produce a field strength of exactly 1 millivolt per meter (mV/m) at some distance many wavelengths from the array. In the direction in which the fields from the elements are in-phase, a total field of 2 mV/m results. In the direction in which they’re out-of-phase, zero field results. The ratio of maximum to minimum field strength of this array is 2/0, or infinity.

Now suppose, instead, that one field is 10% high and the other 10% low — 1.1 and 0.9 mV/m, respectively. In the forward direction, the field strength is still 2 mV/m, but in the canceling direction, the field will be 0.2 mV/m. The front-to-back ratio of field strengths has dropped from infinity to 2/0.2, or 20 dB. (Actually, slightly more power is required to redistribute the field strengths this way, so the forward gain is reduced — but by only a small amount, less than 0.1 dB.) For most arrays, unequal fields from the elements have a minor effect on forward gain but a major effect on pattern nulls. This is illustrated by EZNEC Example — Nulls in the sidebar “EZNEC Examples”. (Refer to this sidebar for other EZNEC Example exercises.)

But deep nulls aren’t assured even with perfect current balance. Figure 7.13 shows the minimum spacing required for total field reinforcement or cancellation. If the element spacing isn’t adequate, there may be no direction in which the fields are completely out-of-phase (see curve B of Figure 7.13). Slight physical and environmental differences between elements will invariably affect null depths, and null depths will also vary with elevation angle.
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However, a properly designed and fed array can produce very impressive nulls. The key to producing good nulls, like producing gain, is controlling the strengths and phases of the fields from the elements. Just how to accomplish that is the subject of most of the remainder of this section. But be sure to keep in mind that producing good nulls is generally a much more difficult task than producing close to the predicted gain.

MUTUAL COUPLING

Mutual coupling was discussed briefly earlier in this chapter. Because it has an important and profound effect on both the performance and feed system design of phased arrays, it will be covered in greater depth here.

Mutual coupling refers to the effects which the elements in an array have on each other. Mutual coupling can occur intentionally or entirely unintentionally. People with multiple antennas on a small lot (or car top) often discover that a better description of their system is a single antenna with multiple feed points. Current is induced in conductors in various antennas by mutual coupling, causing them to act like parasitic elements which re-radiate and distort the antenna’s pattern. Mutual coupling and its effects are present whether or not the elements are driven.

Suppose that two driven elements are many wavelengths from each other. Each has some voltage and current at its feed point. For each element, the ratio of this voltage to current is the element self-impedance. If the elements are brought close to each other, the current in each element will change in magnitude and phase because of coupling with the field from the other element. The field from the first element changes the current in the second. This changes the field from the second which alters the current in the first, and so forth creating an equilibrium condition in which the currents in all elements (hence, their fields) are totally interdependent.

The feed-point impedances of all elements also are changed from their values when far apart, and all are dependent on each other. In a driven array, the changes in feed-point impedances can cause additional changes in element currents because the operation of many feed systems depends on the element feed-point impedances. Significant mutual coupling occurs at spacings as great as a wavelength or more.

Connecting the elements to a feed system to form a driven array does not eliminate the effects of mutual coupling. In fact, in many driven arrays the mutual coupling has a greater effect on antenna operation than the feed system does. All feed-system designs must account for the impedance changes caused by mutual coupling if the desired current balance and phasing are to be achieved.

Several general statements can be made regarding the effects of mutual coupling on phased-array systems (unless loss is high enough to swamp mutual coupling effects as discussed in the next section).

1) The resistances and reactances of all elements of an array generally will be substantially different from the values when the elements are isolated (that is, very distant from other elements).

2) If the elements of a two-element array are identical and have equal currents that are in-phase or 180° out-of-phase, the feed-point impedances of the two elements will be equal. But they will be different than for an isolated element. If the two elements are part of a larger array, their impedances can be very different from each other.

3) If the elements of a two-element array have currents that are neither in-phase (0°) nor out-of-phase (180°), their feed-point impedances will not be equal. The difference will be considerable in typical amateur arrays.

4) The feed-point resistances of the elements in a closely spaced, 180° out-of-phase array will be very low, resulting in poor efficiency due to ohmic losses unless care is taken to minimize loss. This is also true for any other closely spaced array with significant predicted gain.

It’s essential to realize that this is not a minor effect and one that can be overlooked or ignored. See EZNEC Example — Mutual Coupling and Feed-Point Impedance for an illustration of these phenomena.

LOSS RESISTANCE, MUTUAL COUPLING AND ANTENNA GAIN

Loss reduces the effects of mutual coupling because the feed-point impedance change (coupled impedance) resulting from mutual coupling is effectively in series with loss resistance. If the loss is great enough, two important results occur. First, the feed-point impedance becomes relatively independent of the presence of nearby current-carrying elements. This greatly simplifies feed system design — the simple “phasing-line” or hybrid-coupler feed system described below is adequate provided that all elements are physically identical, and the feed point of each element is matched to the Z0 of the feed line and, if used, the hybrid coupler.

The impedance matching restrictions are necessary to ensure that the phasing line or hybrid coupler performs as expected. Identical elements are needed so that equal element currents will result in equal fields from the elements.

In the absence of mutual coupling effects, the maximum gain of an array of identical elements relative to a single (similarly lossy) element is simply 10 log(N), where N is the number of elements — providing that spacing is adequate for the fields to fully reinforce in some direction. If spacing is less, maximum gain will also be less. Of course, the array gain relative to a single lossless element will be very low, most likely a sizeable negative number when expressed in dB. So, intentionally introducing loss isn’t a wise idea for a transmitting array. It is sometimes an advantageous thing to do for an HF receiving array, however, as explained in the following section.

Close spaced arrays with 180° out-of-phase elements such as the W8JK phased array (see the Broadside and End-Fire Dipole Arrays chapter) depend heavily on mutual coupling to achieve their gain because there are no directions in which the fields completely reinforce. Introduction of any loss to these arrays, which reduces the mutual coupling effects, has a profound effect on the gain. This is also true of many parasitic arrays. Consequently, parasitic or close-spaced driven arrays often produce disappointing results when made from grounded vertical elements unless each has a fairly elaborate (and therefore very low-loss) ground system.

If you place two low-loss elements very close together and feed them in-phase, mutual coupling reduces the array gain to essentially that of a single element, so there’s no advantage to this configuration over a single element. However, if you have a single lossy element, for example a short vertical having a relatively poor ground system, you can improve the gain by up to almost 3 dB by adding a second, close spaced, element and ground system and feeding the two in-phase. Another way to look at this technique is that you’re putting two equal ground system resistances in parallel, which effectively cuts the loss in half. The gain you can realize in practice depends on such things as the ground system overlap, but it might be a practical way to improve transmitting array performance in some situations.

7.3.3 Feeding Phased Arrays

The previous section explains why the fields from the elements must be very close to the ratios required by the array design. Since the field strengths are proportional to the currents in the elements, controlling the fields requires controlling the element currents. Since the desired current magnitude ratio is 1:1 for virtually all two-element and for most (but not all) larger amateur arrays, special attention is paid to methods of assuring equal element currents. But we will also examine other current ratios.

THE ROLE OF ELEMENT CURRENTS

The field from a conductor is proportional to the current flowing on it. So, if we’re to control the relative strengths and phases of the fields from the elements, we have to control their currents. We usually do this by controlling the currents at the element feed points. But because the field from an element depends on the current everywhere along the element, elements having identical feed-point currents will produce different fields if they have different current distributions — that is, if the way the current varies along the lengths of the elements is different.

The previous section “Current Distribution in Phased Arrays” explained that mutual coupling alters the current distribution, so in many arrays the current distributions will be different on the elements and consequently the relationship between the elements’ total fields won’t be the same as that between the feed-point currents. Fortunately, this effect is relatively minor in thin, λ/4 vertical or λ/2 dipole elements. The most common arrays are made from elements in this category, so we can generally get very nearly the desired ratio of fields by creating the same ratio of feed-point currents. Exceptions are detailed in the following section.

FEED-POINT VS ELEMENT CURRENT

For most antennas, environmental factors are likely to cause greater performance anomalies than current distribution differences, and both can be corrected with minor feed system adjustments. The difference between field and feed-point current ratios can become very significant, however, if the elements are very fat and/or close to λ/2 (monopole) or 1 λ (dipole) long. In those cases, most of the feed systems described here won’t produce the desired field ratios without major adjustment or modification, except in the special cases of 2-element arrays with identical elements having feed-point currents in-phase or 180° out-of-phase. In those special cases, the element current distributions are the same for the same reason the feed-point impedances are equal — each element “sees” exactly the same amplitude and phase field from the other element. This is explained later in the feed system sections.

To get an idea of just how large an element must be for the current distribution difference to disturb the pattern of an array with correct feed-point currents, a two-element cardioid array of quarter wave vertical elements was modeled at 10 MHz. With thin, 0.1-inch diameter elements the front-to-back ratio was 35 dB, the very small reverse lobe caused by slightly unequal element current distributions. Increasing the element diameter to 20 inches decreased the front-to-back ratio to 20 dB. Returning the front-to-back ratio of the array of 20-inch elements to >35 dB required changing the feed-point current ratio from the nominal value of 1.0 at an angle of 90° to 0.88 at 83°.

The same array was again modeled with 0.1-inch diameter elements where it has a front-to-back ratio of 35 dB, then the elements were lengthened. The front-to-back ratio dropped to 20 dB at an element length of 36 feet, or about 0.37λ. In that case, adjustment of the feed-point current ratio to about 0.9 at about 83° restored a good front-to-back ratio.

In the discussion and development which follow, the assumption is made that the fields will be very nearly proportional to the feed-point currents. If the elements are fat or long enough to make this assumption untrue, some adjustment of feed-point current ratio will be necessary to achieve the desired pattern, particularly nulls. Most feed systems can be designed for any current ratio. Modeling will reveal the ratio required for the desired pattern, and then the feed system can be designed accordingly.

7.3.4 Common Phased Array Feed Systems

This section will first describe several popular approaches to feeding phased arrays that often don’t produce the desired results and why they don’t work as well as hoped. It also briefly discusses systems that could be used but often aren’t appropriate or optimum for amateur arrays.

This will be followed in the next section by detailed descriptions of array feed systems that do produce the predicted element current ratios and array patterns.

THE “PHASING-LINE” APPROACH

For an array to produce the desired pattern, the element currents must have the required magnitude and the required phase relationship. As explained above, this can generally be achieved well enough by causing the feed-point currents to have that same relationship.

On the surface, this sounds easy — just make sure that the difference in electrical lengths of the feed lines to the elements equals the desired phase angle. Unfortunately, this approach doesn’t usually achieve the desired result. The first problem is that the phase shift through the line is not necessarily equal to its electrical length but in general depends on the impedance terminating the line. The current (or, for that matter, voltage) delay in a transmission line is equal to its electrical length in only a few special cases — cases which don’t exist in most amateur arrays. The impedance of an element in an array is frequently very different from the impedance of an isolated element and the impedances of all the elements in an array can be different from each other.

See EZNEC Example — Mutual Coupling and Feed-Point Impedance for a graphic illustration of the effect of mutual coupling on feed-point impedance. Also look at the Four-Square array example in the “Phased Array Design Examples” section. That array has one element with a negative feed-point resistance if ground loss is low. This means that the element is delivering power to, rather than absorbing power from, the feed system. It gets this power from the other elements via mutual coupling. Without mutual coupling, the feed-point resistance of that same element would be about 36 Ω plus ground loss.

So, because of mutual coupling, the elements seldom provide a matched load for the element feed lines. The effect of mismatch on phase shift can be seen in Figure 7.14. Observe what happens to the phase of the current and voltage on a line terminated by a purely resistive impedance that is lower than the characteristic impedance of the line (Figure 7.14A). At a point 45° from the load the current has advanced less than 45° and the voltage more than 45°. At 90° from the load both are advanced 90°. At 135° the current has advanced more and the voltage less than 135°. This apparent slowing down and speeding up of the current and voltage waves is caused by interference between the forward and reflected waves. It occurs on any line that is not terminated with an impedance equal to its characteristic impedance. (Note that Z0 of a lossless transmission line is purely resistive while Z0 of a line with loss includes a reactive component. This reactive component is usually negligible unless loss is unusually high.) If the load resistance is greater than the characteristic impedance of the line as shown in Figure 7.14B, the voltage and current exchange angles. Adding reactance to the load causes additional phase shift. The only cases in which the current (or voltage) delay is equal to the electrical length of the line are:
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1) When the line is flat; that is, terminated in a load equal to its characteristic impedance;

2) When the line length is an integral number of half wavelengths;

3) When the line length is an odd number of quarter wavelengths, and the load is purely resistive; and

4) When other specific lengths are used for specific load impedances.

These apply to most cases of the arrays described in the Broadside and End-Fire Dipole Arrays chapter.

Just how much phase error can be expected if two feed lines are simply hooked up to form an array? There is no simple answer. Some casually designed feed systems might deliver satisfactory results, but most will not. See the EZNEC Example — “Phasing-Line” Feed for the typical consequences of using this sort of feed system.

A second problem with simply connecting feed lines of different lengths to the elements is that the lines will change the magnitudes of the currents. The magnitude of the current (or voltage) out of a line does not equal the magnitude into that line, except in cases 1, 2, and 4 above. The feed systems presented later in this chapter assure currents that are correct in both magnitude and phase.

The elementary phasing-line approach will work in three very special but common situations. If the array consists of only two identical elements and those elements are fed in-phase, mutual coupling will modify the element impedances, but both will be modified by the same amount. Consequently, if the two elements are fed through equal-length transmission lines, the lines will transform and delay the currents equally and result in equal, in-phase currents at the element feed points.

Similarly, an array of two identical elements fed 180° out of phase will have the same feed-point impedances and can be fed with two lines of any length so long as one line is an electrical half wavelength longer than the other or one twin-lead type line is reversed. But this can’t be extended to any two elements in a larger array, since mutual coupling to the other elements can result in different feed-point impedances. Methods will be described later which do assure a correct current ratio in this situation.

The third application in which the phasing-line approach works is in receiving arrays where the elements are very short in terms of wavelength and/or very lossy. In either of these cases, mutual coupling between elements is much less than an element’s self-impedance. This allows the elements to be individually matched to the feed lines, with no significant change taking place when the elements are formed into an array. Under those conditions, the transmission lines can be matched, and the lines used as simple delay lines with easily predictable phase shift and with no transformation of current or voltage magnitude other than cable loss. This is discussed in the later section on receiving antennas.

ON4UN’s Low-Band DXing (see References and Bibliography) describes a modified phasing-line feed system method which works in some special cases where the feed-point resistances are favorable to the approach. First, a quarter-wave transmission line is connected to each element. Then a shunt inductor or capacitor is added at the input of the line to the lagging element to make the impedance at that point purely resistive. If the resulting resistance is close to the characteristic impedance of an available transmission line (e.g., 50 or 75 Ω), a simple delay line can be used to feed that element. See the EZNEC model AntBk_Cardioid_Modified_Phasing_Line_Feed.EZ and its accompanying Antenna Notes file for an example. When impedance values allow this feed method, it saves only one component compared to the L network feed method and isn’t fully adjustable. And it has one component more than the “simplest” method to be described. The bandwidth of arrays fed using this method isn’t significantly different from the other feed systems, so there’s no clear advantage to using it. However, it might be a viable approach under some circumstances. More design information is available in Low-Band DXing.

The interested reader is encouraged to consult Low-Band DXing as it contains examples of additional feed system design approaches that produce a desired element magnitude and phase ratio.

Many arrays can be correctly fed with a feed system consisting of only transmission lines, but the technique requires knowledge of the element feed-point impedances in a correctly fed array. Line lengths can then be computed that provide the correct ratio of currents into those particular load impedances. The line lengths generally differ by an amount that’s considerably different from the element phase angle difference, and appropriate line lengths can’t always be found for all arrays. This technique is described more fully in the section “The Simplest Phased Array Feed System…That Works” later in this chapter and illustrated in the examples in “Phased Array Design Examples.”

THE WILKINSON DIVIDER

The Wilkinson divider, sometimes called the Wilkinson power divider, was once heavily promoted as a means to distribute power among the elements of a phased array. While it’s a very useful device for other purposes, it won’t produce the desired current ratios in antenna elements. In most phased arrays, element feed-point resistances are different and therefore require different amounts of power to achieve the desired equal magnitude currents. (See the section on mutual coupling above.) A Wilkinson divider is intended to deliver equal powers, not currents, to multiple loads. And it won’t even do that when the load impedances are different. It might be useful in combining element outputs in receiving arrays in which element losses are high enough to swamp mutual coupling effects and to affect impedance matches.

THE HYBRID COUPLER

Hybrid couplers are promoted as solving the problem of achieving equal magnitude currents with a 90° phase difference between elements. Unfortunately, standard 90° hybrids provide equal magnitude, quadrature (90° phased) currents only when the load impedances are equal and correct. And this simply isn’t true of arrays with quadrature-fed elements, except for arrays consisting of short and/or lossy elements, usually suitable only for receiving. In those arrays, the hybrid coupler can be useful for the same reasons as the phasing-line approach, discussed in an earlier section.

Hybrid couplers can, however, be useful for feeding transmitting or low-loss phased arrays if suitably modified to function when terminated with the particular impedances presented by an array’s elements. In Low-Band DXing, methods are described to modify the standard 90° hybrid design to provide approximate hybrid functionality when terminated in typical phased array impedance values. Methods are quite involved, as evidenced by more than 20 pages devoted to the topic. It is important to realize that no passive network, including the hybrid coupler, can provide equal magnitude 90° phased currents in loads with arbitrary impedances. See the section “The Magic Bullet” below for more information.

“CROSSFIRE” FEED METHOD

Tom Rauch, W8JI, has described a “crossfire” feed system which can produce a deep null in one direction over an exceptionally wide bandwidth. This method, generally suitable only for lossy receiving arrays, is described in more detail in this chapter’s section “Receiving Arrays and Broadbanding.”

LARGE ARRAY FEED SYSTEMS

The author once worked on a radar system where the transmit array consisted of over 5,000 separate dipole elements and the receive array over 4,000 pairs of crossed dipoles, all over a metal reflecting plane which was the sloping side of a 140-foot-high building. In such large arrays, each element is in essentially the same environment as every other element except near the array edges, so almost all elements have nearly the same feed-point impedance. While producing the phase shifts and magnitude tapers is a considerable mathematical challenge, the problem of unequal element feed-point impedances can largely be ignored. Consequently, feed methods for these large arrays are generally not suitable for typical amateur arrays of a few elements. (See microwaves101.com/encyclopedias/butler-matrix for an example of how such large arrays are designed and operate.)

THE BROADCAST APPROACH

Networks can be designed to transform the element base impedances from their values in an excited array to, say, 50 Ω resistive. Then another network can be inserted at the junction of the feed lines to properly divide the power among the elements (not necessarily equally!). And finally, additional networks must be added to correct for the phase shifts and magnitude transformations of the other networks. This general approach is used by the broadcast industry, in installations that are typically adjusted only once for a particular frequency and pattern.

Although this technique can be used to correctly feed any type of array, design is difficult, and adjustment is tedious since all adjustments interact. When the relative currents and phasing are adjusted, the feed-point impedances change, which in turn affect the element currents and phasing, and so on. A further disadvantage of using this method is that switching the array direction is generally impossible. Information on applying this technique to amateur arrays can be found in Paul Lee’s book on verticals, listed in the References and Bibliography.

THE “MAGIC BULLET”

Long ago, this chapter proposed a theoretical passive circuit that would provide equal-magnitude, 90° phased currents into two loads without respect to the load impedances. This would be a circuit that would guarantee exactly the correct currents in any two elements. In 1996, Kevin Schmidt, W9CF, formulated a mathematical proof that such a circuit — in fact, one resulting in any relative phase other than 0° or 180° — cannot exist if restricted to reciprocal elements. (That is, it can’t exist unless directional components such as ferrite circulators are used.) Thus, to design a network to feed elements with currents of any other phase angle other than 0 or 180°, we must know the impedance of at least one element, and correct feed system operation depends on that impedance. There’s no way around this requirement. The proof is available at the time of this writing at w9cf.github.io/articles/magic/index.html.

7.3.5 Recommended Feed Methods For Amateur Arrays

The following feed methods can produce element feed-point currents having a desired magnitude and phase relationship, resulting in desirable and predictable patterns. Most methods require knowing the feed-point impedance of all, or all but one, array elements when the array element currents are the correct values. This isn’t possible to measure directly, because if the element currents were correct, the feed system would already be working properly, and no further design would be necessary.

Usually, the only practical way and by far the easiest way to get this information is by computer modeling. Modeling programs such as EZNEC allow you to construct an ideal array with perfect element currents then look at the resulting feed-point impedances. The alternative requires high accuracy measurements just to determine the self and mutual impedances. The coupled impedance is then calculated for each element from its self-impedance and the mutual impedances between it and all other elements. Finally, this is added to the self-impedance to get the feed-point impedance of that element and the process repeated for each element. The file “Manual Calculations for Arrays” in the online material contains equations and manual techniques from previous editions of The ARRL Antenna Book for those who are interested. You can also find a great deal of additional information in many of the texts listed in the References and Bibliography, particularly Jasik and Johnson.

Because of its simplicity and versatility, the computer modeling approach is highly recommended and it’s the one used for the array design examples in this chapter.

The program Arrayfeed1 does the calculations to simplify designing feed systems using this method and is used in the examples that follow. It’s available in the online material and from eznec.com/misc/Arrayfeed.

CURRENT FORCING WITH λ/4 Lines — Elements In-Phase or 180° Out-of-Phase

The feed method introduced here has been used in its simplest form to feed television receiving antennas and other arrays, as presented by Jasik, pages 2-12 and 24-10 or Johnson, on his page 2-14. However, until first presented in the ARRL Antenna Book, this feed method was not widely applied to amateur arrays.

The method takes advantage of an interesting property of λ/4 transmission lines. (All references to lengths of lines are electrical length and lines are assumed to have negligible loss.) See Figure 7.15. The magnitude of the current out of a λ/4 transmission line is equal to the input voltage divided by the characteristic impedance of the line. This is independent of the load impedance. (Note that the power into and out of the line is the same, less losses in the line.) In addition, the phase of the output current lags the phase of the input voltage by 90°, also independent of the load impedance. These properties can be used to advantage in feeding arrays with certain phase angles between elements.
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If any number of loads are connected to a common driving point through λ/4 lines of equal impedance, the currents in the loads will be forced to be equal and in-phase, regardless of the load impedances. So, any number of in-phase elements can be correctly fed using this method, regardless of how their impedances might have been changed by mutual coupling. Arrays that require unequal currents can be fed through λ/4 lines of unequal impedances to achieve other current ratios.

The properties of λ/2 lines also are useful. Since the current out of a λ/2 line equals the input current shifted 180° regardless of the load impedance, any number of half wavelengths of line may be added to the basic λ/4, and the current and phase forcing property will be preserved. For example, if one element is fed through a λ/4 line and another element is fed from the same point through a 3λ/4 line of the same characteristic impedance, the currents in the two elements will be forced to be equal in magnitude and 180° out-of-phase, regardless of the feed-point impedances of the elements.

If an array of two, and only two, identical elements is fed in-phase or 180° out-of-phase with equal magnitude currents, both elements have the same feed-point impedance. The reason is that each element “sees” exactly the same thing when looking at the other. In an in-phase array, each sees another element with an identical current; in an out-of-phase array, each sees another element with an equal magnitude current that’s 180° out-of-phase, the same distance away in both cases. This isn’t true in something like a 90° fed array, where one element sees another with a current leading its current by 90° while the other sees another element with a lagging current.

So, with arrays of two identical in-phase or 180° out-of-phase elements, feeding the elements through feed lines of equal length and Z0 (in-phase) or lengths differing by 180° (out-of-phase) will lead to the correct current magnitude ratio and phase difference, regardless of the line length and regardless of how much the element feed-point impedances depart from the lines’ Z0.

As described above, unless the feed-point impedances equal the line Z0 or the lines are an integral number of half wavelengths long, the magnitudes of the currents out of the lines will not be equal to the input magnitudes, and the phase will not be shifted an amount equal to the electrical lengths of the lines. But both lines will produce the same transformation and phase shift because their load impedances are equal, resulting in a properly fed array. In practice, however, feed-point impedances of elements frequently are different even in these arrays because of such things as different ground systems (for ground mounted vertical elements), proximity to buildings or other antennas, or different heights above ground (for horizontal or elevated vertical elements).

And in many larger arrays, two or more elements must be fed either in-phase or out-of-phase with equal currents but coupling to other elements can cause their impedances to change unequally — sometimes extremely so. Using the current-forcing method allows the feed system designer to ignore all these effects, while guaranteeing equal and correctly phased currents in any combination and number of 0° and 180° fed elements, regardless of their feed-point impedances.

This method is used to develop feed systems for the Four-Square and 4-element rectangular arrays in the “Practical Array Design” section. The front and rear elements of a Four-Square antenna provide a good example of elements having very different feed-point impedances that are forced to have equal out-of-phase currents.

“THE SIMPLEST PHASED ARRAY FEED SYSTEM…THAT WORKS”

This is the title of an article in The ARRL Antenna Compendium, Vol 2, which describes how arrays can be fed with a feed system consisting of only transmission lines. (The article is available for viewing at eznec.com/Amateur/Articles/Simpfeed.pdf.) Program Arrayfeed1 does the calculations to simplify designing feed systems using this method. It’s available in the online material and from eznec.com/misc/Arrayfeed/.

As explained earlier in “The ‘Phasing-Line’ Approach” section above, this method requires knowing what the element feed-point impedances will be in a correctly fed array with the correct element currents present. Feed-line lengths can then be computed for most but not all arrays. These lengths will produce the desired current ratio (magnitude and phase) in array elements that do present those feed-point impedances. If you know the load impedances connected to transmission lines whose inputs are connected to a common source, it’s relatively simple to calculate the resulting load currents for any transmission line lengths. However, the reverse problem is much more difficult; that is, given the load impedances and desired currents to calculate the required cable lengths.

One way to solve the problem is to choose some feed-line lengths, solve for the currents, examine the answer, adjust the feed-line lengths, and try again until the desired currents are obtained. The author used this iterative approach, using first a programmable calculator and later a computer, for some time before developing a direct way of solving for the transmission-line lengths. The direct solution method is described briefly in the Compendium article and is used by the Arrayfeed1 program.

Figure 7.16 shows the basic “simplest” system applied to a two-element array. Although it resembles an elementary phasing-line system as described earlier, the critical difference is that the lengths of Lines 1 and 2 are calculated to provide the correct current relative magnitude transformation and phase shift when terminated with the actual feed-point impedances.
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The advantage to using this “simplest” feed system is indeed its simplicity. It’s no more complicated than the elementary phasing-line approach but it works as planned. The disadvantage over some other methods is that there’s no convenient adjustment to compensate for environmental factors, array imperfections, or inaccurate feed-point impedances.

Also, while unusual, it’s possible that no suitable feed-line lengths can be found for some arrays, or at least none with practical feed-line characteristic impedances. The difference in electrical feed-line lengths almost never equals the difference in phase angles between element currents. This is because of the different line delays resulting from different feed-point impedances.

Arrayfeed1 can do the calculations for any two elements (alone or in a larger array), a Four-Square array, or a rectangular array in which two in-phase elements are driven at any current magnitude and phase relative to the other two in-phase elements. These possibilities cover many common arrays.

Arrayfeed1 can also be applied to suitable groups of elements in other types of arrangements. The required knowledge of element feed-point impedances in a correctly fed array can be obtained using EZNEC. Examples of the design of a “simplest” feed system for several different arrays using EZNEC and Arrayfeed1 can be found in the “Phased Array Design Examples” section.

When a solution is possible for a given choice of line characteristic impedances, a second solution with different lengths is always available. See the comments in the introductory part of the “Phased Array Design Examples” section about choosing which solution might be most suitable.

AN ADJUSTABLE L-NETWORK FEED SYSTEM

Adjustment of the current ratio of any two elements requires varying two independent quantities: for example, the magnitude and phase of the current ratio. Two degrees of freedom — adjustments that are at least partially independent — are required. The “simplest” all-transmission line feed system described earlier adjusts the lengths of the two transmission lines to achieve the correct ratio.

But if the antenna characteristics aren’t well known — for example, if the ground resistance isn’t known even approximately — then the initial “simplest” design won’t be optimum, and adjustment can be difficult and tedious. The current-forcing method produces correct currents independently of the element characteristics, so it doesn’t require adjustment when the elements are identical. But it’s suitable only for feeding elements in-phase or 180° out-of-phase and a few fixed current-magnitude ratios.

The addition of a simple network as shown in Figure 7.17 allows you to easily adjust feeding of element pairs at other relative phase angles and/or magnitude ratios. Any desired current ratio (magnitude and phase) can be obtained with two elements fed with any lengths of wire, equal or unequal, by adding a network.
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However, calculations for the general case are complex. The problem becomes much simpler if the transmission lines are restricted to lengths of odd multiples of λ/4, forming a modified “forcing” system that includes an added network. There are at least three additional advantages to this scheme. First is that a λ/4 line is easy to measure, even if the velocity factor isn’t known. This procedure is described in the Antenna and Transmission Line Measurements chapter.

Second is that the feed system becomes completely insensitive to the feed-point impedance of one of the two elements. And the third is that the transmission lines of “forcing” systems feeding groups of elements in larger arrays can be used in place of the normal λ/4 lines. This greatly simplifies both the design of feed systems for larger arrays and the feed systems themselves. Note that both lines can be changed to 3λ/4 if necessary to span the physical distance between elements, but both lines must be the same 3λ/4 length and doing so might decrease the bandwidth.

This basic feed method can be used for any pair of elements, or for two groups of elements having forced equal currents. (See Feeding Four Element and Larger Arrays below) Many networks can accomplish the desired function, but a simple L network is adequate for most feed systems. The network can be designed to produce a phase lead or phase lag. The basic two-element L network feed system is shown in Figure 7.17. Many variations of this general method can be used, but the equations, program, and method to be discussed here apply only to the feed system shown.

If the phase angle of I2/I1 is negative (element 2 is lagging element 1), the L network will usually resemble a low-pass network (Xser is an inductor and Xsh is a capacitor). But if the phase angle is positive (element 2 leading element 1), the L network will resemble a high-pass network (Xser is a capacitor and Xsh is an inductor). Some current ratios and feed-point impedances result in both components being inductors or both being capacitors.

If it’s desired to maintain symmetry in the feed system, Xser can be divided into two components, each being inserted in series with a transmission line conductor. If Xser is an inductor, the new components will each have half the value of the original Xser, as shown in Figure 7.18. If Xser is a capacitor, each of the new components will be twice the original value of Xser.
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Because of the current-forcing properties of λ/4 lines, we need to make the ratio of voltages at the inputs of the lines equal to the desired ratio of currents at the output ends of the lines; that is, at the element feed points. The job of the L network is to provide the desired voltage magnitude and phase transformation. If the output-to-input voltage ratio of the network is, say, 2.0 at an angle of –60°, then the ratio of element currents (I2/I1) will be 2.0 at an angle of –60°. The voltage transformation of the network is affected by the impedance of element 2, but not by the impedance of element 1. So only the impedance of element 2 must be known to design the feed system.

Equations for designing the L network are given in Manual Calculations for Arrays in the online material, but the program Arrayfeed1 makes it unnecessary to solve them. Only the feed-point impedance of the element or group of elements fed through the network must be known to design the network. This can best be determined by modeling the array with EZNEC. The impedance can be manually calculated for some simple element- and array-types by using the equations in Appendix B, but those types of elements and arrays are simple to model.

Examples of the design of L network feed systems for several different arrays using EZNEC and Arrayfeed1 can be found in the “Phased Array Design Examples” section. A similar application of this feed system and a spreadsheet program for calculation was developed by Robye Lahlum, W1MK, and described in Low-Band DXing (see the References and Bibliography). Arrayfeed1 can be used for the applications of the feed system described in that book if desired.

ADDITIONAL CONSIDERATIONS

Feeding 4-Element and Larger Arrays

Both the “simplest” and L network feed systems described above can be extended to feeding larger arrays having two groups of elements in which all the elements in a group are in-phase or 180° out-of-phase with each other — basically, any group that can be fed with the current-forcing method. The elements in each group are connected to a common point with λ/4 or 3λ/4 lines to force the currents to be in the correct ratio within the group. Then the “simplest” or L network feed system can be used to produce the correct phasing between the two groups, just as it does between two individual elements.

Two common arrays that fit this description are the Four-Square and the 4-element rectangular array. But more elaborate arrays could be constructed and fed using this method, such as a pair of binomial arrays. (A single binomial array is described in the “Phased Array Design Example” section below.) The Arrayfeed1 program incorporates additional calculations necessary for designing Four-Square and 4-element rectangular arrays.

What If the Elements Aren’t Identical?

Getting the desired pattern requires getting the correct relative magnitude and phase of the fields from the elements. If the elements are identical, which we’ve generally assumed up to this point, then producing currents of the desired magnitude and phase will create the desired fields (neglecting mutual coupling current distribution effects, discussed elsewhere).

But what if the elements aren’t identical? Fortunately, the feed systems described here can still be used for any 2-element array and some more complex arrays, provided that the system can be accurately modeled. But a slightly different approach is required than for identical elements.

The first step is to model the array with a current source at the feed point of each element. Next, the magnitudes and phases of the model source currents are varied until the desired pattern is achieved. Then the ratio of feed-point (source) currents is calculated. This value and the feed-point impedances reported by the model are used for the feed system design. The feed system will produce the same ratio of currents as the model, resulting in the same pattern.

In general, this approach won’t work with shunt fed towers or gamma-fed elements because of the difficulty of accurately modeling those structures as described in the following section.

Shunt- and Gamma-Fed Towers and Elements

In a shunt-, gamma-, or similarly fed tower or element, the feed-point current isn’t the same as the main current flowing in the element. The ratio between the feed-point current and element current isn’t a constant but depends on several factors. The ratio of currents in shunt- or gamma-fed elements is typically different — often vastly different — from the currents at the feed points. This complicates the design of feed systems for arrays of these elements.

An even more limiting problem is that the feed-point impedances are difficult to determine. The feed-point impedances of one or more elements in a properly fed array must be known to design a feed system for anything but 2-element in-phase or 180° out-of-phase arrays.

The only practical way to get this information for a shunt or gamma fed array is by modeling an array having the desired element currents. But Cebik has pointed out (“Two Limitations of NEC-4” — see the References and Bibliography) that common antenna analysis programs, including EZNEC, have difficulty accurately modeling folded dipoles with unequal diameter wires. (This applies to MININEC and NEC-2, -4.1, -4.2, and -5 programs and programs such as EZNEC which use them for calculations.) The same problem applies to shunt and gamma-fed elements when the element diameter is significantly different from the diameter of the shunt or gamma feed wire. Without accurate feed-point impedances, feed systems can’t be designed to work without adjustment.

Loading, Matching, and Other Networks

Adding a component such as a loading inductor in series with an element or element feed point won’t change the ratio of element current to feed-point current. As a result, a feed system designed to produce a particular ratio of element currents will still function properly if the elements contain series components. The extra feed-point impedance introduced by the loading component(s) must be considered when designing the feed system, however. Similarly, end or top loading won’t alter the relationship between feed point and element current, provided that the current distribution in the elements is essentially the same. (See “Feed-Point vs Element Current” previously.)

However, insertion of any shunt component or network containing a shunt component will alter the relationship between feed point and element current because it will divert part of the feed-line current that would otherwise flow into the antenna, and that part depends on the feed-point impedance. As a result, a feed system designed to deliver correct currents at the feed points will produce incorrect element currents and therefore an incorrect pattern. So, any components or networks other than a series loading component should be avoided at any place in the feed system on the antenna side of the point at which the feed system splits to go to the various elements.

There are a few exceptions to this rule. If the feed-point impedances of the elements when in the excited array are equal, then identical networks with or without shunt components can be put at the feed points of the elements and the proper element current ratio maintained — so long as the feed system is designed to deliver the proper feed-point current ratio with the networks in place. Equal element impedances occur in arrays having only two identical elements fed in-phase or 180° out-of-phase, or arrays of any number of elements where the elements are electrically short and/or very lossy.

Baluns in Phased Arrays

For purposes of achieving the correct array pattern, baluns aren’t usually required when feeding grounded vertical elements with coaxial cable feed lines. However, a balun (more specifically, a current balun or choke balun) might be desirable if current induced onto the outside of the feed line by mutual coupling to the elements is causing RF in the station. And with arrays of dipole or other elevated elements, baluns can be important to achieve the proper element current ratio, as explained below. See the Transmission Line System Techniques chapter for information on baluns and feed-line chokes.

First, however, the general rules for using baluns in phased arrays will be stated. Here, “main feed line” means the feed line going from the transmitter or receiver to the common point where the system splits to feed the various elements. “Phasing-system lines” means any transmission lines between that common point and any element. The rules are:

Rule 1: A balun or baluns should be used as necessary to suppress unbalanced (common-mode) current on the main feed line. Unbalanced current can occur on either coax or parallel-conductor lines. A balun usually isn’t required when feeding grounded elements with coaxial feed line from an unbalanced transceiver or tuner. If current on the outside of the shield of a coaxial feed line to a grounded element is a problem, the feed line can be buried or run in buried conduit to reduce coupling to the antenna or to the radial system. Additional chokes can be added anywhere along the feed line.

“Baluns: What They Do and How They Do It”, listed in the References and Bibliography, describes conducted-imbalance (common-mode) currents. Imbalance can also be caused by mutual coupling to the array elements. Common-mode currents have at least two undesirable effects on array performance. First, the imbalance current can flow from the main feed line to the phasing system lines, not necessarily splitting in the right proportion to maintain the correct element current ratio. This can affect the array pattern. In practice, however, this effect is likely to be small unless the common-mode current is unusually large. Even a small common-mode current, however, results in main feed-line radiation, and even a small amount of radiation can significantly degrade array pattern nulls. Any type of current balun can be used on the main feed line, at any place along the line, without any effect on the array pattern except to the extent that it reduces common mode current.

Rule 2: No balun or any other component or network should be inserted in any phasing system line that will alter the line length or characteristic impedance. This means that baluns in phasing system lines must be of a type made from the phasing line itself. Options include placing ferrite cores along the outside of the feed line (the W2DU “bead” balun is also an option); an air-core wound-coax choke made by winding part of the line into an approximately self-resonant or otherwise high-impedance coil; or winding part of the line onto a ferrite core or rod to make a several-turn winding. When coaxial cable is used, the feed system characteristics are dictated by the conditions inside the cable. Any cores placed on or winding of the outside prevents common-mode current on the outside but otherwise have no effect on the phasing performance. This rule applies equally to parallel-wire line, where the balun affects only common-mode current (equivalent to current on the outside of coax) while the phasing performance depends on differential mode current (equivalent to the current on the inside of coax).

Baluns are important when feeding dipoles or other elevated arrays, unless a fully balanced tuner is used. This is because common-mode current represents a diversion of some of the current that should be going to the array elements. The presence of common-mode current means that the element currents are being altered from the desired ratio and therefore the pattern won’t be as intended. A balun should be placed wherever a path for current exists other than equally along a parallel-line conductor or on the inside of a coaxial line. Such a path exists, for example, where a coaxial cable connects to a dipole as shown in Figure 1 of the balun article referenced above. The path causes current on the outside of the coax and unbalanced current in the dipole halves. Or a path can exist where a parallel-conductor transmission line connects to an unbalanced tuner or to a coaxial line (shown in Figure 2 of the above balun article) and causes current on the outside of the coax or tuner and unbalanced current in the parallel conductors. A balun presents a high impedance to these currents, thereby reducing their magnitudes, but remember that all baluns must conform to the rules above. Figure 7.19 shows recommended balun locations for a coax-fed dipole array using an L network feed system.
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Receiving Arrays and Broadbanding

While it might not be entirely intuitive, an array designed for a particular gain and pattern for transmitting that considers mutual coupling, element currents, field reinforcement and cancellation, and so forth, will perform exactly the same when receiving. So, a receiving array can be designed by approaching the problem as though the array were to be used for transmitting or vice-versa.

However, at HF and below, the system requirements for transmitting and receiving antennas are different, so receiving-only arrays can be designed that aren’t suitable for transmitting but are perfectly adequate for receiving in that frequency range. The reason is that at HF and below, atmospheric noise is typically much greater than a receiver’s internally generated noise. Lowering a receiving antenna’s gain and efficiency reduces the signal and atmospheric noise both by the same factor. Because the overall noise is for practical purposes all atmospheric noise, the signal/noise ratio isn’t affected by antenna efficiency.

Of course, a point can be reached where the atmospheric noise is so reduced by inefficiency that the receiver itself becomes the dominant source of noise, but this typically doesn’t happen until the antenna is extremely inefficient. When transmitting, reduced efficiency lowers the transmitted signal and therefore the strength of the received signal but it has no effect on the receiving station’s noise. So reduced efficiency of a transmitting antenna results in a reduced signal/noise ratio at the receiving end, and consequently should be avoided.

Mutual coupling effects can be minimized by increasing the loss (and therefore reducing the efficiency) of the elements or by reducing the element sizes to a small fraction of a wavelength. Doing the second without the first isn’t usually a good idea because the feed-point impedance tends to change rapidly with frequency for very small elements, making an antenna that works well over only a narrow bandwidth. But increasing loss broadens the bandwidth, even for small elements, as well as reducing mutual coupling effects. So, this approach is often taken for designing a receiving-only array. With mutual coupling effects minimized because of loss, feed-system design becomes relatively simple, provided a few simple rules are followed. (See Loss Resistance, Mutual Coupling, and Antenna Gain above.)

Readers may also be interested in receiving arrays of active vertical elements. An active vertical consists of an electrically short whip connected to a very high impedance amplifier (FET or op amp) so the impedance of the antenna is not a factor. Active short verticals can have extremely wide bandwidth from 100 kHz to 100 MHz and are often used in directional receive arrays. Active antennas are discussed in the Receiving Antennas chapter.

The “crossfire” feed method described by Tom Rauch, W8JI (w8ji.com/crossfire_phasing.htm) discussed in more detail in the design examples, delivers an array with very wide pattern bandwidth. That is, the pattern shape, particularly null direction and depth, stay nearly constant over a very large range of frequencies. The method requires elements whose feed-point impedances stay nearly constant over the frequency range, which for a wide range requires high loss and low efficiency. As explained earlier, however, this is acceptable for HF and MF receiving arrays, and receiving arrays are usually where deep and predictable pattern nulls are the most important. The basic idea for two elements is to use a delay line between the two whose delay in electrical degrees equals the element spacing in degrees then add a frequency-independent phase inversion to the line. A distant signal arriving at the first element creates a wave in the delay line connected to its feed point. That same signal arrives at the second element at the same time the wave from the first element reaches the end of the delay line. The signal from the second element is added to the inverted wave from the first element and, if the two are the same amplitude, complete cancellation occurs. This is independent of the frequency and of the element spacing, provided that the delay line’s electrical length is the same as the element spacing and that it’s terminated in its characteristic impedance. See the design examples for additional information.

For ungrounded elements like dipoles, the inversion can easily be created simply by reversing the feed-line connections to one element by giving the phasing line a half twist. Or a broadband inverting transformer can be used for either grounded or ungrounded elements. Proper termination of the line is usually accomplished with a resistor whose impedance is much less than that of the short elements.

Feed-Line Shield Connections

It is common for antenna system designs to assume that the shields of coaxial feed lines and phasing lines are isolated from the antennas. (See the previous discussion of “Baluns in Phased Arrays.”) It is also often assumed that the shield connections are so short that the connection length can be ignored. However, an unintended or uncontrolled current path between the feed-line shields may upset the array’s phasing and current levels. See this chapter’s “Practical Aspects of Phased Array Design” subsection on “Improving Array Switching Systems.”

If the shields of the feed lines are switched, the feed lines should be run directly to the relays or switches and connected there. If several shields are to be connected together, use a single terminal or an electrically short copper strip or wide braid as a common connecting point. Keep shield connections as short as possible. If the antenna switching and control circuits are placed in metal enclosures, use caution when using bulkhead or feedthrough connectors since they will create an uncontrolled connection between the feed-line shields. Do not use bulkhead connectors in a metal enclosure if the shields are also switched, since the enclosure connection will bypass the switched connection.

If a plastic or fiberglass enclosure is used, bulkhead connectors may be used. Remember that the entire length of the feed line includes the connectors and any internal lengths of cable that must be accounted for.

Lightning protection is another source of unwanted connections between feed lines. For example, the ground connection of gas-discharge tube lightning arrestors in a system of multiple feed lines can create an undesired additional connection between the shields. For ground-mounted vertical arrays, such as a Four-Square, a lightning arrestor should be located at each element’s feed point where the feed-line shield connects to the ground system. Otherwise, the arrestor should be located on the array’s main feed line from the station.

7.4 Phased Array Design Examples

This section, also written by Roy Lewallen, W7EL, presents examples of feed-system design for several kinds of array using the design principles given in previous sections. All but the dipole example array are assumed to be made of λ/4 vertical elements. The dipole example illustrates that the same method can be used for arrays of any shape of elements, including dipole, square (quad) and triangular. Likewise, the methods shown here apply equally well to VHF and UHF arrays. The first example includes more detail than the remaining ones, so you should read it before the others. Following the array design examples using the “simplest” and L network feed systems is an example of a receiving array using two different configurations of “crossfire” feed.

All modeling examples use EZNEC Pro/2+ v. 7.0, available at no cost, and various example files as described in the sidebar “Using EZNEC.” Users with the optional NEC-4.2 or NEC-5 calculating engines can directly model buried radials using Real, High- or Extended-Accuracy ground in place of Perfect or MININEC type ground with added resistance for ground loss. Expect small differences in calculated results when using different engines.

EZNEC has the capability of incorporating L networks in the model, so the L network fed array can also be analyzed for accuracy, frequency changes, and the effects of component and ground loss variation. AntBk_Cardioid_L_Network_Example.EZ models the cardioid array with L network feed system.

EZNEC also has provisions for including transmission line loss. It can be instructive to add various amounts of loss to see the effect on pattern and bandwidth. The effect of loss will generally be most apparent on lines running with a high SWR, i.e., when terminated in an impedance very different from the characteristic impedance.

In the following sections, text in SMALL CAPS denotes a menu or function button label or an input to the EZNEC software used in the creation and modeling of these examples.

In addition to the set of examples, there is a great deal of additional information and numerous other array designs in Chapter 11, “Phased Arrays” of Low-Band DXing by John Devoldere, ON4UN (see the References and Bibliography section). Al Christman, K3LC, has also written excellent articles (included with the online material) examining the effect of lengthening λ/4 verticals to 5λ/8, both for single elements and for the 2-element cardioid pattern and 4-square array on 80 meters. His study of phased vertical arrays also provides useful information to the antenna system builder (see the References and Bibliography).

Using EZNEC
Antenna modeling program EZNEC is used extensively in this chapter to illustrate phased array operation and aid in feed-system design. You should download and install the free EZNEC Pro/2+ v. 7.0 from eznec.com to gain the most from this chapter. The example model files which are used are available for download from eznec.com/ARRL_Antenna_Book.htm. The names of the model (description) files used in this chapter begin with AntBk_ and have the extension .EZ. After unzipping the downloaded file, copy the files to your EZNEC description file directory which is C:\EZNEC 7.0\Docs\Ant\ unless you’ve changed it during installation. (You can put them in a separate folder at that location if you’d prefer.) You should then see the files or new folder when you select File/Open or click the Open button in EZNEC. In addition, supporting files such as Arrayfeed1 and other models for antennas in the Antenna Book are available here.


7.4.1 General Array Design Considerations

If either the “simplest” feed system (Figure 7.16) or L network feed system (Figure 7.17) is used, the feed-point impedance of one or more elements — when the array elements all have the correct currents — must be known. By far the best way to determine this is by modeling. If accurate modeling isn’t practical for some reason, an estimate should be made from an approximate model, and you should expect to have to adjust the feed system after building and installing it. The L network system is more practical in that case because of its simpler adjustability.

Manual calculation methods for some simple configurations are given in Manual Calculations for Arrays in the online material, but calculation is tedious and the configurations for which this method works are the very ones which are easiest to model. EZNEC is used in the following examples to determine feed-point impedance. Space doesn’t permit detailed instructions here on creating the models, so they are included in complete form in the online content. They should provide a convenient starting point for any variations you might like to try. See the EZNEC manual (accessed by clicking HELP/CONTENTS in the main EZNEC window) for help in using this program.

In the following examples, vertical elements are close to λ/4 high and dipole elements close to λ/2, and their lengths have been adjusted for resonance (zero or near zero feed-point reactance) when all other elements are absent or open circuited. There’s no need in practice to make the elements self-resonant — it’s simply used as a convenient reference point for these examples. You’ll also find it interesting to see how much reactance is present at the feed points of the elements when in the arrays with the desired currents, knowing that it’s very nearly zero when only one element is present.

In any real grounded vertical array, there is ground loss associated with each element. The amount of loss depends on the length and number of ground radials and on the type and wetness of the ground under and around the antenna. This resistance becomes part of the feed-point resistance, so it must be explicitly included in the model used to determine feed-point impedance unless using an NEC-4.2 or -5 calculating engine to directly model the buried wires. The 90° Fed, 90° Spaced Array example below discusses how this is done. Figure 7.20 gives resistance values for typical ground systems, based on measurements by Sevick (July 1971 and March 1973 QST). The values of feed system components based on Figure 7.20 will be reasonably close to correct, even if the ground characteristics are somewhat different than Sevick’s.
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Feed systems for the design example arrays to follow are based on the resistance values given in Table 7.2.
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Elevated radial systems also have some ground loss, although it can be considerably less than a system with the same number of buried radials. This loss will be automatically included in the feed-point impedance of a model which includes elevated radials, so no further estimation is required. Be sure to use Real, High-Accuracy ground type when modeling an elevated radial system with EZNEC. In other NEC based programs, this might be referred to as Sommerfeld type ground. More information can be found in the EZNEC manual. See also the chapter Effects of Ground for a discussion of elevated radials.

The matter of matching the array for the best SWR on the feed line to the station is not dealt with here, since it’s a separate problem from that of the main topic, which is designing feed systems to produce a desired pattern. No change made in the single feed line running to the station, including insertion or adjustment of a matching network, will have any impact on the shape of the array pattern. Some of the simpler arrays provide a match that is close to 50 or 75 Ω, so no further matching is required. However, as shown by the program Arrayfeed1, many larger arrays present a less favorable impedance for direct connection and will require matching if a low SWR on the main feed line is required. If matching is necessary, the appropriate network should be placed in the single feed line running to the station. Attempts to improve the match by adjustment of the phasing L network, individual element lengths, matching at the element feed points or individual element feeder lengths will usually ruin the current balance and therefore the pattern of the array. Program TLW, included with the online material, can be used for designing an appropriate matching network. The network can be included in the EZNEC model to verify its accuracy and to evaluate the change in SWR as frequency is changed. Additional information on impedance matching may be found in the Transmission Line System Techniques chapter.

CHOOSING Arrayfeed1 Solutions

When designing a feed system for a two-element array, the Arrayfeed1 program allows you to choose the characteristic impedances of the two transmission lines going to the elements, which don’t have to be equal, so you have your choice of more than one solution. However, directional array switching is much more difficult if the lines have different impedances, so in general you should use the same characteristic impedances.

For larger arrays, Arrayfeed1 requires the feed lines to all elements to have the same impedance. Usually, you can simply choose convenient impedances. But in general, you should avoid L network solutions where component reactance (X) values are vastly different (say, more than three times or less than one third as large) as the line characteristic impedances. Such networks will become more critical to adjust, and both the impedance and pattern will change more rapidly with changes in frequency. You can usually avoid this situation by choosing feed-line impedances that are in the same ballpark as the element feed-point impedances. The last example in the “Practical Array Design” section illustrates this problem and its solution.

When designing a “simplest” feed system, the most broadbanded and least critical system is usually one where the difference in electrical feed-line lengths is closest to the relative element phase angle. Here, “broadbanded” means that the pattern changes less with frequency, not necessarily that the SWR changes less. However, an array that’s broadbanded in the pattern sense is usually also relatively broadbanded with respect to SWR.

Arrayfeed1 reports the impedance seen at the main array feed point. While it might be tempting to choose the solution producing the lowest SWR on the main feed line, you’ll end up with a less critical and more broadbanded system if you base your choice on the criteria given above and provide separate impedance matching at the array’s main feed point when necessary.

7.4.2 90° Fed, 90° Spaced Vertical Array

This example illustrates the design of both “simplest” and L network feed systems for a 2-element, 90° spaced and fed vertical array. The first task when using either feed system is to determine the feed-point impedances of the elements when placed in an array having the desired element currents. The “simplest” feed system method requires knowledge of both element impedances, while the L network system requires you to know only one. It’s equally easy to determine both as it is to find just one, using EZNEC. (Manual Calculations for Arrays in the online material contains equations for those interested in manual methods or for more insight as to how the impedances come about.) The first step is to specify the antenna we want. For this example, we’ll specify:

•Frequency: 7.15 MHz.

•Two identical, one inch (2.54 cm) diameter, 33 feet (10.06 meter) long elements spaced 90 electrical degrees, with element currents equal in magnitude and 90° different in phase.

•8 buried radial wires, 0.3 λ long, under each element.

A model of this antenna has been created and furnished with EZNEC. So, the next step is to start EZNEC, click the OPEN button and locate and double-click example file AntBk_Cardioid_Example.EZ in the list to open it.

This EZNEC example model uses a MININEC-type ground which is the same as perfect ground when calculating antenna currents and impedances. A real antenna would have some additional resistive loss due to the finite conductivity of the ground system. The only way to model a buried radial ground system with an NEC-2 calculating engine like the one built into EZNEC Pro/2+ is to create radial wires just above the ground (using the Real, High-Accuracy ground type), because NEC-2 can’t handle buried conductors. This provides only a moderate approximation of a buried system. (Buried conductors can be directly modeled with the optional EZNEC NEC-4.2 or -5 calculating engines but won’t be described here.)

Another way to estimate ground-system resistance is to measure the feed-point resistance of a single element, then subtract from it the resistance reported for a model of that element over perfect (or MININEC-type) ground. For most uses, however, an adequate approximation can be made by simply referring to the graph of Figure 7.20. As stated previously, the feed system design depends on the feed-point impedances of the elements, which in turn depend on the ground system resistance. So, the ground system resistance must be known, or the ground system modeled, approximately anyway, before designing the feed system. At the end of this example, we’ll investigate the effect on the pattern of changes in the ground system or errors in estimating the resistance.

For 8 radials, Figure 7.20 shows the ground system resistance to be about 18 Ω. This is included in the example model as a simple series resistive load at the feed point of each element. Click the SRC DAT button to see the feed-point impedances of the two elements. In this model, Source 1 is at the base of Wire 1 (element 1), and Source 2 is at the base of Wire 2 (element 2). Notice in the SOURCE DATA display that the Source 1 current has been specified at 1 amp at 0°, and Source 2 is 1 amp at –90°. So, element 2 is the lagging element. You should see impedances of 37.67 – j19.09 Ω for element 1 and 68.97 + j18.68 Ω for element 2. These are the feed-point impedances resulting when the array is ideally fed, with equal magnitude and 90° phased currents. Record these values for use in Arrayfeed1.

Click the FF PLOT button to generate a plot of the azimuth pattern at an elevation angle of 10°. In the 2D Plot Window, open the FILE menu and select SAVE TRACE AS. Enter CARDIOID — IDEAL FEED in the FILE NAME box, then click SAVE. This saves the cardioid pattern plot so you can compare it later to the pattern you get with the transmission line feed system.

Now it’s time to design the feed system. Refer to the appropriate subheading below for the design of each of the two kinds of feed systems. Both systems use the Arrayfeed1 program.

“SIMPLEST” (TRANSMISSION LINE ONLY) FEED SYSTEM

Start Arrayfeed1. In the ARRAY TYPE frame, select TWO ELEMENT. In FEED SYSTEM TYPE, select SIMPLEST. In the INPUTS frame, enter the following values:

Frequency MHz = 7.15; Feed-point impedances – Leading Element: R ohms = 37.67, X ohms = -19.09; Lagging Element: R ohms = 68.97, X ohms = 18.68 (these are the element R and X values from EZNEC). We’ll be discussing the array input impedance, so check the CALC ZIN box near the lower left corner of the main window if it’s not already checked.

We’re free to choose any transmission line characteristic impedances we want, so long as we can get cables with those impedances. And the two cables don’t have to have the same characteristic impedances. Each choice will lead to a different set of solutions. But sometimes a solution isn’t possible, which then requires choosing different line impedances. Let’s try 50 Ω for both lines. Enter 50 in both Z0 boxes.

Finally, enter 1 for the LAGGING:LEADING I MAG, and –90 for the PHASE. Click FIND SOLUTIONS. The result is no solution! So, enter 75 into both the line impedance boxes and click FIND SOLUTIONS again. You should now see two sets of results in the Solutions frame, electrical lengths of 68.65° and 155.80° for the first solution and 131.67° and 184.92° for the second. (Notice that the difference in length between the two lines isn’t 90° for either solution, although the first solution is quite close. It’s normal for the feed-line length difference to not be the same as the phase difference, due to the unequal element feed-point impedances caused by mutual coupling.)

The solution with a line length difference closest to the element phase difference is usually preferable. Also, all else being equal, the solution with shortest lines is better, providing that the lines will physically reach the elements. This is because the current magnitude and phase will change less with frequency than for a longer-length solution. However, there might be some cases where the change with frequency luckily compensates for the changing electrical distance between elements, so it’s not a bad idea to model both solutions unless you plan on using the antenna over only a narrow frequency range.

In this case, the first solution looks best in all respects. The sum of the two lines in the first solution is about 224 electrical degrees. Assuming the lines have a velocity factor of 0.66, the total length of the lines will be more than 148 physical degrees. Since our two elements are spaced 90 physical degrees apart, the lines will comfortably reach a common point. If they didn’t, we could either use the second solution’s lengths, use cable with a higher velocity factor, or add a half electrical wavelength to both the lines in the first solution.

The impedance ZIN shown by Arrayfeed1 is the impedance at the input to the feed system, so it’s the impedance that will be seen by the main feed line. The second solution provides nearly a perfect match for a 50 Ω transmission line. But the first solution is otherwise good for nearly all applications. Also, a 50 Ω line connected to the first solution’s feed system would have an SWR of only 1.65:1, which wouldn’t require any matching under most circumstances. Normal line loss would reduce the SWR even more at the transmitter end of the feed coax.

You might need to measure the transmission line Z0 and use it in Arrayfeed1 for a more accurate result. Methods are described in the Antenna and Transmission Line Measurements chapter including a step-by-step process for this example array. If the transmission lines don’t have solid dielectric, you’ll need to measure the velocity factor (VF) for use in Arrayfeed1.

Enter the cable velocity factor and make your choice of units in the PHYSICAL LENGTHS frame. The design is now complete; all you must do is cut two lines to the specified lengths and connect one from a common feed point to each element as shown in Figure 7.16, or schematically in the Figure 7.21 Arrayfeed1 screen capture.
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Next, we’ll design an L network feed system for the same array.

L NETWORK FEED SYSTEM

In Arrayfeed1, select L NETWORK in the FEED SYSTEM TYPE frame. The program doesn’t need to know the leading element impedance to calculate the L network values, but it does need it to calculate the array input impedance. If you want to know the input impedance, check the ZIN box at the lower left corner of the main window, otherwise you can uncheck it and the input box for the leading element Z will disappear. The values from the “Simplest” analysis should still be present in the appropriate boxes; if not, refer to the “Simplest” feed system design above and re-enter the values. Again, we’ll use 75 Ω for the line impedances that gave us a solution for the “Simplest” feed system. This feed system is more versatile, though, so we could use 50 Ω lines if desired.

Click FIND SOLUTION and see the results in the SOLUTION frame and the screen capture in Figure 7.22.
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With 75-Ω lines, the L network consists of a series inductor of 1.815 µH and a shunt capacitor of 199.0 pF, connected as shown in the diagram in the left part of the program window. To find the physical length of the λ/4 lines, enter the velocity factor and choice of units in the PHYSICAL LENGTHS frame.

The main feed-point impedance of 31.36 + j 25.9 Ω would result in about a 2.2:1 SWR on a 50-Ω feed line, which would be acceptable for many applications. It could easily be reduced to 1.6:1 by the simple addition of a series capacitor of 25.9 Ω reactance (859 pF) at the main feed point or, of course, reduced to 1:1 with a simple L network or other matching system designed with the TLW program.

These L and C values aren’t standard values. If made from discrete components, series and/or parallel combinations would have to be used. But you can quickly see the impact of just using the nearest standard values by substituting them into the EZNEC model. And the model can also tell you what voltages and currents will be present at the components for a given applied power — see “Power Level selection” in the EZNEC manual.

PATTERN VERIFICATION AND EFFECT OF LOSS RESISTANCE

L network EZNEC model AntBk_Cardioid_TL_Example.EZ contains the “simplest” feed system just designed. Open it with EZNEC. In the VIEW ANTENNA DISPLAY you can see the boxes representing the transmission lines placed at the element bases. The other ends of the transmission lines are shown going to “virtual segment” (connection point) V1. (See “Virtual Segment” in the EZNEC manual index for information.) The source is also connected to V1. In EZNEC, the model locations of the ends of transmission line models don’t have to be the same as the physical locations, so the view isn’t a precise representation of what the actual setup would look like.

Click FF PLOT to generate a 2D pattern of the antenna. In the 2D Plot Window, open the FILE menu and select ADD TRACE. Select CARDIOID — IDEAL FEED (which you saved earlier) and click OPEN. The added plot overlays perfectly, indicating that the pattern using this feed system is identical to the pattern we got with perfect current sources at each feed point.

To check the feed-point currents, click the CURRENTS button. In the resulting table, you can see that WIRE 1 SEGMENT 1 (feed point) current is 0.56457 A at a phase of –56.70° and WIRE 2 SEGMENT 1 (feed point) current is 0.56451 A at –146.69°. (If you see the correct phase angles but wrong magnitudes, open the main window OPTIONS menu, select POWER LEVEL, and make sure the ABSOLUTE V, I SOURCES box is checked.) The ratio is 1.0001 at an angle of –89.99°, which is well within normal error bounds for the desired 1 at −90°.

As a check on Arrayfeed1, click the SRC DAT button to find the impedance seen by the source. This would be the impedance at the main feed-line connection in the real array. EZNEC reports 33.94 + j13.13 Ω, very close to the 33.82 + j13.07 Ω given by Arrayfeed1 in Figure 7.21. Small differences of this order are normal. This provides a further check that the EZNEC model is correctly analyzing the Arrayfeed1 feed system.

This EZNEC model uses lossless transmission lines of a fixed physical length rather than a fixed electrical length (number of degrees), so they’ll behave like real lines as the frequency is changed. By changing the EZNEC frequency and re-running the 2D plot, you see that the front-to-back ratio degrades at 7.0 and 7.3 MHz. A slight adjustment of one-or-more line lengths, or a new Arrayfeed1 solution at a slightly different frequency might produce a better compromise for some uses.

You could also evaluate the second Arrayfeed1 solution or use different line impedances. Note that two identical transmission lines can be connected in parallel to simulate a line of one-half the line Z0 as done in the next section. But keep the two line impedances equal if you anticipate doing array direction switching. The effect of varying ground system resistance can also be evaluated by clicking the LOADS line in the main window and changing the load resistance values. For example, if the ground system resistance were 9 Ω instead of the 18 Ω we have assumed and designed for, the front-to-back ratio would drop from about 32 to about 21 dB. Note that changing the EZNEC ground conductivity in this model has no effect on the feed-point current ratio, whereas in a real antenna it will because it changes the ground system loss resistance. With a MININEC type ground, it’s used only for pattern calculation — the ground is assumed perfect during impedance and current calculations, and the only ground system loss resistance in the model is what we’ve specifically put in as loads.

Not surprisingly, the forward gain is affected very little by changes in frequency or ground system loss. To find the gain relative to a single element, compare the reported dBi gain of AntBk_Cardioid_Example with the same model with one of the elements deleted. You’ll find it’s very close to 3.0 dB. The 90° fed, 90° spaced array is a special case of array where the effects of mutual coupling on the two elements are opposite and cancel, resulting in the same gain as if mutual coupling didn’t exist. But mutual coupling most certainly does exist!

The second solution presents a more favorable main feed-point impedance, so it would be tempting to use it instead of the first. Modeling the second solution by changing the feed-line lengths to the second solution lengths shows that the front-to-back ratio deteriorates more at the band edges. This might be tolerable if restricted frequency use is anticipated. But it does illustrate that the solution with shorter lines is generally more broadbanded and that the choice of solution shouldn’t necessarily be based solely on the one giving the most favorable impedance.

7.4.3 A Three-Element Binomial Broadside Array

An array of three in-line elements spaced λ/2 apart and fed in-phase gives a pattern that is generally bidirectional. If the element currents are equal, the resulting pattern has a forward gain of 5.7 dB (for lossless elements) compared to a single element, but it has substantial side lobes. If the currents are tapered in a binomial coefficient 1:2:1 ratio (twice the current in the center element as in the two end elements), the gain drops slightly to just under 5.3 dB but the main lobes widen and the side lobes disappear.

The array is shown in Figure 7.23, and an EZNEC model of the antenna over perfect ground to show the ideal pattern is provided as AntBk_Binomial_Example.EZ. To obtain a 1:2:1 current ratio in the elements, each end element is fed through a 3λ/4 line of impedance Z0. Line lengths of 3λ/4 are chosen because λ/4 lines will not physically reach. The center element is fed from the same point through two parallel 3λ/4 lines of the same characteristic impedance. This is equivalent to feeding it through a line of impedance Z0/2. (Another way of understanding how this works is to remember that the current out of a quarter electrical wavelength line equals its input voltage divided by its Z0. The two parallel lines have the same input voltage, so each delivers the same current as a normal single line.) The currents are thus forced to be in-phase and to have the correct ratio. AntBk_Binomial_TL_Example.EZ is an EZNEC model that shows this feed system with lossless transmission lines. The reader is encouraged to experiment with this model to see the effect of changes in frequency, the addition of loss resistance (as resistive loads at the element feed points), transmission line loss, and other alterations on the array pattern and gain. You should also replace the perfect ground with MININEC type of ground to show how radiation patterns over real ground differ from the theoretical perfect-ground pattern.
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7.4.4 A Four-Square Array

Several types of feed system are used for feeding this popular array, and most share a common problem — they don’t provide the correct element current ratio — although some produce a workable approximation. The feed systems described here can produce exactly the correct current ratio. The only significant variable is the element feed-point impedances, so the quality of the result depends on your ability to model the feed-point impedances of a correctly fed array. As in the examples above, EZNEC will be used for that purpose and Arrayfeed1 for the design of the feed system itself.

The most extensive collection of practical design information for the Four-Square (and other arrays) is in Low-Band DXing, 5th Edition, by John DeVoldevere, ON4UN. The chapter on Phased Arrays contains detailed construction and tuning guidelines for a variety of arrays. Additional articles about these popular antennas are available in the online material, including reduced-space approaches. An excellent online resource with several array design examples and references can be found on the AC6LA website: ac6la.com/aecollection8.html.

In this array (see Figure 7.24), four elements are placed in a square with λ/4 sides. (A variation of the Four-Square uses wider spacing.) The rear and front elements (1 and 4) are 180° out-of-phase with each other. The side elements (2 and 3) are in phase with each other and 90° delayed from the front element. The magnitudes of the currents in all four elements are equal. The front and rear elements can be forced to be 180° out-of-phase and have equal currents by using the current-forcing method described earlier. One element is connected to a line that is either λ/4 or 3λ/4 long, the other to a line that is λ/2 longer, and the two lines to a common point.
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Likewise, the two side element currents are forced to be equal by connecting them to a common point via λ/4 or 3λ/4 lines. Figure 7.25 shows the basic current-forcing system.
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If the pattern is to be electrically rotated, it is necessary to bring lines from all four elements to a common location. If solid-polyethylene dielectric coaxial cable, which has a dielectric constant of 0.66, is used, λ/4 lines won’t reach the center of the array. So, 3λ/4 lines must be used. Alternatively, you can use λ/4 lines with foam or other dielectric having a velocity factor of more than about 0.71 (plus a little extra margin). Be careful, though — foam dielectric cables frequently have velocity factors which are lower than specified and should always be measured as described in the Antenna and Transmission Line Measurements chapter. Whatever your choice, three of the lines must be the same length (λ/4 or 3λ/4) and the fourth must be λ/2 longer.

In this array, the side elements (2 and 3) have equal impedances, but the rear and front (1 and 4) are different from each other and from the side elements. We must know the feed-point impedances of the front, rear, and side elements in order to design the “simplest” feed system, but only the side element impedances are needed to design the L network system. Knowledge of all feed-point impedances is necessary if the array main feed-point impedance ZIN is to be calculated. EZNEC model AntBk_4Square_Example.EZ shows a 40-meter Four-Square array with 18 Ω of loss resistance at each element, to approximate an 8-radial-per-element ground system. (See the cardioid array example above for more information about modeling ground system loss.) Opening the file in EZNEC and clicking the SRC DAT button gives the following impedances:

Source 1: 16.4 – j15.85 Ω

Sources 2 and 3: 57.47 – j19.45 Ω

Source 4: 77.81 + j54.8 Ω

It’s interesting to note that the resistive part of source 1 is less than the 18 Ω of loss resistance we intentionally added to simulate ground system loss. That means the element 1 feed-point resistance would be negative if the ground resistance were less than about 1.5 Ω. This isn’t uncommon in phased arrays and simply means that the element is feeding power into the feed system. This power comes via mutual coupling from the other elements.

“SIMPLEST” (TRANSMISSION LINE ONLY) FEED SYSTEM

To design a “simplest” feed system, start Arrayfeed1. In the ARRAY TYPE frame, select 4 SQUARE, and select SIMPLEST in the FEED SYSTEM TYPE frame. In the INPUTS frame, enter the frequency and the impedances from EZNEC:

Frequency = 7.15 MHz

Leading Element: R = 16.4, X = –15.85

Side elements: R = 57.47, X = –19.45

Lagging Element: R = 77.81, X = 54.8

We’ll try using 50 Ω for all lines, so enter 50 into the next three boxes.

Enter 1 for the lagging:leading I magnitude and –90 for the phase.

Click FIND SOLUTIONS.

The result is shown in the SOLUTIONS frame, shown in Figure 7.26. As always when any solution exists, there are two to choose from. The one with the shortest lines is generally preferable, so we’ll choose it. For this example, we’ll use λ/4 lines with velocity factor of 0.82. So, enter 0.82 in the VELOCITY FACTOR box in the PHYSICAL LENGTHS frame, and read the physical lengths from that frame. The 1⁄4 wavelength lines (marked in the Arrayfeed1 diagram with an asterisk) are 28.2 feet, line 1 is 7.482 feet and line 2 is 51.667 feet. The “simplest” feed system solution is shown in Figure 7.26, and the complete feed system consists of this connected to the array of Figure 7.25.
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Again, though, be sure to measure your transmission line’s velocity factor before finalizing the design — it might not be the 0.82 you thought. Velocity factor in specifications is a nominal value and can vary from batch to batch of the same cable from the same manufacturer and between manufacturers.

EZNEC model AntBk_4Square_TL_Example.EZ simulates the array fed with this system. Comparison of the pattern plot to one from ideal-current model AntBk_4Square_Example.EZ and examination of the element currents verify that the feed system is producing the desired pattern and element currents. You can use AntBk_4Square_Example.EZ to investigate the effect of frequency change, ground loss, and other changes on the array gain and pattern.

L NETWORK FEED SYSTEM

To design the L network feed system, simply change the FEED SYSTEM TYPE to L NETWORK and click FIND SOLUTIONS. The results you should see are a 0.484 µH inductor for the series component Xser, and a 1369.8 pF capacitor for the shunt component Xsh. The L network feed system is shown in Figure 7.27, and the complete feed system consists of this L network connected to the array of Figure 7.25.
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EZNEC model AntBk_4Square_L_Network_Example.EZ simulates the array fed with this system. You can compare it with the idealized feed system array and use it to see the effects of various parameter changes as you did with the “simplest” feed system model. Arrays have also been built using this feed system and the element currents measured, with exactly the expected results.

This array, particularly the null depth, is more sensitive to adjustment than the 2-element 90° fed, 90° spaced array. Adjustment procedures and a method of remotely switching the pattern direction are described in the “Practical Aspects of Phased Array Design” section below.

7.4.5 A 4-Element Rectangular Array

The 4-element rectangular array shown with its pattern in Figure 7.28 has appeared numerous times in amateur publications. However, many of the accompanying feed systems fail to deliver currents in the proper amounts and phases to the various elements. The array can be correctly fed using the principles discussed in this chapter and the design methods that follow.
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Elements 1 and 2 can be forced to be in-phase and to have equal currents by feeding them through 3λ/4 lines. (As in the binomial and Four-Square array examples, 3λ/4 lines are chosen because λ/4 lines won’t physically reach.) The currents in elements 3 and 4 can similarly be forced to be equal and in-phase. Figure 7.29 shows the “current-forcing” feed system. Elements 3 and 4 are made to have currents of equal magnitude but of 90° phase difference from elements 1 and 2 by use of either a “simplest” all-transmission line feed system or an L network feed system. Both will be designed in this example.
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For this array, we have to know the feed-point impedances of two elements (one of each pair) in order to design either type of feed system. EZNEC model AntBk_Rectangular_Example.EZ shows a 20-meter rectangular array with 18 Ω of loss resistance at each element, again to approximate an 8-radial per element ground system. (See the cardioid array example above for more information about modeling ground system loss.) Open the file in EZNEC and click the SRC DAT button to find the following feed-point impedances:

Sources 1 and 2: 21.44 – j 21.15 Ω

Sources 3 and 4: 70.85 – j 5.085 Ω

“SIMPLEST” (TRANSMISSION-LINE ONLY) FEED SYSTEM

To design a “simplest” feed system, start program Arrayfeed1. In the ARRAY TYPE frame, select 4 ELEMENT RECTANGLE, and select SIMPLEST in the FEED SYSTEM TYPE frame. In the INPUTS frame, enter the frequency and the impedances from EZNEC:

Frequency = 14.15 MHz

Leading Elements R = 21.44, X = –21.15

Lagging Elements R = 70.85, X = −5.085

We’ll use 50 Ω for all lines, so enter 50 into the next three boxes.

Enter 1 for the LAGGING:LEADING I MAGNITUDE and –90 for the phase.

Click FIND SOLUTIONS.

The result will be “No Solution” — indicating this combination of line impedances can’t be used. Several other combinations also produce this result but making lines 1 and 2 each 75 Ω and the 3λ/4 lines 50 Ω does produce a solution. Enter 75 into the LINE 1 Z0 and LINE 2 Z0 boxes and leave 50 in the CHOOSE Z0 OF 1/4 OR 3/4 WAVELENGTH LINES box, then click the FIND SOLUTIONS button. There won’t be any problem making lines 1 and 2 reach, so we’ll choose the first solution because the lines are shorter. The physical lengths of all the lines are shown in the PHYSICAL LENGTHS frame when the velocity factor is entered in the appropriate box. Assuming we use coax with a velocity factor of 0.66 (and the example frequency of 14.15 MHz), the lengths are:

Line 1: 5.012 feet

Line 2: 20.162 feet

3λ/4 lines (marked with an asterisk in the Arrayfeed1 diagram): 34.408 feet

The lines are connected following the diagram in the upper left part of the Arrayfeed1 window. This completes the “simplest” feed system design. EZNEC model AntBk_Rectangular_TL_Example.EZ simulates an array fed with this system.

Comparison of the pattern plot to one from ideal-current AntBk_Rectangular_Example.EZ, and examination of the element currents verify that the feed system is producing the desired pattern and element currents.

L-NETWORK FEED SYSTEM

To design the L network feed system using Arrayfeed1, change the FEED SYSTEM TYPE to L NETWORK and click FIND SOLUTIONS. The resulting L network values are a 0.198 µH inductor for the series component Xser and a 683.3 pF capacitor for the shunt component Xsh. EZNEC model AntBk_Rectangular_L_Network_Example.EZ simulates an array fed with this system.

7.4.6 120° Fed, 60° Spaced Dipole Array

This example shows the design of “simplest” and L network feed systems for a 2-element 20-meter dipole array, rather than a vertical array. No special accommodation is required for the array made from dipoles rather than vertical elements — the same methods can be used regardless of element shape. This example also shows that both the “simplest” and L network feed systems can readily be applied to elements that use phase angles other than 90°.

Any 2-element array made with identical elements spaced λ/2 or closer and having equal magnitude currents with a relative phase angle of 180° minus the spacing will produce a unidirectional pattern with a good null to the rear. In practice, very close spacings lead to very low feed-point resistances, with consequent losses and very narrowband characteristics. But this 60° spaced array is well within the range of practical realization. File AntBk_Dipole_Array_Example.EZ is a model created for this array, with ideal element currents. Open this file in EZNEC and click FF PLOT to show the pattern at an elevation angle of 10°. You can save this pattern for later comparison to the pattern with a “simplest” feed system by opening the FILE menu in the 2D PLOT window, selecting SAVE TRACE AS, entering a name for the trace file and clicking SAVE.

Following the same procedure as in the previous examples, we begin the array design by finding the element feed-point impedances in the ideally fed array using EZNEC numbers. Having already opened AntBk_Dipole_Array_Example.EZ, all that’s needed is to click SRC DAT. The results are:

Leading element (source 1): 36.06 – j 46.33 Ω

Lagging element (source 2): 49.59 + j 51.09 Ω

“SIMPLEST” (TRANSMISSION LINE ONLY) FEED SYSTEM

Select TWO ELEMENT for the ARRAY TYPE in Arrayfeed1 and “SIMPLEST” for the FEED SYSTEM TYPE. Enter the frequency of 14.15 MHz and enter the element feed-point impedances from EZNEC into the appropriate boxes in the INPUTS frame as in the previous examples. For line impedances, the section describing the “simplest” feed system recommends against choosing one which is very different from the element feed-point impedances, but as an experiment let’s try 300 Ω for the two lines and see what happens. Enter 300 in the LINE 1 Z0 and LINE 2 Z0 boxes. Finally, enter the LAGGING:LEADING I MAG, PHASE of 1 for MAG and –120 for PHASE.

Click FIND SOLUTIONS. For this example, we’ll assume that TV-type twin-lead with a velocity factor of 0.8 is being used. So, enter 0.8 for the VELOCITY FACTOR and read the physical line lengths in the PHYSICAL LENGTHS frame. A model of the array using the first solution has been created as AntBk_Dipole_Array_TL_Example.EZ. Open this file in EZNEC and click FF PLOT. You should see that the plot is virtually identical to the one saved earlier from the ideal-current model. Note the gain and front-to-back ratio of 8.8 dBi and 30.92 dB respectively reported in the data box below the 2D plot.

Don’t subtract 2.15 dB to find the gain relative to a single element! This isn’t a free-space model, and the gain of a single dipole over ground is much greater than 2.15 dBi. Instead, delete one of the elements in the model to find the gain of a single element (4.88 dBi) and subtract that value from the reported dBi array gain. This shows that the gain of the array is about 3.9 dB relative to a single dipole at the same height. You can use the undo feature or re-open the file to restore the array.

Now, change Frequency to 14.0 MHz. Click FF PLOT again. The gain decreases a little, to 8.54 dBi and the front-to-back ratio also decreases, to 21.82 dB. At 14.3 MHz, the gain is slightly higher, 9.04 dBi, but the front-to-back is again worse, down to 18.59 dB. But this isn’t bad overall.

Let’s look at the second solution. Click the TRANS LINES line in the main EZNEC window to open the TRANSMISSION LINES window. Change the length of the first line to 28.865 feet, the second to 28.365 feet, and press the Enter key to complete the change. Change the FREQUENCY back to 14.15 MHz and click FF PLOT. You should see the same pattern as for both the first solution and for the ideal current model. But now change the FREQUENCY to 14.0 MHz, click FF PLOT, and look at the pattern.

What happened? The gain drops to 5.95 dBi and the front-to-back to only 3.1 dB. The array is now nearly bi-directional! It’s almost as bad at 14.3 MHz. So, we’ve created a system that is terribly sensitive to small changes. The chance of it working correctly even at the design frequency is slim, because there are inevitably some differences between the model and real antenna.

We did have a clue this might happen. As stated in the section describing the “simplest” feed system, the best choices for line Z0 and for the resulting solution give a difference in electrical line lengths about equal to the desired phase delay of the current. The difference in electrical line lengths for the first solution was about 152° — not as close to the 120° current phase difference as we’d like (indicating reasonably matched feed lines), but much better than the mere 9.7° difference of the lines for the second solution. While the 300-Ω line Z0 is quite different from the element feed-point impedances, the first solution result is quite good. If desired, you can try other line impedance values in Arrayfeed1 and evaluate the results with EZNEC.

Please see the information about baluns in the “Baluns in Phased Arrays” section. Baluns are placed the same as in Figure 7.19, which shows the L network feed system.

L-NETWORK FEED SYSTEM

To design an L network feed system, change the Arrayfeed1 FEED SYSTEM TYPE to L NETWORK and click FIND SOLUTIONS. The results aren’t good ones to use. The component reactance magnitudes of about 1,571 and 2,586 Ω are more than five times the 300 Ω Z0 of the feed lines. As explained in the section describing the L network feed system, it’s undesirable to have such a large ratio of component reactance to line Z0. Among other problems, the inductor and capacitor values are quite extreme, and capacitor stray inductance and inductor capacitance would have a significant impact on performance.

The problem occurs because the feed-line impedance we chose is much larger than the element feed-point impedances, so the λ/4 lines transform the feed-point impedances to much higher values at the L network and main feed point. This feed system would be extremely critical, narrowbanded and difficult to adjust. We can do better by choosing feed-line impedances that aren’t too drastically different than the element feed-point impedances. In this case, 50 or 75 Ω would be a much better choice than 300. Let’s try 75.

In Arrayfeed1, change the LINE 1 Z0 and LINE 2 Z0 impedances from 300 to 75 and click FIND SOLUTIONS. L network component reactance magnitudes are now about 98 and 162 Ω, much better than before. This will be a relatively uncritical and broadbanded feed system.

Again, be sure to read the information about baluns in the “Baluns in Phased Arrays” section. Figure 7.19 shows the completed feed system including baluns. EZNEC example file AntBk_Dipole_Array_L_Network_Example.EZ is a model of the array with L network feed. It does not include baluns since the transmission line models support only differential mode currents and therefore have the implicit effect of including ideal baluns.

7.4.7 Crossfire Receiving Array

While any transmitting array can be used for receiving with the same gain and directivity, inefficient (lossy) arrays do well for HF and MF receiving but not for transmitting. High loss brings the potential for exceptionally wide bandwidth, simplified feed systems and compact size, so receive-only arrays are worth considering for many installations. The following example is for a simple 2-element array using the “crossfire” phasing principle discussed earlier. The same methods can be used for more complex receiving arrays.

The general principle of “crossfire” phasing is to connect the elements together with a delay line having an electrical length equal to the distance between the elements. A frequency-independent phase inversion (such as a wide-band transformer or physical connection reversal of one of the transmission lines) is added somewhere in the feed system path to one but not both elements, causing frequency-independent cancellation of the signals from the two elements when the signal is coming from one end-fire direction. The result is a potentially deep pattern null in one direction over a wide range of frequencies. The pattern can be reversed using methods described later and more elaborate arrays such as the Four-Square can be designed to allow additional null directions by directional switching. Since transmission lines invariably have velocity factors less than one, a single delay line of the proper electrical length is too short in practice to reach between the elements. The method works equally well, however, using a line to each element from a common point, the only requirement being that the difference in their electrical lengths equals the correct delay length. That is how these example designs were created.

There are several ways to create a time delay but about the only practical way of achieving a constant time delay over a wide frequency range is to use a transmission line terminated in its characteristic impedance. The termination must, of course, maintain its impedance over the wide frequency range. The straightforward method of designing a receiving antenna therefore requires the voltages across the transmission lines from the elements to somehow be added together but with each line properly terminated. This could be done with active circuits, for example, by terminating each line with a terminating resistor connected to the high impedance input of an amplifier or buffer circuit whose outputs can then be added (or subtracted, since an inversion is required somewhere) without affecting the transmission line termination. Passive methods include terminating each transmission line with a matched attenuator, then resistively combining the attenuator outputs. This effectively isolates the terminating impedance from the summing circuitry. Another passive method is to use a hybrid combiner (see Figure 7.30). The potential advantage of this method is its greater relative efficiency, resulting in higher signal (and noise) level output than the attenuator method. This is important only if the received signal level is otherwise small enough that receiver noise becomes apparent.
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Yet another approach to the “crossfire” system is to design the array as though it were to be used for transmitting, even though its low efficiency would make it impractical for that purpose. The difference in this approach is that the transmission line termination is done at the element feed points rather than at the summing point (see Figure 7.31). Reciprocity assures that the same directional properties will exist when using the array for receiving, even though the transmission lines are properly terminated at their source rather than load ends. The following examples show this approach and the hybrid-terminated receiving array approach for comparison and to illustrate that the reciprocal principle applies. Both arrays have the same pattern when receiving as they do for the modeled transmitting case.
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TRANSMITTING ARRAY TYPE DESIGN

A two-element “crossfire” array with transmitting-type design is included as EZNEC example file AntBk_Crossfire1_Example.EZ. The array consists of two 30-foot-high vertical elements spaced 60 feet apart. These correspond to approximately 1⁄16 wavelength and 1⁄8 wavelength respectively at 1.85 MHz. Two transmission lines are used. This is being called a “transmitting array type design” because the transmission lines are terminated at the load end when driven by a transmitter but are terminated at the load end in some other impedance when receiving.

Because the elements are electrically short, they have high feed-point impedances, so parallel 50 Ω resistors at each feed point provide stable, near 50 Ω terminations for the transmission lines regardless of mutual coupling effects. The difference between the electrical lengths of the lines is 60 feet, the same as the line spacing. An ideal transformer is used in the model to create the required phase inversion to one of the elements.

The model could be simplified by deleting the transformer and specifying a reverse connection of one of the transmission lines, and the result would be the same. However, this model more closely represents how the antenna would be implemented. It shows a front-to-back ratio of better than 30 dB at 1 and 1.85 MHz, dropping to just over 21 dB at 4 MHz. Degradation at the higher frequency is due to the lower feed-point impedance as the element becomes electrically longer. This dilutes the effectiveness of the 50 Ω feed-point swamping resistors. Modeling with EZNEC’s plane wave excitation confirms that the front-to-back ratio is the same when receiving as when transmitting.

An 18 Ω resistor is included at each element base to simulate the resistance of a moderately good ground system. However, because its value is small compared to the large impedance of a short element, it has no significant effect on the array performance. This indicates that the array will work as well without an elaborate ground system.

RECEIVING ARRAY TYPE DESIGN ’ HYBRID TERMINATION

EZNEC example AntBk_Crossfire_Hybrid_Feed_Example.EZ uses the opposite design approach from the previous example. Instead of being terminated at the elements, the transmission lines are terminated at the ends where a receiver would be connected. Termination and signal addition are done with a hybrid combiner circuit consisting of a transformer and resistor. The inverting transformer is replaced in this model with a connection reversal of one of the transmission lines, for simplicity, as explained in the previous example. This model shows an improved front-to-back ratio of about 29 dB at 4 MHz compared to about 22 dB for the transmit-ting-type design, due to reduced sensitivity to mutual coupling and element impedance effects. Front-to-back ratio of the two examples is about the same at 1 and 1.85 MHz. This system is more efficient than the previous design, with signal (and noise) levels of about 5 dB greater at 4 MHz increasing to 14 dB greater at 1 MHz. But this won’t improve system’s signal-to-noise ratio unless the level of atmospheric noise is so low that receiver noise is audible.

Note: Modeling of the hybrid circuit and similar structures is difficult, requiring some experimenting and compromising to satisfy the requirements of the NEC calculating engines, which aren’t designed for analysis of loaded, electrically small structures. Often, a suitable compromise isn’t possible. This design is included for illustration only, not as encouragement to attempt to construct similar models.

7.5 Practical Aspects of Phased Array Design

With almost any type of antenna system, there is much that can be learned from experimenting with, testing, and using various array configurations. In this section, W7EL shares the benefit of years of his experience from building, adjusting, and using phased arrays. There is much more work to be done in most of the areas covered here, and the reader is encouraged to build on this work.

7.5.1 Theory Vs. Practice

All the following sections assume that the physical and/or electrical characteristics of an array and the transmission lines feeding it are known. While it’s impossible to know these exactly, the results and methods described will usually produce very close to the predicted gains and forward patterns if care is taken in measurements and modeling. Only if very deep nulls are required will high precision or adjustment usually be necessary.

Except in a few special cases, successful feed system design requires knowledge of the feed-point impedance of some or all elements when the currents in it and all the other elements are those required for the desired array pattern. There’s no practical way to measure this, so emphasis will be placed on modeling. The impedance of an isolated element can either be modeled or measured, but there’s no benefit in manually calculating the resulting impedances in the active array — a modeling program does the same calculations, and in addition can do them for geometries which aren’t possible to calculate manually.

Currently available modeling programs such as the free EZNEC Pro/2+ v. 7.0 are very powerful and strikingly accurate since they employ the same mathematical rules that govern operation of real antennas. But the results are only as good as the description they’re given of the physical antenna. Invariably there are some factors not known or taken into account in the model which will affect results. In other words, the results will be a strikingly accurate description of the performance of the model, not necessarily of the (imperfectly) modeled antenna. Again, though, the results will be very good in most cases, particularly for simple geometries, if care is taken — except when needing the best possible pattern nulls. A very powerful feature of system modeling programs such as EZNEC is that they allow you to create a complete model of an array including the feed system, then change various parameters such as ground loss resistance and transmission line characteristics and see the effect on the pattern caused by measurement or estimation errors. It also allows you to see how the array will perform at frequencies other than the specific frequency used for the feed system design.

Feed lines used in the previously described systems must be very close to the correct length to produce the expected patterns, and for all but the current “forcing” method the transmission line characteristic impedance Z0 also must be closely known. Even small errors in either quantity can significantly degrade the front-to-back ratio, but much larger errors are usually required to have a significant impact on the shape and gain of the main lobe or lobes.

Errors in element feed-point impedance have similar effects on the main lobe(s) and front-to-back ratio, and these often involve some estimation and guesswork. Consequently, achieving very deep nulls invariably requires some adjustment of the feed system as described below in the section “Adjusting Phased Array Feed Systems.” However, a useful front-to-back ratio can often be achieved without additional adjustment, and the need to adjust for the best front-to-back ratio can be minimized by using carefully measured transmission lines for the feed system.

Even seemingly simple measurements of transmission line electrical length and characteristic impedance (Z0) can be surprisingly difficult to do with good accuracy. Practical methods using commonly available equipment are described in detail in the Antenna and Transmission Line Measurements chapter.

The feed system techniques in this chapter all assume that transmission lines have no loss. This is obviously not true, but the effects of loss are generally negligible. Transmission line loss can, however, be included in a model to see what its effect will be in a specific array, and adjustments can be made to compensate if needed. Methods for measuring feed-line loss are also described in the Antenna and Transmission Line Measurements chapter.

Sensitivity of an array to changes in frequency and in calculation or estimation errors of transmission line loss, Z0, velocity factor, or other parameters is increased when lines have a high SWR, that is, when the impedances seen by the lines are very different from their Z0. This isn’t always possible to avoid, but some methods allow more than one option so this should be kept in mind when choosing. Although all options may seem to produce the same result, that will be true only if all parameters are exactly as calculated or modeled. Modeling the complete array, including feed system, allows you to intentionally introduce errors to quickly evaluate their effects.

7.5.2 Adjusting Phased Array Feed Systems

If a phased array is constructed only to achieve forward gain and care is taken in designing and implementing the feed system, adjusting it is seldom worthwhile. This is because the forward gain of most arrays is relatively insensitive to either the magnitude or phase of the relative currents flowing in the elements. If, however, good rejection of unwanted signals is desired, adjustment may be required. And achieving very deep nulls will almost surely require some adjustment. The effect of errors in transmission line lengths and Z0, and in determining the element feed-point impedances, can be seen by modifying the appropriate values in a model which includes the feed system and comparing the patterns to those of the unmodified models.

The in-phase and 180° out-of-phase current-forcing method supplies very well-balanced and well-phased currents to elements without adjustment and requires only that the transmission lines be the same and very close to a quarter wavelength (or odd multiple). If the pattern of an array fed using this method is unsatisfactory, it’s generally the result of environmental differences — where the elements, even though furnished with correct currents, aren’t generating the necessary fields. Such an array can be optimized in a single direction, but a more general approach than the current-forcing method must be taken. Some possibilities are described by Paul Lee and Forrest Gehrke (see References and Bibliography).

Unlike the current-forcing method, the “simplest” and L network feed systems described earlier in this chapter are dependent on the self- and mutual-impedance of one or more elements. The required transmission-line lengths or L network component values can be computed to a high level of precision, but the results are only as good as the knowledge of the relevant feed-point impedances and transmission line characteristics.

While the “simplest” feed system doesn’t readily lend itself to adjustment, the components of an L network can easily be made adjustable or can be experimentally changed in increments. A practical approach is to model the array as accurately as possible, design and build the feed system based on the model results, and then adjust the network for the best performance.

Simple arrays such as the two-element 90°-fed-and-spaced array can be adjusted as follows. Place a low-power signal source at a distance from the array (preferably several wavelengths), in the direction a null should be. While listening to the signal on a receiver connected to the array, alternately adjust the two L network components for the best rejection of the signal.

This has proved to be a very good way to adjust 2-element arrays. However, variable results were obtained when a Four-Square array was adjusted using this technique. The probable reason is that more than one combination of current balance and phasing can produce a null in a given direction, but each produces a different overall pattern, some with undesirable sidelobes. So, a different method must be used for adjusting more complex arrays. This involves measuring the element currents in some way and adjusting the network until the currents are correct. After adjusting the currents, small adjustments can be made to deepen the null(s) if desired.

MEASURING ELEMENT CURRENTS

You can measure the element currents in several ways. One way is to measure them directly at the element feed points, as shown in Figure 7.32. A dual-channel oscilloscope is required to monitor the currents. This method is the most accurate and it provides a direct indication of the actual relative magnitudes and phases of the element currents. The current probe is shown in Figure 7.33. Another current probe design by W8JI is presented at w8ji.com/building_a_current_meter.htm and shown in the Antenna and Transmission Line Measurements chapter.
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Instead of measuring the element currents directly, you could measure them indirectly by measuring the voltages on the feed lines an electrical λ/4 or 3λ/4 distance from the array. The voltages at these points are directly proportional to the element currents. This introduces additional variables that can reduce the accuracy of the result, but in general it’s accuracy is adequate. The 2-element arrays fed with the L network system and all the four-element arrays presented earlier have λ/4 or 3λ/4 lines from all elements to a common location, making this second measurement method convenient. The voltages can be observed with a dual-channel oscilloscope, or, to adjust for equal-magnitude currents and 90° phasing, you can use the test circuit shown in Figure 7.34.
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The test circuit is connected to the feed lines of two elements that are to be adjusted for 90° phasing (such as elements 1 and 2, or 2 and 4 of the Four-Square arrays of Figures 7.24 and 25). Adjust the L network components alternately until both meters read zero. You can verify proper operation of the test circuit by disconnecting one of the inputs. The phase output should remain close to zero. If not, there is an undesirable imbalance in the circuit, which must be corrected. Another way to verify is to first adjust the L network, so the tester indicates correct phasing (zero volts at the phase output). Then reverse the tester input connections to the elements. The phase output should remain close to zero.

7.5.3 Directional Switching of Arrays

One ideal directional-switching method would take the entire feed system including the lines to the elements and physically rotate it. The smallest possible increment of rotation would depend on the symmetry of the array — the feed system would need to rotate until the array again looks the same to it. For example, any 2-element array can be rotated 180° (although that wouldn’t accomplish anything if the array is bidirectional to begin with). The 4-element rectangular array of Figures 7.28 and 29 can also be reversed, and the Four-Square array of Figures 7.24 and 25 can be switched in 90° increments.

Smaller switching increments can be accomplished only by reconfiguring the feed system, including any network if used, effectively creating a different kind of array. Switching in smaller increments than dictated by symmetry will create a different pattern in some directions than in others and must be thoughtfully done to maintain equal and properly phased element currents. The methods illustrated here will deal only with switching in increments related to the array symmetry, except for one: a 2-element broadside/end-fire array.

In all arrays, the success of directional switching depends on the elements and ground systems being identical so that equal element currents result in equal fields. It’s even more important in arrays fed with any method other than current forcing because the effectiveness of those methods depends on the element feed-point impedances. Few of us can afford the luxury of having an array many wavelengths away from all other conductors, so an array will nearly always perform somewhat differently in each direction. Therefore, the array should be adjusted when steered in the direction requiring the most signal rejection in the nulls. Forward gain will, for all practical purposes, be equal in all the switched directions since gain is much more tolerant of error than are nulls.

BASIC SWITCHING METHODS

Following is a discussion of basic switching methods, how to power relays through the main feed line, and other practical considerations. In diagrams, grounds are frequently omitted to aid clarity, but connections of the ground conductors must be carefully made. In fact, it is recommended that the ground conductors be switched just as the center conductors are, as explained in more detail in “Improving Array Switching Systems” below. In all cases, interconnecting lines must be very short.

A pair of elements spaced λ/2 apart can readily be switched between broadside and end-fire bidirectional patterns, using the current-forcing properties of λ/4 lines. The method is shown in Figure 7.35. The switching device can be a relay powered via a separate cable or by dc sent along the main feed line as shown in Figure 7.40.
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Figure 7.36 shows directional switching of a 90° fed, 90° spaced array fed with a “simplest” feed system, where L1 and L2 are the required lengths of the two feed lines from Arrayfeed1. Figure 7.37 shows how to switch the same array when fed with an L network, current-forcing system.
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The rectangular array of Figure 7.28 can be switched in a similar manner, as shown in Figure 7.38. To switch a “simplest” fed rectangular array, use the switching circuit of Figure 7.36, but connect the two equal length lines to points A and B of Figure 7.29 in place of the two elements shown in Figure 7.36.

[image: ]

Switching the direction of an array in increments of 90°, when permitted by symmetry, requires at least two relays. A method of 90° switching of the Four-Square array with L network feed is shown in Figure 7.39.
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POWERING RELAYS THROUGH FEED LINES

All the above switching methods can be implemented without additional wires to the switch box. A single-relay system is shown in Figure 7.40A, and a two-relay system in Figure 7.40B. Small 12- or 24-V dc power relays can be used in either system at power levels up to at least a few hundred watts. Do not attempt to change directions while transmitting, however. Blocking capacitors C1 and C2 should be good quality ceramic or transmitting mica units of 0.01 to 0.1 µF. No problems have been encountered using 0.1 µF, 300-V monolithic ceramic units at RF output levels up to 300 W, but an EZNEC model can be used to find the voltages which will be present — just remember that EZNEC reports RMS values, while the capacitor should be rated for well above the peak voltage. C2 may be omitted if the antenna system is an open circuit at dc. C3 and C4 should be ceramic, 0.001 µF or larger.

[image: ]

In Figure 7.40B, capacitors C5 through C8 should be selected with the ratings of their counterparts in Figure 7.40A, as given above. Electrolytic capacitors across the relay coils, C9 and C10 in Figure 7.40B, should be large enough to prevent the relays from buzzing, but not so large as to make relay operation too slow. Final values for most relays will be in the range from 10 to 100 µF. They should have a voltage rating of at least double the relay coil voltage. Some relays do not require this capacitor. All diodes are 1N4001 or similar. A rotary switch may be used in place of the two toggle switches in the two-relay system to switch the relays in the desired sequence.

IMPROVING ARRAY-SWITCHING SYSTEMS

The extra circuitry involved in switching arrays can degrade array performance by altering the relative currents fed to each element. One common cause is current sharing in common ground conductors, even when connections are kept very short. The author has seen a 30° phase shift in voltage along a 4-inch piece of #12 AWG wire in a 40-meter array feed system.

When the two conductors of a feed line are physically separated from each other the characteristic impedance increases. This is especially true when the main lines are coaxial cables. If currents from two elements share the ground conductor of a split line, a relatively large voltage drop results. Voltage changes λ/4 from the elements translate to current changes at the elements. Although keeping all leads extremely short is sometimes adequate, the best way to reduce current sharing problems is to keep the two conductors of each transmission line as close together as possible, and switch both conductors on each line rather than just a single or “hot” conductor.

An example of a carefully designed switching system is shown in Figure 7.41. It avoids the problem of shared ground conductor currents, as well as another common problem, namely that effective line lengths are often different along different switching paths. Notice how the path from the main feed point travels through a single line to each element with no common ground connections to other lines except at the main feed point. Notice also that the distance doesn’t change as the direction is switched. The λ/4 lines going to the two elements must be shortened by the length ☐ of the lines on the feed side of the relays so that the total line length from the main feed point to each element is λ/4 (or 3λ/4).
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You can see that in either relay position there’s an open-ended stub of length ☐ connected at the main feed point and another at the output end of the L network. If considerably shorter than λ/4, these will add capacitance at those points. Extra capacitance at the main feed point will alter the overall impedance seen by a transmitter but won’t otherwise have any effect on the array or its performance. The one at the output of the L network will, however, change the transformation and phase shift properties of the network. But it’s easy to compensate — the value of the shunt capacitor element is simply reduced by the amount of capacitance added by the stub. The amount of capacitance for any kind of short transmission line can be calculated from:
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where Z0 = the characteristic impedance of the line and VF = the velocity factor. This works out to 31 pF/foot or 101 pF/meter for 50 Ω solid polyethylene insulated coax which has a velocity factor of 0.66. For more accuracy or longer lines, the input impedance of an open-circuited stub must be calculated or determined with TLW or a similar program and added in parallel with the connection point. The stubs can be added to the complete EZNEC model for verification or adjustment.

The general principles illustrated in Figure 7.41 can be extended to other switching systems. If switching the ground conductors as described above isn’t practical, use of a metal box for the switching circuitry is recommended so that the relatively large surface area of the box can be used for the common ground conductors, minimizing their inductance. Always keep leads extremely short.

7.5.4 Measuring Element Self- and Mutual-Impedances

The need for measuring element self- and mutual-impedances has been made largely unnecessary with the ready availability of modeling software. Few amateurs appreciate the considerable difficulty of making accurate impedance measurements, and accurate mutual impedance measurements are very difficult even with professional test equipment and skills because they require accurate evaluation of small impedance changes. Despite the limitations of computer modeling, results very often are better than measured values because of the multiple factors affecting measurement accuracy.

Those who are interested in measuring self and mutual impedances can find more detailed information about doing so in “Mutual Calculations for Arrays” in the online material. The information there is from earlier editions of the Antenna Book.
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Chapter 8

Broadside and End-Fire Dipole Arrays

Dipoles — referring to elements which are usually λ/2 long — can be arranged to produce arrays, creating antennas with evocative names like the Lazy-H, ZL Special, Sterba Curtain, Half Square, and so forth. In these arrays, the elements are driven through specific lengths of feed line and by connections to other elements. Clever arrangement of the elements produces the necessary phase relationships of currents in each element to create the desired pattern.

This chapter was originally contributed by Rudy Severns, N6LF, and is written from the familiar amateur perspective of using these antennas at HF with wire elements. Much of the material translates easily to VHF and higher frequencies where the elements are made of tubing or rod. At microwave frequencies, the elements are often slot antennas. The reader will find several projects for designing and constructing these antennas in the “References and Bibliography” and with this book’s online material.

Several EZNEC model files for antennas in this chapter are available in a zipped file in the online material. After unzipping the file, copy the files to your EZNEC description file directory. You should then see the files or new folder in EZNEC.

PHASE AND POLARITY

The term phase has the same meaning when used in connection with the currents flowing in antenna elements as it does in ordinary circuit work. Reiterating from the Antenna Fundamentals chapter, it is important to distinguish between phase and polarity. Polarity is simply a convention that assigns a positive and negative direction or convention, while phase refers to the part of the cycle of an ac voltage or current. See the in-depth discussion of phase, polarity, and direction in the Phased Arrays chapter.

ARRAY DEFINITIONS

These definitions were introduced in the Phased Arrays chapter but are repeated here for reference.

A driven array is one in which all the elements are driven elements with power supplied to them through feed lines or direct connections to other elements. A parasitic array is one in which one or more of the elements are parasitic elements. The antennas described in this chapter are driven arrays.

A broadside array is one in which the principal direction of radiation is perpendicular to the axis of the array and to the plane containing the elements. The elements of a broadside array may be collinear or parallel.

An end-fire array is one in which the principal direction of radiation coincides with the direction of the array axis. An end-fire array usually consists of parallel elements. They cannot be collinear, as linear elements do not radiate straight off their ends.

A bidirectional array is one that radiates equally well in either direction along the line of maximum radiation. A unidirectional array is one that has only one principal direction of radiation.

PHASING IN ARRAY ELEMENTS

In this chapter’s antenna diagrams, the relative direction of current flow in the various elements and connecting lines is shown by arrows. Phasing in the different elements may be determined either based on current direction or polarity of voltages. There are two rules to remember:

1) Starting from an element’s open end, the current directions reverse in each successive λ/2 element. In terms of voltage, the polarity reverses at each λ/2 point, starting from an open end.

2) Currents in transmission lines flow in opposite directions in adjacent wires. In terms of voltage, polarities always must be opposite.

Examples of the use of current direction and voltage polarity are given at A and B, respectively, in Figure 8.1. The λ/2 points in the system are marked by small circles. When current in one section flows toward a circle, the current in the next section must also flow toward it, and vice versa.
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In the 4-element antenna shown at A, the current in the upper right-hand element cannot flow toward the phasing line because then the current in the right-hand section of the phasing line would have to flow upward and thus would be flowing in the same direction as the current in the left-hand wire. The phasing line would simply act like two wires in parallel in such a case. Of course, all arrows in the drawing could be reversed, and the net effect would be unchanged. (A phasing line is a transmission line connected between elements that controls the phase of the elements.)

C shows the effect of transposing the phasing line. This transposition reverses the direction of current flow in the lower pair of elements, as compared with A, and thus changes the array from a combination collinear and end-fire arrangement into a collinear-broadside array.

The drawing at D shows what happens when the transmission line is connected at the center of a section of phasing line. Viewed from the main transmission line, the two parts of the phasing line are simply in parallel, so the half wavelength is measured from the antenna element along the upper section of phasing line and thence along the transmission line. The distance from the lower elements is measured in the same way. Obviously, the two sections of phasing line should be the same length. If they are not, the current distribution becomes quite complicated; the element currents are neither in-phase nor 180° out-of-phase, and the elements at opposite ends of the lines do not receive the same current. To change the element current phasing at D into the phasing at A, simply transpose the wires in one section of the phasing line. This reverses the direction of current flow in the antenna elements connected to that section of phasing line.

8.1 Broadside Arrays

Broadside arrays can be made up of collinear or parallel elements or combinations of the two. They can provide performance comparable to rotatable beams at very low cost if the amateur has the necessary supports.

8.1.1 Collinear Arrays

Collinear arrays are always operated with the elements in-phase. (If alternate elements in such an array are out-of-phase, the system simply becomes a harmonic type of antenna.) A collinear array is a broadside radiator, the direction of maximum radiation being at right angles to the line of the antenna.

POWER GAIN

Because of the nature of the mutual impedance between collinear elements, the feed point resistance (compared to a single element, which is ≈73 Ω) is increased as shown in the Phased Arrays chapter. For this reason, the power gain does not increase in direct proportion to the number of elements. The gain with two elements, as the spacing between them is varied, is shown by Figure 8.2. Although the gain is greatest when the end-to-end spacing is in the region of 0.4 to 0.6 λ, the use of spacings of this order is inconvenient to build and introduces problems in feeding the two elements. As a result, collinear elements are almost always operated with their ends quite close together — in wire antennas, usually with just a strain insulator between.
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With very small spacing between the ends of adjacent elements the theoretical power gain of collinear arrays, assuming the use of #12 AWG copper wire, is approximately as follows over a dipole in free space:

2 collinear elements — 1.6 dB

3 collinear elements — 3.1 dB

4 collinear elements — 3.9 dB

More than four elements are rarely used.

DIRECTIVITY

The directivity of a collinear array, in a plane containing the axis of the array, increases with its length. Small secondary lobes appear in the pattern when more than two elements are used, but the amplitudes of these lobes are low enough so that they are usually not important. In a plane at right angles to the array the directive diagram is a circle, no matter what the number of elements. Collinear operation, therefore, affects only E-plane directivity, the plane containing the antenna.

When a collinear array is mounted with the elements vertical, the antenna radiates equally well in all geographical directions. An array of such stacked collinear elements tends to confine the radiation to low vertical angles. This configuration is common in base station antennas for VHF and UHF and is discussed in the VHF and UHF Antenna Systems chapter.

If a collinear array is mounted horizontally, the directive pattern in the vertical plane at right angles to the array is the same as the vertical pattern of a simple λ/2 antenna at the same height as discussed in the chapter Effects of Ground.

8.1.2 Two-Element Arrays

The simplest and most popular collinear array is one using two elements, as shown in Figure 8.3. This system is commonly known as two half-waves in phase. The directive pattern in a plane containing the wire axis is shown in Figure 8.4, which shows superimposed patterns for a dipole and 2, 3 and 4-element collinear arrays. Depending on the conductor size, height, and similar factors, the impedance at the feed point can be expected to be in the range of 4 to 6 kΩ, for wire antennas. If the elements are made of tubing having a low λ/diameter (wavelength to diameter) ratio, values as low as 1 kΩ are representative. The system can be fed through an open-wire tuned line with negligible loss for ordinary line lengths, or a matching section may be used if desired.
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Several arrangements for matching the feed line to this antenna are described in the chapter Transmission Line System Techniques. If elements somewhat shorter than λ/2 are used, then additional matching schemes can be employed at the expense of a slight reduction in gain. When the elements are shortened two things happen — the impedance at the feed point drops and the impedance has inductive reactance that can be tuned out with simple series capacitors, as shown in Figure 8.3B.

Note that these capacitors must be suitable for the power level. Small doorknob capacitors, such as those frequently used in power amplifiers, are suitable. By way of an example, if each side of a 40 meter 2-element array is shortened from 67 to 58 feet, the feed point impedance drops from nearly 6000 Ω to about 1012 Ω with an inductive reactance 1800 Ω. The reac-tance can be tuned out by inserting 25 pF capacitors at the feed point. The 1012 Ω resistance can be transformed to 200 Ω using a λ/4 matching section made of 450-Ω ladder line and then transformed to 50 Ω with a 4:1 balun. Shortening the array as suggested reduces the gain by about 0.5 dB.

Another scheme that preserves the gain is to use a 450-Ω λ/4 matching section and shorten the antenna only slightly to have a resistance of 4 kΩ. The impedance at the input of the matching section is then near 50 Ω and a simple 1:1 balun can be used. Many other schemes are possible. The free-space E-plane response for a 2-element collinear array is shown in Figure 8.4, compared with the responses for more elaborate collinear arrays described below.

8.1.3 Three- And Four-Element Arrays

In a long wire the direction of current flow reverses in each λ/2 section. Consequently, collinear elements cannot simply be connected end to end; there must be some means for making the current flow in the same direction in all elements. When more than two collinear elements are used it is necessary to connect phasing stubs between adjacent elements to bring the currents in all elements in-phase. In Figure 8.5A the direction of current flow is correct in the two left-hand elements because the shorted λ/4 transmission line (stub) is connected between them. This stub may be looked upon simply as the alternate λ/2 section of a long-wire antenna folded back on itself to cancel its radiation. In Figure 8.5A the part to the right of the transmission line has a total length of three half wavelengths, the center half wave being folded back to form a λ/4 phase-reversing stub. No data are available on the impedance at the feed point in this arrangement, but various considerations indicate that it should be over 1 kΩ.
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An alternative method of feeding three collinear elements is shown in Figure 8.5B. In this case power is applied at the center of the middle element and phase-reversing stubs are used between this element and both of the outer elements. The impedance at the feed point in this case is somewhat over 300 Ω and provides a close match to 300 Ω line. The SWR will be less than 2:1 when 600-Ω line is used. Center feed of this type is somewhat preferable to the arrangement in Figure 8.5A because the system is balanced as a whole. This assures more uniform power distribution among the elements. In Figure 8.5A, the right-hand element is likely to receive somewhat less power than the other two because a portion of the input power is radiated by the middle element before it can reach the element located at the extreme right.

A four-element array is shown in Figure 8.5C. The system is symmetrical when fed between the two center elements as shown. As in the three-element case, no data are available on the impedance at the feed point. However, the SWR with a 600 Ω line should not be much over 2:1.

Figure 8.4 compares the directive patterns of 2, 3 and 4-element arrays. Collinear arrays can be extended to more than four elements. However, the simple 2-element collinear array is the type most frequently used, as it lends itself well to multiband operation. More than two collinear elements are seldom used because more gain can be obtained from other types of arrays.

8.1.4 Collinear Array Adjustment

In any of the collinear systems described, the lengths of the radiating elements are the same as for λ/2 dipoles. The lengths of the phasing stubs can be found from the equations given in the chapter Transmission Line System Techniques for the type of line used. If the stub is open-wire line (500 to 600 Ω impedance) you may assume a velocity factor of 0.975 in the formula for a λ/4 line. On-site adjustment is, in general, an unnecessary refinement. If desired, however, the following procedure may be used when the system has more than two elements.

Disconnect all stubs and all elements except those directly connected to the transmission line (in the case of a feed such as is shown in Figure 8.5B leave only the center element connected to the line). Adjust the elements to resonance, using the still-connected element. When the proper length is determined, cut all other elements to the same length. Make the phasing stubs slightly long and use a shorting bar to adjust their length. Connect the elements to the stubs and adjust the stubs to resonance, as indicated by maximum current in the shorting bars or by the SWR on the transmission line. If more than three or four elements are used it is best to add elements two at a time (one at each end of the array), resonating the system each time before a new pair is added.

8.1.5 The Extended Double Zepp

One method to obtain higher gain that goes with wider spacing in a simple system of two collinear elements is to make the elements somewhat longer than λ/2. As shown in Figure 8.6, this increases the spacing between the two in-phase λ/2 sections at the ends of the wires. The section in the center carries a current of opposite phase, but if this section is short the current will be small; it represents only the outer ends of a λ/2 antenna section. Because of the small current and short length, the radiation from the center is small. The optimum length for each element is 0.64 λ. At greater lengths the system tends to act as a long-wire antenna, and the gain decreases.
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This system is known as the extended double Zepp or EDZ, first described in QST in 1938 by Hugo Romander, W2NB (see the Bibliography). The gain over a λ/2 dipole is approximately 3 dB, as compared with about 1.6 dB for two collinear λ/2 dipoles. The directional pattern in the plane containing the axis of the antenna is shown in Figure 8.7. As in the case of all other collinear arrays, the free-space pattern in the plane at right angles to the antenna elements is the same as that of a λ/2 antenna — circular. The article “The Extended Double Zepp Revisited” by Jerry Haigwood, W5JH from the September 2006 QST provides dimensions for the EDZ on 40 through 10 meters, along with building tips. (The article is also included with this book’s online material. An analysis of the EDZ and related designs by Zavrel is listed in the Bibliography.)
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This antenna is not resonant at the operating frequency so that the feed point impedance is complex (R ± jX). A typical example of the variation of the feed point impedance over the band for a 40 meter double-extended Zepp is shown in Figure 8.8. This antenna is normally fed with open-wire transmission line to an antenna tuner. This allows the antenna to be used on multiple bands, although SWR may be high on some bands. Impedance at the antenna tuner depends on the antenna’s feed point impedance and the length of the feed line.
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VARIATIONS ON THE EXTENDED DOUBLE ZEPP

By selecting the right length of feed line, the feed point impedance of the EDZ can be brought close to 50 Ω on the desired band. At that point, a choke balun can be used to create a transition to coaxial feed line. (See the Transmission Line System Techniques chapter regarding baluns.) The general design is shown in Figure 8.9.
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Table 8.1 shows EDZ designs by W5JH including the length of the antenna (Ld) and 450 Ω window line (Lf) that result in approximately 50 Ω impedance at the end of the window line. (Note that the design also includes height above average ground which also affects feed point impedance.) The 50 Ω point is created only on the band shown in the table — SWR will be greatly different on other bands. (The original article by W5JH is provided with the online material.) The exact length of antenna which reproduces these impedances will depend on height above ground and type of ground. Be prepared to adjust antenna length and window line length.
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If it is desired to place the coax transition point farther from the antenna, add an integer number of λ/2 of feed line which will create a 50 Ω impedance at which the transition can be made. The transmission line software TLW can be used to calculate physical lengths for a variety of different types of parallel conductor feed lines.

Figure 8.10 is a 20/15 meter variation of the EDZ with low SWR on both bands through careful selection of the length of the 450 Ω feed line section. The pattern for 20 meters shown in Figure 8.11 is similar to the classic EDZ of Figure 8.7 but because of the extra length on 15 meters, the pattern takes on a clover-leaf shape as shown in Figure 8.12. A 74.7-foot section of 450 Ω window line (two λ/2 on 20 meters and 3λ/2 on 15 meters) brings the coax transition point to ground level and SWR is less than 1.5:1on both bands. (The original article, “Hands-On Radio, Experiment #133,” is provided with the online material.)
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A versatile antenna for 40, 80, and 160 meters, the “Bob Zepp” by Robert Zavrel, W7SX, is shown in Figure 8.13. This design uses traps to isolate sections of the antenna at 40 meters where it acts as a true EDZ. The antenna becomes an extended dipole on 80 meters and a two-vertical bidirectional, top-fed array on 160 meters. The antenna was designed for a height of around 110 feet. Significantly higher installation will affect the antenna’s feed point impedance. The antenna can be installed at lower heights, but the lower vertical sections and horizontal wires will have to be altered. See the original article, provided with the online material, for the complete design, including a full-power tuning unit and numerous construction drawings.
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8.1.6 The Sterba Curtain

Two collinear arrays can be combined to form the Sterba array, often called the Sterba curtain. An 8-element example of a Sterba array is shown in Figure 8.14. The four λ/4 elements joined on the ends are equivalent to two λ/2 elements. The two collinear arrays are spaced λ/2 and the λ/4 phasing lines connected together to provide λ/2 phasing lines. This arrangement has the advantage of increasing the gain for a given length and increasing the E-plane directivity, which is no longer circular. An additional advantage of this array is that the wire forms a closed loop. For installations where icing is a problem a low voltage dc or low frequency (50 or 60 Hz) ac current can be passed through the wire to heat it for deicing. The heating current is isolated from RF by decoupling chokes. This is standard practice in commercial installations.
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The number of sections in a Sterba array can be extended as far as desired but more than four or five are rarely used because of the slow increase in gain with extra elements, the narrow H-plane directivity, and the appearance of multiple sidelobes. When fed at the point indicated the impedance is about 600 Ω. The antenna can also be fed at the point marked X. The impedance at this point will be about 1 kΩ. The gain of the 8-element array in Figure 8.14 will be between 7 to 8 dB over a single element. A 10 meter Sterba curtain is described in the article, “Curtains for You,” by Jim Cain, K1TN, that is included with the online material.

8.2 Parallel Broadside Arrays

To obtain broadside directivity with parallel elements the currents in the elements must all be in-phase. At a distant point lying on a line perpendicular to the axis of the array and also perpendicular to the plane containing the elements, the fields from all elements add up in phase. The situation is similar to four parallel λ/2 dipoles fed together as a broadside array.

Broadside arrays of this type theoretically can have any number of elements. However, practical limitations of construction and available space usually limit the number of broadside parallel elements. These practical aspects of building a dipole curtain are illustrated in the article “A Dipole Curtain for 15 and 10 Meters” by Mike Loukides, W1JQ, in the Aug 2003 QST article with the online material.

8.2.1 Power Gain

The power gain of a parallel-element broadside array depends on the spacing between elements as well as on the number of elements. The way in which the gain of a two-element array varies with spacing is shown in Figure 8.15. The greatest gain is obtained when the spacing is in the vicinity of 0.67 λ.
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The theoretical gains of broadside arrays having more than two elements are approximately as follows:

	No. of Parallel	dB Gain with λ/2	dB Gain with 3λ/4
	Elements	Spacing	Spacing
	3	5.7	7.2
	4	7.1	8.5
	5	8.1	9.4
	6	8.9	10.4


The elements must, of course, all lie in the same plane, and all must be fed in-phase.

8.2.2 Directivity

The sharpness of the directive pattern depends on spacing between elements and number of elements. Larger element spacing will sharpen the main lobe, for a given number of elements, up to a point as was shown in Figure 8.2. The two-element array has no minor lobes when the spacing is λ/2, but small minor lobes appear at greater spacings. When three or more elements are used the pattern always has minor lobes.

8.3 Other Forms of Broadside Arrays

For those who have the available room, multielement arrays based on the broadside concept have something to offer. The antennas are large but of simple design and non-critical dimensions; they are also very economical in terms of gain per unit of cost.

Large arrays can often be fed at several different points. However, the pattern symmetry may be sensitive to the choice of feed point within the array. Nonsymmetrical feed points will result in small asymmetries in the pattern, but these are not usually of great concern.

Arrays of three and four elements are shown in Figure 8.16. In the 3-element array with λ/2 spacing at A, the array is fed at the center. This is the most desirable point in that it tends to keep the power distribution among the elements uniform. However, the transmission line could alternatively be connected at either point B or C of Figure 8.16A, with only slight skewing of the radiation pattern.
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When the spacing is greater than λ/2, the phasing lines must be 1 λ long and are not transposed between elements. This is shown Figure 8.16B. With this arrangement, any element spacing up to 1 λ can be used, if the phasing lines can be folded as suggested in the drawing.

The 3-element array at C is fed at the center of the system to make the power distribution among elements as uniform as possible. However, the transmission line could be connected at either point B, C, D or E. In this case the section of phasing line between B and D must be transposed to make the currents flow in the same direction in all elements. The 4-element array at C and the 3-element array at B have approximately the same gain when the element spacing in the array at B is 3λ/4.

An alternative feeding method is shown in Figure 8.16D. This system can also be applied to the 3-element arrays and will result in better symmetry in any case. It is necessary only to move the phasing line to the center of each element, making connection to both sides of the line instead of one only.

The free-space pattern for a 4-element array with λ/2 spacing is shown in Figure 8.17. This is also approximately the pattern for a 3-element array with 3λ/4 spacing.
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Larger arrays can be designed and constructed by following the phasing principles shown in the drawings. No accurate figures are available for the impedances at the various feed points indicated in Figure 8.16. You can estimate it to be in the vicinity of 1 kΩ when the feed point is at a junction between the phasing line and a λ/2 element, becoming smaller as the number of elements in the array is increased. When the feed point is midway between end-fed elements as in Figure 8.16C, the feed point impedance of a 4-element array is in the vicinity of 200 to 300 Ω, with 600 Ω open-wire phasing lines. The impedance at the feed point with the antenna shown at D should be about 1.5 kΩ.

8.3.1 Nonuniform Element Currents

The pattern for a 4-element broadside array shown in Figure 8.16 has substantial sidelobes. This is typical for arrays more than λ/2 wide when equal currents flow in each element. Sidelobe amplitude can be reduced by using nonuniform current distribution among the elements. Many possible current amplitude distributions have been suggested. All of them have reduced current in the outer elements and greater current in the inner elements. This reduces the gain somewhat but can produce a more desirable pattern. One of the common current distributions is called binomial current grading. In this scheme the ratio of element currents is set equal to the coefficients of a polynomial. For example:
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In a 2-element array the currents are equal, in a 3-element array the current in the center element is twice that in the outer elements, and so on.

8.3.2 Half-Square Antenna

On the low-frequency bands (40, 80 and 160 meters) it becomes increasingly difficult to use λ/2 elements because of their size. The half-square antenna is a 2-element broadside array with λ/4-high vertical elements and λ/2 horizontal spacing. See Figure 8.18. The free-space H-plane pattern for this array is shown in Figure 8.19. The antenna gives modest (4.2 dBi) but useful gain and has the advantage of only λ/4 height. Like all vertically polarized antennas, real-world performance depends directly on the characteristics of the ground surrounding it.
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The half-square can be fed either at the point indicated or at the bottom end of one of the vertical elements using a voltage-feed scheme, such as for the Bobtail curtain described below. The feed point impedance is in the region of 50 Ω when fed at a corner as shown in Figure 8.18. The SWR bandwidth is typically quite narrow as shown in the following design examples.

VARIATIONS ON THE HALF-SQUARE ANTENNA

The following section was originally presented in The ARRL Antenna Compendium Vol 5, by Rudy Severns, N6LF.

A simple modification to a standard dipole is to add two λ/4 vertical wires, one at each end, as shown in Figure 8.20. This makes a half-square antenna. The antenna can be fed at one corner (low-impedance, current fed) or at the lower end of one of the vertical wires (high-impedance, voltage fed). Other feed arrangements are also possible.
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The “classical” dimensions for this antenna are λ/2 (131 feet at 3.75 MHz) for the top wire and λ/4 (65.5 feet) for the vertical wires. However, there is nothing sacred about these dimensions! They can vary over a wide range and still obtain nearly the same performance.

This antenna is two λ/4 verticals, spaced λ/2, fed in-phase by the top wire. The current maximums are at the top corners. The theoretical gain over a single vertical is 3.8 dB. An important advantage of this antenna is that it does not require the extensive ground system and feed arrangements that a conventional pair of phased λ/4 verticals would.

COMPARISON TO A DIPOLE

In the past, one of the things that has turned off potential users of the half-square on 80 and 160 meters is the perceived need for λ/4 vertical sections. This forces the height to be >65 feet on 80 meters and >130 feet on 160 meters. That’s not really a problem. If you don’t have supports of the necessary height, there are several things you can do. For example, just fold the ends in, as shown in Figure 8.21. This compromises the performance surprisingly little.
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It is helpful to compare the examples given in Figures 8.19 and 8.20 to dipoles at the same height. Two heights, 40 and 80 feet, and average, very good and sea water grounds, were used for this comparison. It is also assumed that the lower end of the vertical wires had to be a minimum of 5 feet above ground.

At 40 feet the half-square has been folded quite a bit, with only 35-foot long (≈ λ/8) vertical sections. The elevation-plane comparison between this antenna and a dipole of the same height is shown in Figure 8.22. Over average ground the half-square is superior below 32° and at 15° is almost 5 dB better. That is a worthwhile improvement. If you have very good soil conductivity, like parts of the lower Midwest and South, then the half-square will be superior below 38° and at 15° will be nearly 8 dB better. For those fortunate few with saltwater frontal property the advantage at 15° is 11 dB! Notice also that above 35°, the response drops off rapidly. This is great for DX but is not good for local work.

[image: ]

Figure 8.23 shows the azimuthal-plane pattern for the 80-meter half-square antenna in Figure 8.21, but this time compared with the response of a flattop horizontal dipole that is 100 feet high. These comparisons are for average ground and are for an elevation angle of 5°. The message here is that the lower your dipole and the better your ground, the more you have to gain by switching from a dipole to a half-square. The half-square antenna looks like a good bet for DXing.
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CHANGING THE SHAPE OF THE HALF SQUARE

Just how flexible is the shape? There are several common distortions of practical importance. Some have very little effect, but a few are fatal to the gain. Suppose you have either more height and less width than called for in the standard version or more width and less height, as shown in Figure 8.24A.
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The effect on gain from this type of dimensional variation is given in Table 8.2. For a top length (LT) varying between 110 and 150 feet, where the vertical wire lengths (Lv) readjusted to resonate the antenna, the gain changes only by 0.6 dB. For a 1-dB change the range of Lt is 100 to 155 feet, a pretty wide range.
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Another variation results if we vary the length of the horizontal top wire and readjust the vertical wires for resonance, while keeping the top at a constant height. See Figure 8.24B. Table 8.2 shows the effect of this variation on the peak gain. For a range of Lt = 110 to 145 feet, the gain changes only 0.65 dB.

The effect of bending the ends into a V shape, as shown in Figure 8.24C, is given in Table 8.3. The bottom of the antenna is kept at a height of 5 feet and the top height (H) is either 40 or 60 feet. Even this gross deformation has only a relatively small effect on the gain. Sloping the ends outward as shown in Figure 8.24D and varying the top length also has only a small effect on the gain. While this is good news because it allows you dimension the antenna to fit different QTHs, not all distortions are so benign.
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Suppose the two ends are not of the same height, as illustrated in Figure 8.25, where one end of the half-square is 20 feet higher than the other. The elevation-plane radiation pattern for this antenna is shown in Figure 8.26 compared to a dipole at 50 feet. This type of distortion does affect the pattern. The gain drops somewhat, and the zenith null goes away. The nulls off the end of the antenna also go away, so that there is some end-fire radiation. In this example the difference in height is fairly extreme at 20 feet. Small differences of 1 to 5 feet do not affect the pattern seriously.
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If the top height is the same at both ends but the length of the vertical wires is not the same, then a similar pattern distortion can occur. The antenna is very tolerant of symmetrical distortions, but it is much less accepting of asymmetrical distortion.

What if the length of the wires is such that the antenna is not resonant? Depending on the feed arrangement, that may or may not matter. We will look at that issue later, in the section on patterns versus frequency. The half-square antenna, like the dipole, is very flexible in its proportions.

HALF-SQUARE FEED POINT IMPEDANCE

There are many different ways to feed the half-square. Traditionally the antenna has been fed either at the end of one of the vertical sections, against ground, or at one of the upper corners as shown in Figure 8.20.

For voltage feed at the bottom against ground, the impedance is very high, on the order of several thousand ohms. For current feed at a corner, the impedance is much lower and is usually close to 50 Ω. This is very convenient for direct feed with coax.

The half-square is a relatively high-Q antenna (Q ≈ 17). Figure 8.27 shows the SWR variation with frequency for this feed arrangement. An 80 meter dipole is not particularly wideband either, but a dipole will have less extreme variation in SWR than the half-square.
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PATTERNS VERSUS FREQUENCY

Impedance is not the only issue when defining the bandwidth of an antenna. The effect on the radiation pattern of changing frequency is also a concern. For a voltage-fed half-square, the current distribution changes with frequency. For an antenna resonant near 3.75 MHz, the current distribution is nearly symmetrical. However, above and below resonance the current distribution increasingly becomes asymmetrical. In effect, the open end of the antenna is constrained to be a voltage maximum, but the feed point can behave less as a voltage point and more like a current maximum. This allows the current distribution to become asymmetrical.

The effect is to reduce the gain by –0.4 dB at 3.5 MHz and by –0.6 dB at 4 MHz. The depth of the zenith null is reduced from –20 dB to –10 dB. The side nulls are also reduced. Note that this is exactly what happened when the antenna was made physically asymmetrical. Whether the asymmetry is due to current distribution or mechanical arrangements, the antenna pattern will suffer.

When current feed at a corner is used, the asymmetry introduced by off-resonance operation is much less, since both ends of the antenna are open circuits and constrained to be voltage maximums. The resulting gain reduction is only – 0.1 dB. It is interesting that the sensitivity of the pattern to changing frequency depends on the feed scheme used.

Of more concern for corner feed is the effect of the transmission line. The usual instruction is to simply feed the antenna using coax, with the shield connected to vertical wire and the center conductor to the top wire. Since the shield of the coax is a conductor, more or less parallel with the radiator, and is in the immediate field of the antenna, you might expect the pattern to be seriously distorted by this practice. This arrangement seems to have very little effect on the pattern. The greatest effect is when the feed line length was near a multiple of λ/2. Such lengths should be avoided.

Of course, you may use a choke balun at the feed point if you desire. This might reduce the coupling to the feed line even further, but it doesn’t appear to be worth the trouble. In fact, if you use an antenna tuner in the shack to operate away from resonance with a very high SWR on the transmission line, a balun at the feed point would be stressed by high common-mode voltages. (See the Transmission Line System Techniques chapter.)

VOLTAGE-FEED AT ONE END OF ANTENNA: MATCHING SCHEMES

Several straightforward means are available for narrow-band matching. However, broadband matching over the full 80 meter band is much more challenging. Voltage feed with a parallel-resonant circuit and a modest local ground, as shown in Figure 8.28, is the traditional matching scheme for this antenna. Matching is achieved by resonating the circuit at the desired frequency and tapping down on the inductor in Figure 8.28A or using a capacitive divider (Figure 8.28B). It is also possible to use a λ/4 transmission-line matching scheme, as shown in Figure 8.28C.
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If the matching network shown in Figure 8.28B is used, typical values for the components would be: L = 15 µH, C1 = 125 pF and C2 = 855 pF. At any single point the SWR can be made very close to 1:1 but the bandwidth for SWR < 2:1 will be very narrow at <100 kHz. Altering the L-C ratio doesn’t make very much difference. The half-square antenna has a well-earned reputation for being narrowband.

8.3.3 Bobtail Curtain

The antenna system in Figure 8.29, called a Bobtail curtain, was originally described by Woodrow Smith, W6BCX, in 1948 (see Bibliography for this and other articles on the Bobtail.) It uses the principles of co-phased verticals to produce a broadside, bidirectional pattern providing approximately 5.1 dB of gain over a single λ/4 element. The antenna per-forms as three in-phase, top-fed vertical radiators approximately λ/4 in height and spaced approximately λ/2. It is most effective for low-angle signals and makes an excellent long-distance antenna for 1.8, 3.5, or 7 MHz.

[image: ]

The three vertical sections are the actual radiating components, but only the center element is fed directly. The two horizontal parts, A, act as phasing lines and contribute very little to the radiation pattern. Because the current in the center element must be divided between the end sections, the current distribution approaches a binomial 1:2:1 ratio. The radiation pattern is shown in Figure 8.30.
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The vertical elements should be as vertical as possible. The height for the horizontal portion should be slightly greater than B, as shown in Figure 8.29. The tuning network is resonant at the operating frequency. The L/C ratio should be fairly low to provide good loading characteristics. As a starting point, a maximum capacitor value of 75 to 150 pF is recommended, and the inductor value is determined by C and the operating frequency. The network is first tuned to resonance and then the tap point is adjusted for the best match. A slight readjustment of C may be necessary. A link coil consisting of a few turns can also be used to feed the antenna.

A feeling for the matching bandwidth of this antenna can be obtained by looking at a feed point located at the top end of the center element. The impedance at this point will be approximately 32 Ω. An SWR plot (for Z0 = 32 Ω) for an 80 meter Bobtail curtain at this feed point is shown in Figure 8.31. However, it is not advisable to actually connect a feed line at this point since it would detune the array and alter the pattern. This antenna is relatively narrow band. When fed at the bottom of the center element as shown in Figure 8.29, the SWR can be adjusted to be 1:1 at one frequency but the operating bandwidth for SWR less than 2:1 may be even narrower than Figure 8.31 shows. For 80 meters, where operation is often desired in the CW DX portion (3.510 MHz) and in the phone DX portion (3.790 MHz), it will be necessary to retune the matching network as you change frequency. This can be done by switching a capacitor in or out, manually or remotely with a relay.
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While the match bandwidth is quite narrow, the radiation pattern changes more slowly with frequency. Figure 8.32 shows the variation in the pattern over the entire band (3.5 to 4.0 MHz). As would be expected, the gain increases with frequency because the antenna is larger in terms of wavelengths. The general shape of the pattern, however, is quite stable.
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The Bobtail can also be fed at one corner using coax as shown for the Half-Square antenna in Figure 8.22. As with the Half-Square, the coax shield should be connected to the vertical element and λ/2 lengths of coax should be avoided. The same caution regarding the use of a choke balun apply as with the Half-Square.

A variation of the Bobtail for multiple bands, the N4GG Array, is described in a July 2002 QST article that is included with the online material. The antenna covers multiple bands using parallel wires similarly to a fan dipole and with vertical wires acting as they do in the Bobtail curtain.

8.3.4 The Bruce Array

Four variations of the Bruce array are shown in Figure 8.33. The Bruce is simply a wire folded so that the vertical sections carry large in-phase currents, while the horizontal sections carry small currents flowing in opposite directions with respect to the center of a section (indicated by dots). The radiation is vertically polarized. The gain is proportional to the length of the array but is somewhat smaller than you can obtain from a broadside array of λ/2 elements of the same length. This is because the radiating portion of the elements is only λ/4.
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The Bruce array has several advantages over the Half-Square and Bobtail curtain:

1) The array is only λ/4 high. This is especially helpful on 80 and 160 meters, where the height of λ/2 supports becomes impractical for most amateurs.

2) The array is very simple. It is just a single piece of wire folded to form the array.

3) The dimensions of the array are very flexible. Depending on the available distance between supports, any number of elements can be used. The longer the array, the greater the gain.

4) The shape of the array does not have to be exactly 1.05 λ/4 squares. If the available height is short but the array can be made longer, then shorter vertical sections and longer horizontal sections can be used to maintain gain and resonance. Conversely, if more height is available but width is restricted then longer vertical sections can be used with shorter horizontal sections.

5) The array can be fed at other points more convenient for a particular installation.

6) The antenna is relatively low Q, so that the feed point impedance changes slowly with frequency. This is very helpful on 80 meters, for example, where the antenna can be relatively broadband.

7) The radiation pattern and gain is stable over the width of an amateur band.

Note that the nominal dimensions of the array in Figure 8.33 call for section lengths = 1.05 λ/4. The need to use slightly longer elements to achieve resonance is common in large wire arrays. A quad loop behaves in the same manner. This is quite different from wire dipoles, which are typically shortened by 2 – 5% to achieve resonance.

Figure 8.34 shows the variations in gain and pattern for 2 to 5-element 80-meter Bruce arrays. Table 8.4 lists the gain over a vertical λ/2 dipole, a 4-radial ground-plane vertical and the size of the array. The gain and impedance parameters listed are for free space. Over real ground the patterns and gain will depend on the height above ground and the ground characteristics. Copper loss using #12 AWG conductors is included.
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Worthwhile gain can be obtained from these arrays, especially on 80 and 160 meters, where any gain is hard to come by. The feed point impedance is for the center of a vertical section. From the patterns in Figure 8.34 you can see that sidelobes start to appear as the length of the array is increased beyond 3λ/4. This is typical for arrays using equal currents in the elements.

It is interesting to compare the Bobtail curtain (Figure 8.29) with a 4-element Bruce array. Figure 8.35 compares the radiation patterns for these two antennas. Even though the Bruce is shorter (3λ/4) than the Bobtail (1 λ), it has slightly more gain. The matching bandwidth is illustrated by the SWR curve in Figure 8.36. The 4-element Bruce has over twice the match bandwidth (200 kHz) than does the Bobtail (75 kHz in Figure 8.31). Part of the gain difference is due to the binomial current distribution — the center element has twice the current as the outer elements in the Bobtail. This reduces the gain slightly so that the 4-element Bruce becomes competitive. This is a good example of using more than the minimum number of elements to improve performance or to reduce size. On 160 meters the 4-element Bruce will be 140 feet shorter than the Bobtail, a significant reduction. If additional space is available for the Bobtail (1 λ) then a 5-element Bruce could be used, with a small increase in gain but also introducing some sidelobes.
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The 2-element Bruce and the half-square antennas are both 2-element arrays. However, since the spacing between radiators is greater in the half-square (λ/2) the gain of the half-square is about 1 dB greater. If space is available, the half-square would be a better choice. If there is not room for a half-square then the Bruce, which is only half as long (λ/4), may be a good alternative. The 3-element Bruce, which has the same length (λ/2) as the half-square, has about 0.6 dB more gain than the half-square and will have a wider match bandwidth.

The Bruce antenna can be fed at many different points and in different ways. In addition to the feed points indicated in Figure 8.33, you may connect the feed line at the center of any of the vertical sections. In longer Bruce arrays, feeding at one end will result in some current imbalance among the elements but the resulting pattern distortion is small. Actually, the feed point can be anywhere along a vertical section. One very convenient point is at an outside corner. The feed point impedance will be higher (about 600 Ω). A good match for 450 Ω ladder-line can usually be found somewhere on the vertical section. It is important to recognize that feeding the antenna at a voltage node (dots in Figure 8.33) by breaking the wire and inserting an insulator, completely changes the current distribution. This will be discussed in the section on end-fire arrays.

A Bruce can be fed unbalanced against ground or against a counterpoise as shown in Figure 8.37. Because it is a vertically polarized antenna, the better the ground system, the better the performance. As few as two elevated radials can be used as shown in Figure 8.37B, but more radials can also be used to improve the performance, depending on local ground constants. The original development of the Bruce array in the late 1920s used this feed arrangement.
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8.3.5 The Lazy-H Array

The 4-element array shown in Figure 8.38 is commonly known as the Lazy H. It consists of four λ/2 elements arranged in two parallel collinear arrays, all operated in-phase to give broadside directivity. The gain and directivity will depend on the spacing, as in the case of a simple parallel-element broadside array. The spacing may be chosen between the limits shown on the drawing, but spacings below 3λ/8 are not worthwhile because the gain is small. Estimated gains compared to a single element are:
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3λ/8 spacing — 4.2 dB

λ/2 spacing — 5.8 dB

5λ/8 spacing — 6.7 dB

3λ/4 spacing — 6.3 dB

Half-wave spacing is generally used. Directive patterns for this spacing are given in Figures 8.39 and 8.40. With λ/2 spacing between parallel elements, the impedance at the junction of the phasing line and transmission line is resistive and in the vicinity of 100 Ω. With larger or smaller spacing the impedance at this junction will be reactive as well as resistive. Matching stubs are recommended in cases where a nonresonant line is to be used. They may be calculated and adjusted as described in the Transmission Line System Techniques chapter.
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The system shown in Figure 8.38 may be used on two bands having a 2-to-1 frequency relationship. It should be designed for the higher of the two frequencies, using 3λ/4 spacing between parallel elements. It will then operate on the lower frequency as a simple broadside array with 3λ/8 spacing.

An alternative method of feeding is shown in the small diagram in Figure 8.38. In this case the elements and the phasing line must be adjusted exactly to an electrical half wavelength. The impedance at the feed point will be resistive and on the order of 2 kΩ.

A variation of this antenna called the “extended Lazy H” makes an effective broadside antenna on its fundamental and several higher bands. It is a good Field Day antenna if the supports are available for the lower elements to be at least λ/4 above the ground. It can be used with a tuner on all HF bands and as a top-loaded vertical by connecting the feed line conductors together and driving it against a ground system. A version for 7, 14, and 21 MHz is described in “The Extended Lazy H Antenna,” by Walter Salmon, VK2SA (in the October 1955 QST and included with this book’s online material.

8.3.6 The Bi-Square Array

A development of the Lazy H, known as the Bi-Square, is shown in Figure 8.41. The gain of the Bi-Square is somewhat less than that of the Lazy-H, but this array is attractive because it can be supported from a single pole. It has a circumference of 2 λ at the operating frequency and is horizontally polarized.

[image: ]

The Bi-Square antenna consists of two 1 λ radiators, fed 180° out-of-phase at the bottom of the array. The radiation resistance is 300 Ω, so it can be fed with either 300- or 600-Ω line. The free space gain of the antenna is about 5.8 dBi, which is 3.7 dB more than a single dipole element. Gain may be increased by adding a parasitic reflector or director. Two Bi-Square arrays can be mounted at right angles and switched to provide omnidirectional coverage. In this way, the antenna wires may be used as part of the guying system for the pole.

Although it resembles a loop antenna, the Bi-Square is not a true loop because the ends opposite the feed point are open. However, identical construction techniques can be used for the two antenna types. Indeed, with a means of remotely closing the connection at the top for lower frequency operation, the antenna can be operated on two harmonically related bands. As an example, an array with 17 feet per side can be operated as a Bi-Square at 28 MHz and as a full-wave loop at 14 MHz. For two-band operation in this manner, the side length should favor the higher frequency. The length of a closed loop is not as critical.

8.4 End-Fire Arrays

The term end-fire covers several different methods of operation, all having in common the fact that the maximum radiation takes place along the array axis, and that the array consists of a number of parallel elements in one plane. End-fire arrays can be either bidirectional or unidirectional. In the bidirectional type commonly used by amateurs there are only two elements, and these are operated with currents 180° out-of-phase. Even though adjustment tends to be complicated, unidirectional end-fire driven arrays have also seen amateur use, primarily as a pair of phased, ground-mounted λ/4 vertical elements. Extensive discussion of this array is contained in the Phased Arrays chapter.

Horizontally polarized unidirectional end-fire arrays see little amateur use except in log-periodic arrays (described in the Frequency-Independent Antennas chapter). Instead, horizontally polarized unidirectional arrays usually have parasitic elements (described in the HF Beam Antennas chapter) and are called Yagis.

8.4.1 Two-Element End-Fire Array

In a 2-element array with equal currents out-of-phase, the gain varies with the spacing between elements as shown in Figure 8.42. The maximum gain occurs at about 0.1 λ spacing. Below that the gain drops rapidly due to conductor loss resistance.
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The feed point resistance for either element is very low at the spacings giving greatest gain, as shown in the Phased Arrays chapter. The spacings most frequently used are λ/8 and λ/4, at which the resistances of center-fed λ/2 elements are about 9 and 32 Ω, respectively.

The effect of conductor resistance on gain for various spacings is shown in Figure 8.43. Because current along the element is not constant (it is approximately sinusoidal), the resistance shown is the equivalent resistance (Req) inserted at the center of the element to account for the loss distributed along the element.
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The equivalent resistance of a λ/2 element is one half the ac resistance (Rac) of the complete element. Rac is usually >> Rdc due to skin effect. For example, a 1.84 MHz dipole using #12 AWG copper wire will have the following Req:

Wire length = 267 feet

Rdc = 0.00159 [Ω/foot] × 267 [feet] = 0.42 Ω

Fr = Rac/Rdc = 10.8

Req =(Rdc/2) × Fr = 2.29 Ω

For a 3.75 MHz dipole made with #12 AWG wire, Req = 1.59 Ω. In Figure 8.43, it is clear that end-fire antennas made with #12 AWG or smaller wire will limit the attainable gain because of losses. There is no point in using spacings much less than λ/4 if you use wire elements. If instead you use elements made of aluminum tubing, then smaller spacings can be used to increase gain. However, as the spacing is reduced below λ/4 the increase in gain is quite small even with good conductors. Closer spacings give little gain increase but can drastically reduce the operating bandwidth due to the rapidly increasing Q of the array.

UNIDIRECTIONAL END-FIRE ARRAYS

Two parallel elements spaced λ/4 apart and fed equal currents 90° out-of-phase will have a directional pattern in the plane at right angles to the plane of the array. See Figure 8.44. The maximum radiation is in the direction of the element in which the current lags. In the opposite direction the fields from the two elements cancel.
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When the currents in the elements are neither in-phase nor 180° out-of-phase, the feed point resistances of the elements are not equal. This complicates the problem of feeding equal currents to the elements, as discussed in the Phased Arrays chapter and in the section on the “The ZL Special and HB9CV Arrays” later in this chapter.

More than two elements can be used in a unidirectional end-fire array. The requirement for unidirectivity is that there must be a progressive phase shift in the element currents equal to the spacing, in electrical degrees, between the elements. The amplitudes of the currents in the various elements also must be properly related. This requires binomial current distribution. In the case of three elements, this requires that the current in the center element be twice that in the two outside elements, for 90° (λ/4) spacing and element current phasing. This antenna has an overall length of λ/2. The directive diagram is shown in Figure 8.45. The pattern is similar to that of Figure 8.44, but the 3-element binomial array has greater directivity, evidenced by the narrower half-power beamwidth (146° versus 176°). Its gain is 1.0 dB greater.
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8.4.2 The W8JK Array

John Kraus, W8JK, described his bidirectional flat-top W8JK beam antenna in 1940. See Figure 8.46. (His June 1982 QST article “The W8JK Recap and Update” is included with the online material.) Two λ/2 elements are spaced λ/8 to λ/4 and driven 180° out-of-phase. The free-space radiation pattern for this antenna, using #12 AWG copper wire, is given in Figure 8.47. The pattern is representative of spacings between λ/8 and λ/4 where the gain varies less than 0.5 dB. The gain over a dipole is about 3.3 dB (5.4 dBi referenced to an isotropic radiator), a worthwhile improvement. The feed point impedance (including wire resistance) of each element is about 11 Ω for λ/8 spacing and 33 Ω for λ/4 spacing. The feed point impedance at the center connection will depend on the length and Z0 of the connecting transmission line.
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Kraus gave several other variations for end-fire arrays, some of which are shown in Figure 8.48. The ones fed at the center (A, C, and E) are usually horizontally polarized flat-top beams. The end-fed versions (B, D, and F) are usually vertically polarized, where the feed point can be conveniently near ground. The direction of maximum radiation is in the plane of the antennas.
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A practical variation of Figure 8.48B is given in Figure 8.49. In this example, the height is limited to λ/4 so the ends can be bent over as shown, producing a 2-element Bruce array. This reduces the gain somewhat but allows much shorter supports, an important consideration on the low bands. If additional height is available, then you can achieve some additional gain. The upper ends can be bent over to fit the available height. The feed point impedance will greater than 1 kΩ.
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The article “Building the W8JK” by Suggs (see Bibliography) shows how to build a W8JK beam that covers 20 through 6 meters.

8.4.3 Four-Element End-Fire and Collinear Arrays

The array shown in Figure 8.50 combines collinear in-phase elements with parallel out-of-phase elements to give both broadside and end-fire directivity. It is a two-section W8JK. The approximate free-space gain using #12 AWG copper wire is 4.9 dBi with λ/8 spacing and 5.4 dBi with λ/4 spacing. Directive patterns are given in Figure 8.51 for free space, and in Figure 8.52 for heights of 1 λ and λ/2 above flat ground.
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The impedance between elements at the point where the phasing line is connected is of the order of several thousand ohms. The SWR with an unmatched line consequently is quite high, and this system should be constructed with open-wire line (500 or 600 Ω) if the line is to be resonant. With λ/4 element spacing the SWR on a 600 Ω line is estimated to be in the vicinity of 3 or 4:1.

To use a matched line, you could connect a closed stub 3λ/16 long at the transmission-line junction shown in Figure 8.50. The transmission line itself can then be tapped on this matching section at the point resulting in the lowest line SWR. This point can be determined by trial.

This type of antenna can be operated on two bands having a frequency ratio of 2 to 1, if a resonant feed line is used. For example, if you design for 28 MHz with λ/4 spacing between elements, you can also operate on 14 MHz as a simple 2-element end-fire array having λ/8 spacing.

COMBINATION DRIVEN ARRAYS

You can readily combine broadside, end-fire, and collinear elements to increase gain and directivity, and this is in fact usually done when more than two elements are used in an array. Combinations of this type give more gain, in a given amount of space, than plain arrays of the types just described. Since the combinations that can be worked out are almost endless, this section describes only a few of the simpler types.

The accurate calculation of the power gain of a multi-element array requires a knowledge of the mutual impedances between all elements, as discussed in earlier sections. For approximate purposes it is sufficient to assume that each set (collinear, broadside, end-fire) will have the gains as given earlier, and then simply add up the gains for the combination. This neglects the effects of cross-coupling between sets of elements. However, the array configurations are such that the mutual impedances from cross-coupling should be relatively small, particularly when the spacings are λ/4 or more, so the estimated gain should be reasonably close to the actual gain. Alternatively, an antenna modeling program, such as EZNEC, can give good estimates of all parameters for a real-world antenna, providing that you take care to model all applicable parameters.

8.4.4 The ZL Special and HB9CV Arrays

The following material is extracted from the four-part series on two-element horizontal arrays by L.B. Cebik, W4RNL in the Nov 2001 through May 2002 issues of the National Contest Journal and “Try the FD Special” by Roy Lewallen, W7EL, in the June 1984 issue of QST. All of these articles are included in the online material.

THE ZL SPECIAL

Figure 8.53 shows the simple elements of a ZL-Special. The two elements bear “forward” and “rear” element labels, where the main lobe is in the direction of the forward element. The customary standard ZL Special feed point is at the junction of the phase line and the forward element. The antenna is designed for use on a single band and can be fixed or rotatable.
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Generally, the ZL Special consists of two dipole elements spaced by 1⁄8 wavelength and fed with a phase difference of 135–160 degrees. (A phase difference of 180 degrees creates the W8JK array.) There are a number of variations in how the array is constructed, fed, and matched with forward gain in the range of 6 – 6.5 dBi (free space) and F/B ratio of 18 – 25 dB. See Figure 8.54.
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This sounds simple but the challenge is to create equal currents in the elements. Mutual coupling as discussed in the Phased Array chapter has a big effect on element impedances. If equal currents do flow, the element impedances vary quite a bit from 75 + j0 Ω of a single resonant dipole. For example, at 135 degrees difference, the leading element has a feed point impedance of 28 – j46 Ω with the lagging element at 28 + j46 Ω. As spacing changes so will the feed point impedances. The lower impedance increases current in the elements, helping to overcome the partial cancellation caused by the closely spaced elements.

The other complicating factor is that with few exceptions, the phase delay of current in a transmission line not terminated in its characteristic impedance doesn’t equal the electrical length of the line. The difference can be significant!

Many possible ZL Special designs prove to be unfeasible. The requisite characteristic impedance of the phasing line may not exist and cannot be constructed. The required line length may be shorter than the distance between the elements, or it may be excessively long.

The key to successful ZL Special design is to find a set of element lengths and a spacing that meets two conditions. First, the relative current magnitude and phase angle on the individual elements must provide a satisfactory pattern in terms of gain and front-to-back ratio. Second, the impedances of the elements under the first condition must permit the design of a phasing line (or pair of lines) that employs an available or achievable characteristic impedance and that allows the requisite current division and transformation.

The FD Special version of the antenna designed by W7EL for 20 meters is shown in Figure 8.55. It uses a pair of folded dipoles with a higher feed point impedance than for single-conductor elements. Spacing is 1/8th wavelength and the phasing line is 300 Ω twinlead with one-half twist. The resulting feed point impedance is close to 50 Ω but slightly inductive which is canceled with two 330 pF capacitors in series with the feed line. A choke balun isolates the feed line from the balanced element.
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Element phasing varies from 135 degrees at 14.0 MHz to 148 degrees at 14.35 MHz, with current ratios from 1.04 to 1.13:1. Gain is fairly constant at about 4.5 dBd (free space) across the band.

THE HB9CV ARRAY

The original HB9CV design, shown at the top of Figure 8.56, attempted to permit the use of 300 Ω (or other parallel line available in the 1950s) with single tubular elements by the use of T or double gamma-match sections. A later version, shown in the lower part of the figure varied the feed line system for use with 75 Ω coaxial cable. By setting the gamma match in opposite directions on the two elements, the coax shield could connect to the element centers and to the boom.
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Later versions of the HB9CV do, in fact, use the boom as one of a pair of lines, with a small diameter line forming the partner. Since the smaller wire in a parallel line with different diameter wires generally determines the line impedance, a single line could run from the rear element connection to the forward element connection and serve both as half the phase line and as the gamma section. 10, 6, and 2 meter versions of the HB9CV using this approach can be found in the VHF, UHF, and Microwave Antennas chapter, designed by DK7ZB.
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Chapter 9

Loop Antennas

A loop antenna is a closed-circuit antenna independent of a ground system or counterpoise — that is, one in which a conductor is formed into one or more turns so its two ends are close together. Loops can be divided into two general classes — large loops in which both the conductor length and the loop dimensions are comparable with the wavelength and small loops in which both the total conductor length and the maximum linear dimension of a turn are very small compared with the wavelength.

Material on quad and delta loops is adapted from Chapter 10 of Low-Band DXing, 5th edition by John Devoldere, ON4UN. Material on small HF gap-resonated loops was written by Kai Siwiak, KE4PT, based on the QEX and QST loop articles with coauthor Rich Quick, W4RQ, and includes material from earlier editions that was contributed by Domenic Mallozzi, N1DM. Additional discussion of loop antennas can be found in these chapters: General Purpose MF and HF Antennas, Multiband HF Antennas, and Receiving Antennas. Wave angle, when used in this chapter, is synonymous with elevation angle.

9.1 Large Loops

Resonant loop antennas have a circumference of 1 λ. The exact shape of the loop is not particularly important. In free space, the loop with the highest gain, however, is the loop with the shape that encloses the largest area for a given circumference. This is a circular loop, which is difficult to construct. Second best is the square loop (quad), and in third place comes the equilateral triangle (delta) loop (see the reference for Dietrich and for Stanley, K4ERO).

The maximum gain of a 1 λ loop over a λ/2 dipole in free space is approximately 1.35 dB. Delta loops are used extensively on the low bands at apex heights of λ/4 to 3λ/8 above ground. At such heights the vertically polarized loops far outperform dipoles or inverted-V dipoles for low-angle DXing, assuming good ground conductivity.

Loops are generally erected with the plane of the loop perpendicular to the ground. Whether or not the loop produces a vertically or a horizontally polarized signal (or a combination of both) depends only on how (or on which side) the loop is being fed.

Another variety of large loop antenna comprises the horizontally mounted loops, which have the plane of the loop parallel to the ground. These antennas produce horizontal radiation with takeoff angles determined, as usual, by the height of the horizontal loop over ground.

9.1.1 The Square or Quad Loop

Belcher, WA4JVE; Casper, K4HKX; and Dietrich, WAØRDX, have published studies comparing the horizontally polarized vertical quad loop with a dipole. (See the References and Bibliography section.) A horizontally polarized quad loop antenna (Figure 9.1A) can be seen as two short, end-loaded dipoles stacked λ/4 apart, with the top antenna at λ/4 and the bottom one just above ground level. The total length for a resonant loop is approximately 5 to 6% longer than the free-space wavelength.
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There is no broadside radiation from the vertical wires of the quad because of the current opposition in the vertical members. In a similar manner, the vertically polarized quad loop consists of two top-loaded, λ/4 vertical dipoles, spaced λ/4 apart. Figure 9.1 shows how the current distribution along the elements produces cancellation of radiation from certain parts of the antenna, while radiation from other parts (the horizontally or vertically stacked short dipoles) is reinforced.

The square quad can be fed for either horizontal or vertical polarization merely by placing the feed point at the center of a horizontal arm or at the center of a vertical arm. At the higher frequencies in the HF range, where the quads are typically half to several wavelengths high, quad loops are usually fed to produce horizontal polarization, although there is no specific reason for this except maybe from a mechanical standpoint. Polarization by itself is of little importance at HF because of random rotation in the ionosphere.

QUAD LOOP IMPEDANCE

The radiation resistance of an equilateral quad loop in free space is approximately 120 Ω. The radiation resistance for a quad loop as a function of its height above ground is given in Figure 9.2. The impedance data were obtained by modeling an equilateral quad loop over three types of ground (very good, average, and very poor ground) using NEC.
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The reactance data can assist you in evaluating the influ-ence of the antenna height on the resonant frequency. The loop antenna was first modeled in free space to be resonant at 3.75 MHz and the reactance data were obtained with those free-space resonant-loop dimensions.

For the vertically polarized quad loop, the resistive part of the impedance changes very little with the type of ground under the antenna. The feed point reactance is influenced by the ground quality, especially at lower heights. For the horizontally polarized loop, the radiation resistance is noticeably influenced by the ground quality, especially at low heights. The same is true for the reactance.

QUAD LOOP PATTERNS ’ VERTICAL POLARIZATION

The vertically polarized quad loop in Figure 9.1B can be considered as two shortened top-loaded vertical dipoles, spaced λ/4 apart. Broadside radiation from the horizontal elements of the quad is canceled, because of the opposition of currents in the vertical legs. The wave (elevation) angle in the broadside direction will be essentially the same as for either of the vertical members. The resulting radiation angle will depend on the quality of the ground up to several wavelengths away from the antenna, as is the case with all vertically polarized antennas.

The quality of the reflecting ground will also influence the gain of the vertically polarized loop to a great extent. The quality of the ground is as important as it is for any other vertical antenna, meaning that vertically polarized loops close to the ground will not work well over poor soil.

Figure 9.3 shows both the azimuth and elevation radiation patterns of a vertically polarized quad loop with a top height of 0.3 λ (bottom wire at approximately 0.04 λ). This is a very realistic situation, especially on 80 meters. The loop radiates an excellent low-angle wave (lobe peak at approximately 21°) when operated over average ground. Over poorer ground, the wave angle would be closer to 30°. The horizontal directivity, Figure 9.3C, is rather poor, and amounts to approximately 3.3 dB of side rejection at any wave angle.
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QUAD LOOP PATTERNS ’ HORIZONTAL POLARIZATION

A horizontally polarized quad-loop antenna (two stacked short dipoles) produces a wave angle that is dependent on the height of the loop. The low horizontally polarized quad (top at 0.3 λ) radiates most of its energy right at or near zenith angle (straight up).

Figure 9.4 shows directivity patterns for a horizontally polarized loop. The horizontal pattern, Figure 9.4C, is plotted for a wave angle of 30°. At low wave angles (20° to 45°), the horizontally polarized loop shows more front-to-side ratio (5 to 10 dB) than the vertically polarized rectangular loop.
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VERTICAL VERSUS HORIZONTAL POLARIZATION ’ QUAD LOOPS

Vertically polarized loops should be used only where very good ground conductivity is available. From Figure 9.5A we see that the gain of the vertically polarized quad loop, as well as the wave angle, does not change very much as a function of the antenna height. This makes sense, since the vertically polarized loop is in the first place two phased verticals, each with its own quarter-wavelength radial.
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However, the gain is drastically influenced by the quality of the ground. At low heights, the gain difference between very poor ground and very good ground is a solid 5 dB! The wave angle for the vertically polarized quad loop at a low height (bottom wire at 0.03 λ) varies from 25° over very poor ground to 17° over very good ground. Vertically polarized delta loops at low height always require a good ground screen underneath the antenna (unless they are over excellent or perfect ground), exactly in the same way that a vertical with only one or two radials requires a good ground underneath the radials.

With a horizontally polarized quad loop the wave angle is very dependent on the antenna height, but not so much on the quality of the ground. At very low heights, the main wave angle varies between 50° and 60° (but is rather constant all the way up to 90°). As far as gain is concerned, there is a 2.5-dB gain difference between very good and very poor ground, which is only half the difference we found with the vertically polarized loop. Comparing the gain to the gain of the vertically polarized loop, we see that at very low antenna heights the gain is about 3 dB better than for the vertically polarized loop. But this gain exists at a high wave angle (50° to 90°), while the vertically polarized loop at very low heights radiates at 17° to 25°.

Figure 9.6 shows the vertical-plane radiation patterns for both types of quad loops over very poor ground and over very good ground on the same dB scale.
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RECTANGULAR QUAD LOOPS

A rectangular quad loop with unequal side dimensions can be used with very good results on the low bands. The vertical and the horizontal radiation patterns for this quad loop over good ground are shown in Figure 9.7. The horizontal directivity is approximately 6 dB (front-to-side ratio).
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Even in free space, the feed point impedance of the two configurations of this rectangular loop is not the same. When fed in the center of a short side, the radiation resistance of the antenna in Figure 9.7 at resonance is 44 Ω. When fed in the center of one of the long sides, the resistance is 215 Ω. Over real ground the feed point impedance is different in both configurations as well; depending on the quality of the ground, the impedance can vary by 40 to 90 Ω.

FEEDING THE QUAD LOOP

The quad loop feed point should be in the middle of the vertical or the horizontal wire. A balun should be used as described in the Transmission Line System Techniques chapter. Alternatively, you could use open-wire feeders (for example, 450 Ω line). The open-wire-feeder alternative has the advantage of being a lightweight solution. With a tuner you will be able to cover a wide frequency range with no compromises. (See Feeding Large Loops following the section on Delta Loops.)

9.1.2. Triangular or Delta Loops

Because of its shape, the delta loop with the apex on top is a very popular antenna as it needs only one support. As for the quad configuration, the length of the resonant delta loop is approximately 1.05 to 1.06 λ.

In free space the equilateral triangle produces the highest gain and the highest radiation resistance for a three-sided loop configuration. As we deviate from an equilateral triangle toward a triangle with a long baseline, the effective gain and the radiation resistance of the loop will decrease for a bottom corner-fed delta loop. In the extreme case (where the height of the triangle is reduced to zero), the loop has become a half-wavelength-long transmission line that is shorted at the end, which shows a zero-Ω input impedance (radiation resistance), and thus zero radiation.

Just as with the quad loop, we can switch from horizontal to vertical polarization by changing the position of the feed point on the loop. For horizontal polarization the loop is fed either at the center of the baseline or at the top of the loop. For vertical polarization the loop should be fed on one of the sloping sides, at λ/4 from the apex of the delta. Figure 9.8 shows the current distribution in both cases.
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DELTA LOOP PATTERNS ’ VERTICAL POLARIZATION

As shown in Figure 9.9, in the vertical-polarization mode the delta loop can be seen as two sloping quarter-wave verticals (their apexes touch at the top of the support), while the baseline (and the part of the sloping section under the feed point) takes care of feeding the “other” sloping section with the correct phase. The top connection of the sloping verticals can be left open without changing anything about the operation of the delta loop. The same is true for the baseline, where the middle of the baseline could be opened without changing anything. These two points are the high-impedance points of the antenna. Either the apex or the center of the baseline must be shorted, however, in order to provide feed voltage to the other half of the antenna. Normally, of course, we use a fully closed loop in the standard delta loop, although for single-band operation this is not strictly necessary.
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Assume we construct the antenna with the center of the horizontal bottom wire open. Now we can see the two half baselines as two λ/4 radials, one of which provides the necessary low-impedance point for connecting the shield of the coax. The other radial is connected to the bottom of the second sloping vertical, which is the other sloping wire of the delta loop. This is similar to a λ/4 vertical using a single elevated radial. The current distribution in the two quarter-wave radials is such that all radiation from these radials is effectively canceled.

The vertically polarized delta loop is really an array of two λ/4 verticals, with the high-current points spaced 0.25 λ to 0.3 λ, and operating in phase. The fact that the tops of the verticals are close together does not influence the performance to a large degree. The reason is that the current near the apex of the delta is at a minimum (it is current that creates radiation!). You can open the apex and move the vertical wires apart if you have a very tall support, in which case you will increase the gain of the antenna somewhat.

Considering a pair of phased verticals, we know from the chapter Effects of Ground that the quality of the ground will be very important as to the efficient operation of the antenna. This does not mean that the delta loop requires radials. It has two elevated radials that are an integral part of the loop and take care of the return currents. The presence of the (lossy) ground under the antenna is responsible for near-field losses, unless we can shield it from the antenna by using a ground screen or a radial system, which should not be connected to the antenna.

As with all vertically polarized antennas, the quality of the ground within a radius of several wavelengths will determine the low-angle radiation of the loop antenna.

The Equilateral Triangle

Figure 9.10 shows the configuration as well as both the broadside and the end-fire vertical radiation patterns of the vertically polarized equilateral-triangle delta loop antenna. The model was constructed for a frequency of 3.75 MHz. The baseline is 2.5 meters above ground, which puts the apex at 26.83 meters. The model was made over good ground. The delta loop shows nearly 3 dB front-to-side ratio at the main wave angle of 22°. With average ground the gain is 1.3 dBi.
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The Compressed Delta Loop

Figure 9.11 shows an 80 meter delta loop with the apex at 24 meters and the baseline at 3 meters. This delta loop has a long baseline of 30.4 meters. The feed point is again located λ/4 from the apex.
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The front-to-side ratio is 3.8 dB. The gain with average ground is 1.6 dBi. In free space the equilateral triangle gives a higher gain than the “flat” delta. Over real ground and in the vertically polarized mode, the gain of the flat delta loop is 0.3 dB better than the equilateral delta, however. This must be explained by the fact that the longer baseline yields a wider separation of the two “sloping” verticals, yielding a slightly higher gain.

For a 100-kHz bandwidth (on 80 meters) the SWR rises to 1.4:1 at the edges. The 2:1 SWR bandwidth is approximately 175 kHz.

The Bottom-Corner-Fed Delta Loop

Figure 9.12 shows the layout of the delta loop being fed at one of the two bottom corners. The antenna has the same apex and baseline height as the compressed delta loop. Because of the “incorrect” location of the feed point, cancellation of radiation from the base wire (the two “radials”) is not 100% effective, resulting in a significant horizontally polarized radiation component. The total field has a uniform gain coverage (within 1 dB) from 25° to 90°. This may be a disadvantage for the rejection of high-angle signals when working DX at low wave angles.
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Due to the “incorrect” feed point location, the end-fire radiation (radiation in line with the loop) has become asymmetrical. The horizontal radiation pattern shown in Figure 9.12D is for a wave angle of 29°. Note the deep side null (nearly 12 dB) at that wave angle. The loop actually radiates its maximum signal about 18° off the broadside direction. This feed point configuration (in the corner of the compressed loop) is to be avoided, as it really degrades the performance of the antenna.

DELTA LOOP PATTERNS ’ HORIZONTAL POLARIZATION

In the horizontal polarization mode, the delta loop can be seen as an inverted-V dipole on top of a very low dipole with its ends bent upward to connect to the tips of the inverted V. The loop will act as any horizontally polarized antenna over real ground; its wave angle will depend on the height of the antenna over the ground.

Figure 9.13 shows the vertical and the horizontal radiation patterns for an equilateral-triangle delta loop, fed at the center of the bottom wire. As anticipated, the radiation is maximum at the zenith. The front-to-side ratio is around 3 dB for a 15 to 45° wave angle. Over average ground the gain is 2.5 dBi. So far we have only spoken about relative patterns. What about real gain figures from the vertically and the horizontally polarized delta loops?
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VERTICAL VERSUS HORIZONTAL POLARIZATION ’ DELTA LOOPS

Figure 9.14 shows the superimposed elevation patterns for vertically and horizontally polarized low-height equilateral triangle delta loops over two different types of ground (same dB scale).
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Over very poor ground, the horizontally polarized delta loop is better than the vertically polarized loop for all wave angles above 35°. Below 35° the vertically polarized loop takes over, but quite marginally. The maximum gain of the vertically and the horizontally polarized loops differs by only 2 dB, but the big difference is that for the horizontally polarized loop, the gain occurs at almost 90°, while for the vertically polarized loop it occurs at 25°.

One might argue that for a 30° elevation angle, the horizontally polarized loop is as good as the vertically polarized loop. It is clear, however, that the vertically polarized antenna gives good high-angle rejection (rejection against local signals), while the horizontally polarized loop will not.

Over very good ground, the same thing that happens with any vertical happens with a vertically polarized delta: The performance at low angles is greatly improved with good ground. The vertically polarized loop is still better at any wave angle under 30° than when horizontally polarized. At a 10° radiation angle, the difference is as high as 10 dB.

In conclusion, over very poor ground, vertically polarized loops do not provide much better low-angle radiation when compared to the horizontally polarized loops. They have the advantage of giving substantial rejection at high angles, however. Over good ground, Figure 9.14 shows that the vertically polarized loop will give up to 10 dB and more gain at low radiation angles as compared to the horizontally polarized loop, in addition to its high-angle rejection.

FEEDING THE DELTA LOOP

The feed point of the delta loop in free space is symmetrical. At high heights above ground the loop feed point is to be considered as symmetrical, especially when we feed the loop in the center of the bottom line (or at the apex), because of its full symmetry with respect to the ground.

Figure 9.15 shows the radiation resistance and reactance for both the horizontally and the vertically polarized equilateral delta loops as a function of height above ground. At low heights, when fed for vertical polarization, the feed point is to be considered as asymmetric, whereby the “cold” point is the point to which the “radials” are connected. The center conductor of a coax feed line goes to the sloping vertical section. Many users have, however, used (symmetric) open-wire line to feed the vertically polarized loop (for example, 450 Ω line).
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DELTA LOOP GAIN AND RADIATION ANGLE

Figure 9.16 shows the gain and the main-lobe radiation angle for the equilateral delta loop at different heights. The values were obtained by modeling a 3.8-MHz loop over average ground using NEC.
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Earl Cunningham, K6SE, investigated different configurations of single element loops for 160 meters, and came up with the results listed in Table 9.1 (modeling done with EZNEC over good ground). These data correspond surprisingly well with those shown in Figure 9.16 (where the ground was average), which explains the slight difference in gain.
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9.1.3 Feeding Large Loops

Most practical 1 λ loops present a feed point impedance between 50 and 150 Ω, depending on the exact geometry and coupling to other antennas. Delta loops tend to have impedances at the low end of the range and quads somewhat higher. The shape of the loop and proximity to the ground will affect the feed point impedance.

Measure the feed point impedance using a noise bridge or antenna analyzer connected directly to the antenna terminals. A section of feed line that is λ/2 long (or an integer multiple of λ/2) connected to the feed point will also allow direct measurement of feed point impedance if the feed point can’t be reached directly.

If the impedance exceeds 50 to 70 Ω, a λ/4 feed line transformer can be used to reduce the feed point impedance to a more acceptable value (see the Transmission Line System Techniques chapter). If the impedance is much higher than 150 Ω, feeding via 450 Ω open-wire feeders may be warranted. Alternatively, you could use an unun (unbalanced-to-unbalanced) transformer, which can be made to cover a very wide range of impedance ratios.

To keep RF current from flowing on the outside of the coaxial feed line, use a balun or current choke at the loop feed point. RF current flowing on the feed point can distort the pattern of the loop and result in unnecessary noise pickup. For details on ununs, baluns, and common-mode chokes see the Transmission Line System Techniques chapter.

It is important to consider that the loop’s impedance will likely vary quite a bit from band to band. An impedance matching scheme such as a fixed-ratio transformer or tuned feed line sections is not likely to work well on multiple bands. To use a large loop on multiple bands, it is more practical to use a low-loss feed line (window or ladder line are recommended) connected to an adjustable impedance matching unit at a convenient location as described in the following section.

9.1.4 Horizontal Loops

A large loop, installed horizontally over ground is an excellent multiband antenna. A 1 λ circumference loop installed at a height of λ/2 or lower has a radiation pattern similar to a λ/2 dipole at the same height — omnidirectional, high-angle radiation. As the frequency of operation increases the current distribution around the loop and the radiation pattern become more complex. The radiation lobes peak at lower elevation angles, generally approximating the angle of peak radiation for a dipole at the same electrical height.

The exact performance of the loop depends on shape, height, and frequency of use. Radiation patterns for a square, horizontal loop cut for 3.8 MHz at a height of 30 feet (about λ/8) over average ground are shown in Figure 9.17. On the fundamental, the pattern is essentially omnidirectional at high-angles, making it an excellent choice for regional communications using NVIS propagation. On the higher bands (patterns are shown for 14.2 and 28.3 MHz) the patterns break up into multiple lobes at lower elevation angles. In practice, the deep nulls are filled in to some degree by reflections from terrain and scatter propagation.
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Feed point impedance on the 1 λ resonant frequency is approximately 100 Ω and rises to a few hundred ohms or higher at higher frequencies. Because of the varying feed point impedance, it is recommended that the antenna be fed with parallel conductor transmission line to reduce feed line loss. An impedance matching unit can then be used to convert whatever impedance is presented by the feed line to 50 Ω for coaxial cable.

9.1.5 Half-Wave Loops

The smallest size of “large” loop generally used is one having a conductor length of 1⁄2 λ. The conductor is usually formed into a square, as shown in Figure 9.18, making each side 1⁄8 λ long. When fed at the center of one side, the current flows in a closed loop as shown in Figure 9.18A. The current distribution is approximately the same as on a 1⁄2 λ wire, and so is a maximum at the center of the side opposite the terminals X-Y, and a minimum at the feed point. This current distribution causes the field strength to be a maximum in the plane of the loop and in the direction looking from the low-current side to the high-current side. (See the referenced article by Cebik for additional discussion of this configuration.)
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If the side opposite the feed point is opened at the center as shown in Figure 9.18B (strictly speaking, it is then no longer a loop because it is no longer a closed circuit), the direction of current flow remains unchanged but the maximum current flow and lowest impedance occurs at the feed point. This reverses the direction of maximum radiation.

The radiation resistance at a current maximum (which is also the resistance at X-Y in Figure 9.18B) is on the order of 50 Ω. The impedance at the feed point in Figure 9.18A is a few thousand ohms. This can be reduced by using two identical loops side by side with a few inches spacing between them and applying power between terminal X on one loop and terminal Y on the other.

Unlike a 1⁄2 λ dipole or a small loop, there is no direction in which the radiation from a loop of the type shown in Figure 9.18 is zero. There is appreciable radiation in the direction perpendicular to the plane of the loop, as well as to the “rear” — the opposite direction to the arrows shown. The front-to-back (F/B) ratio is approximately 4 to 6 dB. The small size and the shape of the directive pattern result in a loss of about 1 dB when the field strength in the optimum direction from such a loop is compared with the field from a 1⁄2 λ dipole in its optimum direction.

The ratio of the forward radiation to the backward radiation can be increased, and the field strength likewise increased at the same time to give a gain of about 1 dB over a dipole, by using inductive reactances to “load” the sides joining the front and back of the loop. This is shown in Figure 9.19. The reactances, which should have a value of approximately 360 Ω, decrease the current in the sides in which they are in-serted and increase it in the side with the feed point. This increases the directivity and thus increases the efficiency of the loop as a radiator. Lossy coils can reduce this advantage greatly.
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9.2 Small Receiving Loops

A “small” loop can be considered to be simply a rather large coil, and the current distribution in such a loop is the same as in a coil. That is, the current has the same phase and the same amplitude in every part of the loop. To meet this condition, the total length of conductor in the loop must not exceed about 0.085 λ. Loops with circumference up to 0.3 λ and intended for transmitting are described in the Small Transmitting Loops section.

The electrically small loop antenna has existed in various forms for many years. Amateur applications of the small loop include direction finding and low-noise directional receiving antennas for 3.5 MHz and below. Because the design of transmitting and receiving loops requires some different considerations, the two situations are examined separately, beginning with receiving loops in this section.

Applications of small loops are presented in the Receiving Antennas and the Stealth and Limited-Space Antennas chapters. Ferrite-core receiving loop antennas, such as the ferrite loopstick found in portable AM broadcast-band receivers, are discussed in the chapter on Receiving Antennas. Numerous supporting papers and articles are listed in the References and Bibliography section at the end of this chapter.

9.2.1 The Basic Small Loop

A loop is considered electrically small when the current around the perimeter of the loop is in phase (i.e. assumed to be constant). This requires the total conductor length to be less than 0.085 λ. This constraint results in a very predictable figure-eight radiation pattern, shown in Figure 9.20. For greater circumferences, the current can no longer be treated as having a constant phase.
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The simplest loop is a 1-turn untuned loop with a load connected to a pair of terminals located in the center of one of the sides, as shown in Figure 9.21. How its pattern is developed is easily pictured if we look at some “snapshots” of the antenna relative to a signal source. Figure 9.22 shows a loop from above and the instantaneous received voltage wave. Note that points A and B of the loop are receiving the same instantaneous voltage. This means that no current will flow through the loop, because there is no current flowbetween points of equal potential. A similar analysis of Figure 9.23, with the loop turned 90° from the position represented in Figure 9.22, shows that this position of the loop provides maximum response. Figure 9.20 shows the ideal radiation pattern for a small loop.
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The small loop is insensitive to the electric field. The voltage across the loop terminals is given by
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where

V = voltage across the loop terminals

A = area of loop in square meters

N = number of turns in the loop

H = RF magnetic field strength in amperes per meter

η0 = 376.73 Ω, the intrinsic impedance of free space

θ = angle between the plane of the loop and the signal source (transmitting station)

λ = wavelength of operation in meters

This equation comes from a term called effective height. The effective height refers to the height (length) of a vertical piece of wire above ground that would deliver the same voltage to the receiver. The equation for effective height is
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where heff is in meters and the other terms are as for Eq 1. (Effective height is explained in more detail in the Dipoles and Monopoles chapter.)

A few minutes with a calculator will show that, with the constraints previously stated, the loop antenna will have a very small effective height. This means it will deliver a relatively small voltage to the receiver, even with a large transmitted signal.

INDUCTANCE OF THE SMALL LOOP

The loop forms an inductor having a very small ratio of winding length to diameter. The equations for calculating inductance given in most radio handbooks assume that the inductor coil is longer than its diameter. However, F. W. Grover of the US National Bureau of Standards has provided equations for inductors of common cross-sectional shapes and small length-to-diameter ratios. (See the References and Bibliography section at the end of this chapter.) Grover’s equations are shown in Table 9.2. Their use will yield relatively accurate results which are easily worked out with a scientific calculator or PC.

Why Is It Called a Magnetic Loop?
Loops smaller than approximately 0.05 l in circumference are called “magnetic” loops because the voltage they develop is primarily created by the changing magnetic flux (H field) through the loop. This is as opposed to an “electric” dipole in which the voltage is created by the changing electric potential (E field) along the length of the antenna. See Siwiak’s referenced Technical Note in Mar./Apr. 2020 QEX for an explanation of the 0.05 l size limit.
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9.2.2 Tuning the Small Loop

We can tune the loop by placing a capacitor across the antenna terminals. This causes a larger voltage to appear across the loop terminals because of the Q of the parallel resonant circuit that is formed with the loop inductance. The resulting voltage is that given by Eq 1 multiplied by the loaded Q of the resonant circuit. Loaded Q values of 100 or greater are easy to obtain with careful loop construction.

The value of a tuning capacitor to resonate a loop is easy to calculate from the standard resonance equations. The total tuning capacitance, however, must also include the value of distributed capacitance of the loop winding. This capacitance is caused by the slight voltage difference between adjacent turns of the coil. The distributed capacitance appears as a capacitance across the loop terminals in parallel with and adding to the tuning capacitor’s value. Therefore, when determining the value of the tuning capacitor, the distributed capacitance must be subtracted from the total capacitance required to resonate the loop. The distributed capacitance also determines the highest frequency at which a particular loop can be used, because it is the minimum capacitance obtainable.

As with all other capacitances, the value of the distributed capacitance is based on the physical dimensions of the coil. An exact mathematical analysis of its value is a complex problem. A simple approximation is given by Medhurst (see Bibliography) as:
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where

C = distributed capacitance in pF

H = a constant related to the length-to-diameter ratio of the coil (Table 9.3 gives H values for length-to-diameter ratios typical of receiving loops.)

D = diameter of the winding in cm
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Medhurst’s work was with coils of round cross section. For loops of square cross section the distributed capacitance is given by Bramslev (see Bibliography) as
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where

C = the distributed capacitance in pF

S = the length of the side in meters

If you convert the length in this equation to centimeters, you will find Bramslev’s equation gives results in the same order of magnitude as Medhurst’s equation.

9.2.3 Electrostatically Shielded Loops

Many receiving loop antennas include an electrostatic shield. This shield generally takes the form of a tube around the winding, made of a conductive but nonmagnetic material (such as copper or aluminum). Its purpose is to maintain loop balance with respect to ground, by forcing the capacitance between all portions of the loop and ground to be identical. This is illustrated in Figure 9.24. It is necessary to maintain electrical loop balance to eliminate what is referred to as the antenna effect. When the antenna becomes unbalanced it appears to act partially as a small vertical antenna. This vertical pattern gets superimposed on the ideal figure-eight pattern, distorting the pattern and filling in the nulls. The type of pattern that results is shown in Figure 9.25. Since the null is used to reject noise or interference, it is important to preserve balance in the loop’s construction for best performance.
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Adding the shield has the effect of reducing the loop’s terminal voltage somewhat, but this loss is generally offset by the increase in null depth of the loops. Proper balance of the loop antenna requires that the load on the loop also be balanced. This is usually accomplished by use of a balun or a balanced input preamplifier.

One important point regarding the shield is that it cannot form a continuous electrical path around the loop perimeter, or it will appear as a shorted coil turn. Usually the insulated break is located opposite the feed point to maintain symmetry. (The loop conductor itself is not broken.) Another point to be considered is that the shield should have a much larger cross-sectional diameter than the loop conductor, or it will lower the Q of the loop.

Various construction techniques have been used in making shielded loops. Genaille located his loop winding inside aluminum conduit, while True constructed an aluminum shield can around his winding. Others have used pieces of semi-flexible hard line to form a loop, using the outer conductor as a shield. DeMaw used flexible coax with the shield broken at the center of the loop conductor in a multi-turn loop for 1.8 MHz. Goldman uses another shielding method for broadcast receiver loops. His shield is in the form of a cylindrical “barrel” made of hardware cloth, with the loop in its center. (See Bibliography for articles by DeMaw and Goldman.) All these methods provide sufficient shielding to maintain the balance.

It is important to consider the effect of the shield configuration on antenna Q. A short letter by N1DM in QEX (July/Aug. 1998, see Bibliography) discusses the Q of a loop antenna with a U-type shield versus a full box shield. His data shows between 54% and 89% degradation of Q for the full box case on an otherwise identical antenna configuration.

The extra capacitance of coaxial cable (flexible or hardline) used to construct a shielded loop will limit the loop’s higher frequency tuning range. Those designing a loop of this type should consider this when selecting the loop inductance. This parasitic capacitance must be taken into account to obtain the desired higher frequency tuning point.

It is possible, as Nelson shows, to construct an unshielded loop with good nulls (60 dB or better) but only if the loop circumference is very small (less than 0.0005λ) and by paying great attention to symmetry.

9.2.4 Small Loop Loss Factors

Loop losses include several factors: (1) the Q of the loop conductor by itself, (2) the effect of the load, (3) the effect of the electrostatic shield, and (4) the Q of the tuning capacitor. The major loss factor is the resistance of the loop conductor. The ac resistance of the conductor caused by skin effect is the major consideration. For a copper conductor, ac resistance is:
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where

Rac = ac resistance in ohms per foot

f = frequency in Hz

d = conductor diameter in inches

Inductor Q is then the reactance of the inductor (XL = 2pfL) divided by the ac resistance. Ac resistance for other metals can be obtained by multiplying Rac by the resistance of the metal relative to that of copper. (Multi-turn loops also experience loss from the proximity effect described later in this section.)

Improvement in Q can be obtained in some cases by the use of Litz wire (short for Litzendraht). Litz wire consists of strands of individual insulated wires that are woven into bundles in such a manner that each conductor occupies each location in the bundle with equal frequency. Litz wire has a reduced ac resistance when compared to an equivalent cross section solid or stranded wire, taking into account the skin depth of conductors as frequency increases.

Litz wire’s improvement in ac resistance is due to the fact that the insulated individual strands result in more area of the total cross section of the conductor being in the skin depth region than for an equivalent diameter solid or stranded wire. (Stranded wire at ac acts the same as a solid wire of the same outside diameter.) Over 60% of the ac current is in this skin depth region. Therefore, skin depth is more important to the calculation of ac resistance than the total conductor diameter.

Figure 9.26 shows an example of the skin depth of a solid conductor with radius R and a piece of Litz wire with an equivalent radius R. You can see that the cross-sectional area of the current carrying skin effect region is double that of the solid wire. Litz wire is available in many configurations and the determining factor for the selection of a particular Litz wire starts with determining the optimum diameter of the individual insulated wire strands used in the construction of the particular cable. Table 9.4 gives the values of optimum wire size based on frequency of use.

[image: ]

[image: ]

Properly-sized Litz wire results in improved Q over solid or stranded wire of equivalent size, up to about 2.8 MHz. Above 2.8 MHz other effects quickly reduce the advantage of Litz wire. When using Litz wire it is important to realize that the ends of the Litz wire must be properly prepared so that all the strands of the wire are soldered to the connections of the capacitor and output connector. For those interested in the use of Litz wire the most common modern application is in high-efficiency transformers and inductors in the kHz and low MHz range. Technical journals on transformer and magnetic design still present articles on the use of Litz wire with some regularity.

The Q of the tuned circuit of the loop antenna is also determined by the Q of the capacitors used to resonate it. In the case of air variables or dipped micas typically used this is not usually a problem. But if variable-capacitance diodes are used to remotely tune the loop, pay particular attention to the manufacturer’s specification for Q of the diode at the frequency of operation. The tuning diodes can have a significant effect on circuit Q.

Now we consider the effect of load impedance on loop Q. In the case of a directly coupled loop (as in Figure 9.21), the load is connected directly across the loop terminals, causing it to be treated as a parallel resistance in a parallel-tuned RLC circuit. Obviously, if the load is of a low value, the Q of the loop will be low. A simple way to correct this is to use a transformer to step up the load impedance that appears across the loop terminals. In fact, if we make this transformer a balun, it also allows us to use our unbalanced receivers with the loop and maintain loop symmetry. Another solution is to use what is referred to as an inductively coupled loop, such as DeMaw’s four-turn electrostatically shielded loop. A one-turn link is connected to the receiver. This turn is wound with the four-turn loop. In effect, this builds the transformer into the antenna.

Another solution to the problem of load impedance on loop Q is to use an active preamplifier with balanced input and unbalanced output. This method also has the advantage of amplifying the low-level output voltage of the loop to where it can be used with a receiver of even mediocre sensitivity.

In recent years, there has been a significant amount of technical interest in this area driven by low-band DXers and AM band DXers. They have discovered that one of the critical issues to maximize performance of a loop/preamp combination is the dynamic range of the preamp. A poorly designed preamp may overload from local broadcast stations or have a poor noise figure itself which limits the ultimate performance observed with the loop antenna. See the Receiving Antennas chapter for a discussion of preamps, including a two-part QEX article by Chris Trask, N7ZWY, in the online material covering preamp requirements and design.

The Q of a loop when used with a balanced preamplifier having high input impedance may be so high as to be unusable in certain applications. An example of this situation would occur where a loop is being used to receive a 5 kHz wide AM signal at a frequency where the bandwidth of the loop is only 1.5 kHz. In this case the detected audio might be very distorted. The solution to this is to connect a loading resistor across the loop terminals to reduce Q and match the antennas bandwidth to the signal. The chapter Receiving Antennas also contains information about preamplifiers for use with loop antennas.

PROXIMITY LOSS

In the case of multi-turn loops there is an additional loss related to a term called proximity effect. The proximity effect occurs in cases where the turns are closely spaced (such as being spaced one wire diameter apart). As these current-carrying conductors are brought close to each other, the current density around the circumference of each conductor is redistributed. The result is that more current per square meter is flowing at the surfaces adjacent to other conductors. This means that the loss is higher than a simple skin-effect analysis would indicate, because the current is bunched so it flows through a smaller cross section of the conductor than if the other turns were not present.

As the efficiency of a loop approaches 90%, the proximity effect is less serious. But unfortunately, the less efficient the loop, the worse the effect. For example, an 8-turn transmitting loop with an efficiency of 10% (calculated by the skin-effect method) actually only has an efficiency of 3% because of the additional losses introduced by the proximity effect. It is for this reason that the transmitting loop is typically just one turn. The higher inductance of multi-turn loops also limits the higher frequency range unless the circumference is very small. This generally limits the use of multi-turn loops to receiving applications.

If you are contemplating construction of a multi-turn transmitting loop, you might want to consider spreading the conductors apart to reduce this effect. G. S. Smith includes graphs that detail this effect in his 1972 IEEE paper and Trask examined the details of this loss for receiving antennas and recommends spacing turns at least five wire diameters to reduce this effect. His recommendation also applies to the transmitting variety of the loop antenna.

9.2.5 Using Small Tuned Loops

Most amateur receiving loops are of the tuned variety, consisting of one or more turns. You can use a small tuned loop antenna to improve reception under certain conditions, especially at the lower amateur frequencies. This is particularly true when high levels of man-made noise are prevalent, when harmonic energy from a nearby AM broadcast station falls in the band, or when interference is created by a strong amateur signal in the immediate area. A properly constructed and tuned small loop will exhibit approximately 30 dB of front-to-side response, the minimum response being at right angles to the plane of the loop. Therefore, noise and interference can be reduced significantly or completely nulled out, by rotating the loop so that it is sideways to the noise or interference source.

Generally speaking, small balanced loops are far less responsive to man-made noise than are the larger antennas used for transmitting and receiving. But a trade-off in performance must be accepted when using the loop, for the strength of received signals will be 10 or 15 dB less than when using a full-size resonant antenna. This condition is not a handicap on 1.8 or 3.5 MHz, provided the station receiver has normal sensitivity and overall gain. Adding a preamp may increase signal level but also re-introduces the possibility of overload and intermodulation.

LOOP SELECTIVITY

The loop’s narrow frequency response can also become an advantage in rejecting unwanted signals. Not only are out-of-band signals rejected, but unwanted signals within an amateur band can also be attenuated by the loop’s narrow bandwidth.

Consider a situation where the inherent selectivity due to the loop’s frequency response is helpful. Assume we have a loop with a loaded Q of 100 at 1.805 MHz. While listening to a DX station on 1.805 MHz we are suffering strong interference from a local station 10 kHz away. Switching from a dipole to a small loop will reduce the strength of the off-frequency signal by 6 dB (approximately one S unit) compared to the DX station. This, in effect, increases the receiver’s dynamic range. In fact, that farther off-frequency the interfering station is, the greater the attenuation.

INTERFERING SIGNAL REJECTION

Another use of the tuned loop is by using the nulls in its pattern to reject on-frequency (or slightly off-frequency) interference. For example, say we are working a DX station to the north, and another local station to our west is engaged in a contact is just 1 kHz away. We can simply rotate our loop to aim its null to the west, and now the DX station should be readable while the local will be knocked down by several tens of dB. This is quite a noticeable difference.

Of course, this method of nulling will be effective only if the interfering station and the desired station are not in the same direction (or in exact opposite directions) from our location. If the two stations are in the same direction, both stations would be in the null. Luckily the nulls are very sharp, so as long as the station directions are different by at least 10°, using the loop null will be helpful in reducing interference.

REDUCING NOISE

A similar use of the nulling capability is to eliminate local noise interference, such as that from a neighbor’s house or other nearby noise source. By aiming the null at the noise source, the noise should be greatly reduced. It is important to realize that the loop will only reject noise or interference in one direction at a time. Noise from multiple directions, as is common from power lines and in urban or suburban locations, will only be partially rejected.

The noise from approaching or regional storms (with attendant atmospheric noise) could be reduced considerably by rotating the loop nulls away from the location of the storm. If the storm is sufficiently distant, the noise may be received as sky-wave signals as discussed in the next section.

PROPAGATION EFFECTS ON NULL DEPTH

After building a balanced loop you may find it does not approach the theoretical performance in the null depth. Small loops oriented vertically do not exhibit meaningful directivity when receiving sky-wave signals.

When mounted vertically, the loop’s directivity relates primarily to ground-wave signals since the nulls are in the horizontal plane. This is a feature in disguise, for when nulling out local noise or interference, one is still able to copy sky-wave signals from any direction.

Nulls have their full effect only when the signal is arriving perpendicular to the axis of rotation of the loop. At incidence angles other than perpendicular, the position and depth of the nulls deteriorate. Bond explained this issue in his book on direction finding in 1944 along with the math to calculate the performance (see the Bibliography). The problem can be even further influenced by the fact that if the loop is situated over less than perfectly conductive ground, the wave front will appear to tilt or bend.

Tilting the loop away from vertical may improve performance under some propagation conditions, to account for the vertical angle of arrival. Figure 9.27 illustrates the difference in total antenna response at low and high elevation angles for a small transmitting loop over real ground, typical of small receiving loops as well. (The 1993 QST article by Belrose listed in the Bibliography is included in the downloadable set of supplemental articles.) The high-angle response is nearly omnidirectional, while the low-angle response shows the pattern nulls at right angles to the plane of the loop.
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Another cause of apparent poor performance in the null depth can be from polarization error. If the polarization of the signal is not completely linear, the nulls will not be sharp. In fact, for circularly polarized signals, the loop might appear to have almost no nulls. Propagation effects are discussed further in the Receiving Antennas chapter.

SITING EFFECTS ON THE LOOP

The location of the loop has an influence on its performance that at times may become quite noticeable. For ideal performance the loop should be located outdoors and clear of any large conductors, such as metallic downspouts and towers. A VLF loop, when mounted this way, will show good sharp nulls spaced 180° apart if the loop is well balanced.

Most hams locate their loop antennas near their operating position. If you choose to locate a small loop indoors, its performance may show nulls of less than the expected depth, and some skewing of the pattern. For precision direction finding there may be some errors associated with wiring, plumbing, and other metallic construction members in the building. Also, a strong local signal may be reradiated from the surrounding conductors so that it cannot be nulled with any positioning of the loop. There appears to be no known method of curing this type of problem. All this should not discourage you from locating a loop indoors; this information is presented here only to give you an idea of some pitfalls. Many hams have reported excellent results with indoor mounted loops, in spite of some of the problems.

Locating a receiving loop in the field of a transmitting antenna may cause a large voltage to appear at the receiver antenna terminals. This may be sufficient to destroy sensitive RF amplifier transistors or front-end protection diodes. This can be solved by disconnecting your loop from the receiver or shorting it during transmit periods. This can obviously be done automatically with a relay that operates when the transmitter is activated, controlled by a PTT or amplifier relay signal.

9.3 Small Transmitting Loops

This section addresses small loops with a physical circumference of less than 0.3 λ that are used for both transmitting and receiving. As a consequence of their relatively large size (compared to a very small receiving loop), transmitting loops have a non-uniform current distribution along their circumference. This leads to some performance changes from the small receiving loops discussed in the preceding section.

While there are several practical loop designs, this section is primarily concerned with the popular gap-resonated loop designs that are fed with a small coupling loop inside the main loop. The loop is generally tuned with a variable capacitor across a gap in the loop conductor.

The analysis presents expressions for the loop impedance and the effects of the secondary feeding loop. Formulas for the loop current and loop impedance are given which lead to an accurate determination of close-near-fields and far field null depths for loops with circumference up to 0.3 λ. Details are also provided about the loop near fields and far-field null filling that are a direct result of including the non-uniform loop current. The material also covers how loop currents can couple to the coaxial feed line shield, and also to the ground. Additional recent articles are included in the References and Bibliography section, as well.

EVOLUTION OF SMALL TRANSMITTING LOOPS

The small gap-resonated circular loop antenna with a circumference of less than 0.3 λ has received much attention for use on HF since John H. Dunlavy, Jr. (see the Bibliography) patented his efficient small loop that can be tuned over wide bandwidths. The now-expired patent spawned a multitude of homebrew loops and several commercial products aimed at hams.

Loop studies and analyses date back more than a century to the earliest days of radio. A loop antennas theme issue of QEX (see the Bibliography) features articles from several authors who investigate the patterns, efficiency, matching, coupling to ground, and other aspects of small HF gap-resonated loops.

In the March 1968 QST, Lew McCoy, W1ICP, introduced the so-called “Army Loop” to radio amateurs. This was an amateur version of a loop designed for portable use by Patterson of the US Army and described in 1967. The Army Loop is diagrammed in Figure 9.28A, showing that this is a parallel tuned circuit fed by a tapped-capacitance impedance-matching network. As shown in the figure, the loop does not illustrate the best low-loss construction practices and is included here only in reference to the loop antenna’s history with amateurs.

Minimum Safe Distances 
for Small Transmitting Loops
Amateurs using small transmitting loops should also be cautious about RF exposure from high field strengths near the antenna. The antenna’s high Q means that a lot of energy is present near the antenna, even at low power. DeNeef (see the Bibliography) used NEC to model and analyze fields from a small loop to determine the minimum compliance distances for a 1.0-meter loop at 7, 14, 18, 21, and 28 MHz using power levels of 10, 100, and 400 watts. The ICNIRP distances calculated in Table 9A are more conservative than the IEEE standards used by the FCC, but not dramatically. (ICNIRP, or International Commission on Non-Ionizing Radiation Protection, standards use the terms “occupational” and “general public” where the IEEE uses “controlled” and “uncontrolled,” respectively.) Because these loops are often used in portable operation and close to living areas, careful attention should be paid to ensuring RF exposure limits are not exceeded and that people cannot inadvertently get too close to the antenna.
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The Hart “high-efficiency” loop was introduced in the June 1986 QST by Ted Hart, W5QJR. It is shown schematically in Figure 9.28B and has the series-tuning capacitor separate from the matching network. The Hart matching network is basically a form of gamma match.

The most popular design today is a smaller loop connected to the transmission line to couple into the larger transmitting loop as shown in Figure 9.28C. In addition, Steve Yates, AA5TB, has published a website (aa5tb.com/loop.html) with a great deal of information on these small antennas and links to many designs.

9.3.1 Loop Current

Figure 9.29 shows the circular loop geometry rendered in 4nec2 software. In their QEX article, K. Siwiak, KE4PT and R. Quick, W4RQ studied the effect of current variation on loops up to 0.3 λ in circumference. (See the Bibliography and the article is included in the downloadable supplemental material for this book.) In their article, the primary loop radius is b = 0.4534 m (a loop diameter of 3 ft), the loop conductor radius is a = 0.00406 m, the angular extent along the loop circumferences is φ, with the loop gap located at φ = 0. The resonating capacitor, with a Qc = 2400 in the model, connects across the gap at the bottom of the primary loop. The secondary feeding loop radius is b2 = 0.077 m (diameter of 6 inches) and the conductor radius is a2= 0.002 m. A coaxial cable feed line connects across a gap at the bottom of the smaller secondary loop. The loop centers are displaced by 0.343 m. The length of the coax feed line can be varied to study the effect on the common mode current coupling to the shield of the feeding coax cable.
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THE DUNLAVY LOOP PATENT

John Dunlavy revealed in his US patent 3,588,905 that a one-turn primary loop antenna having a circumference of less than three-eighths of a wavelength and interrupted along its length by a gap, with a tuning capacitor connected across the gap, can be tuned over a wide tuning range. A single-turn secondary loop, much smaller than the primary loop, is inductively coupled to the primary loop. Both loops are in the same or parallel planes. The secondary loop diameter is selected to bear an optimum relationship to the diameter of the primary loop so that variation in feed impedance is minimized over the band of operation. A low-impedance transmission line (50 Ω) connects to the terminals of the secondary loop.

LOOP CURRENT DENSITY

Unlike the small receiving loops discussed previously, the current around the loop is not a constant (I0), but varies around the loop,
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where Cλ is the loop circumference in wavelengths and φ is the angular position around the loop. The full description of loop current is a Fourier series. Eq 6 is an abbreviated result, and the detailed equations are in the original QEX article by Siwiak and Quick (see Bibliography).

The current’s amplitude variation depends solely on the loop circumference in wavelengths. The bigger the loop, the more current varies around the loop. Figure 9.30 shows the loop current for our loop at 7, 14, and 30 MHz, where Cλ is 0.067, 0.133, and 0.285 λ respectively. The loop current Eq 6 is valid for Cλ < 0.3, and is used to solve for the loop fields in classical fashion.
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9.3.2 Loop Impedance and Q

The transmitting loop is treated as a parallel-tuned circuit with a large inductor acting as the radiator. Calculation of the loop inductance may be carried out with the approximate equations in Table 9.2. Avoid equations for long solenoids found in most texts. Other fundamental equations for transmitting loops are given in Table 9.5.
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LOOP RADIATION RESISTANCE

The approximate radiation resistance of a loop is given in Table 9.6. The radiation resistance of a small transmitting loop is usually very small. For example, a 1-meter diameter, single-turn circular loop has a radius of 0.5 meters and an enclosed area of π × 0.52 = 0.785 m2. Operated at 14.0 MHz, the free-space wavelength is 21.4 meters and this leads to a computed radiation resistance of only 3.12 × 10−4 (0.785/21.42)2 = 0.092 Ω. (The QEX article by Siwiak and Quick article provides a more accurate treatment of radiation resistance.)

The loop also has losses, both ohmic and from skin effect. By using this information, the radiation efficiency of a loop can be calculated from the simple formula:
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where

η = antenna efficiency

RR = radiation resistance in Ω

RL = loss resistance in Ω, which includes the loop’s conductor loss plus the loss in the tuning capacitor and any current-carrying mechanical connections.

A simple ratio of RR to RL shows the effects on the efficiency, as can be seen from Figure 9.31. This graph is presented as a general illustration of how losses affect loop efficiency and is not a representation of any specific design. See the discussion on loop efficiency at the end of this section which compares a simulation, calculation, and measurement of efficiency.
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The loss resistance is primarily the ac resistance of the conductor (Eq 5). A transmitting loop generally requires the use of copper conductors of at least 1⁄2 inch in diameter in order to obtain reasonable efficiency. Tubing is as useful as a solid conductor because high-frequency currents flow only along a very small depth of the surface of the conductor; the center of the conductor has almost no effect on current flow. Note that the RL term above must also include the effect of the loss in the tuning capacitor and mechanical connections. Practical details for curbing losses are covered later in this chapter in the section on loop construction.

LOOP IMPEDANCE AND Q

The loop impedance with just radiation loss is

Zloop = [Radiation resistance] + j[Loop reactance]      (8)

The loaded radiation Q of the antenna is,
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The primary loop loss resistance is due to the main loop conductor losses represented by Rloss. The Qc of the resonating capacitor also contributes to losses in the form of parallel resistance across the capacitor, so that the net loaded QL of the antenna is
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from which we can determine the loop radiation efficiency in dB as,
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The value of QL can be obtained from Eq 10 or from direct measurements. See the referenced Siwiak and Quick article for a complete discussion of the loop’s radiation resistance.

LOOP BANDWIDTH

It is important to note that small transmitting loops (like their receiving cousins) have very narrow 2:1 SWR bandwidths. If you wish to operate across a wide range of frequencies, expect to do some tuning. In commercial loops this is usually done remotely using a small stepper or gear motor to adjust the tuning capacitor. This type of antenna may require retuning for frequency changes as small as 5 kHz. If you are using any wide-band mode such as AM or a high-speed digital mode, you might wish to sacrifice a little efficiency to obtain the required bandwidth.

9.3.3 The Secondary Feeding Loop

For the given example loop dimensions, the mutual coupling inductance M12 between the main and feeding loops is 57.3 nH, and the secondary feed loop inductance Lfeed is 0.361 µH, obtained using the Jordan and Balmain high frequency extension to the Neumann formula, (see References and Bibliography). The main loop impedance, including the resonating capacitor, is transformed using a circuit model developed by Milton Cram, W8NUE, (see Bibliography) to the feed point impedance by,
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Rtotal is the sum of the radiation resistance and conductor and capacitor series equivalent losses and ω = 2pf. Interestingly, the feed point reactance is not zero when the main loop is resonant because of the feed-loop inductance Lfeed term in Eq 12. The j∆ term simulates the tuning of the main loop to bring Rfeed close to 50 Ω. Apply Eq 12 and choose ∆ at each frequency for a best match to 50 Ω. In practice, this is accomplished by adjusting the main loop resonating capacitor.

Figure 9.32 shows that the load resistance presented to the coax feed line stays close to 50 Ω (SWR is under 1.3:1) across the 7 to 29.7 MHz operating range of this loop. This illustrates a key characteristic taught by Dunlavy in his 1971 patent — the feeding loop diameter and location bear an optimum relationship to the diameter of the primary loop so that variation in feed impedance is minimized over the band of operation.
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9.3.4 Fields at the Loop Center and in the Far Field Null

Since the loop current term varies with φ an electric field Ecenter and a magnetic field Hcenter can be found at the loop center, and the magnetic field can be approximated from the single turn solenoid equation, -both equations are in the QEX article. The resulting wave impedance ZW at the loop center is a measure of how well the loop discriminates between the electric and magnetic fields and is,
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clearly revealing the dependence of ZW on the loop circumference. Without the φ dependent current variation term Ecenter and ZW would be erroneously reported as zero!

Likewise, the far-field peak-to-null ratio depends on the current variation term in a simple manner for Cλ < 0.3,
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Figure 9.33 shows the null depth across 7 to 30 MHz. The null depth using Eq 14 is compared to the null depth found with a detailed loop near-field analysis, and the null simulated by a 4nec2 model. The polarization at the horizon of the vertically oriented loop is vertical. The far-field null and Ecenter, however, are horizontally polarized — same as the orientation of the electric field across the main loop gap for the geometry of Figure 9.29. The null becomes shallower as the frequency increases for a fixed-size loop, and at Cλ = 1 — the classic one wavelength circumference loop — becomes the peak gain (in horizontal polarization) of about +4 dBi in the broadside direction.
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9.3.5 Coupling to a Coaxial Feed Line

A coaxial cable feeds the secondary loop directly as shown in Figure 9.34, so common-mode currents (CMC) can be picked up on the coax feed line shield. Vary the length of the coax and search for the maximum current on the coax cable shield, just like on a previous QST study (see Bibliography) by Quick and Siwiak involving common-mode currents on the feed line to a dipole. They found that the maximum CMC occurs for a coaxial feed line length of 0.45 λ and recommend that common-mode chokes (ferrites) should be installed on the feed line coax at least a loop diameter away from the loop, and at intervals of less than about 0.3 λ (at the highest frequency).
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9.3.6 Vertical Loop Coupling to the Ground

Siwiak and Quick estimated the loop coupling to the ground by calculating the mutual inductance between the primary loop and its image in the ground, normalized to the loop self-inductance and expressed in percent. That coupling affects the impedance of the loop antenna system. They calculated the coupling for a perfect electric conductor (PEC) ground, and then estimated the effects over an “average” ground, and a “poor” ground, by reducing the PEC ground coupling by the magnitude of the refection coefficient for normal incidence on the ground. The reflection coefficient magnitude is 1.0 for the PEC, 0.59 for the “average” ground, and 0.39 for “poor” ground at 14.1 MHz. See Figure 9.35.
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Coupling of the vertical loop to a perfect ground is small, and decreases for realistic ground parameters. Even for a worst-case PEC ground, the coupling is less than 0.5% for a loop with its center more than one loop diameter above ground. Additional discussion of loop-ground coupling is available in the article by DeNeef listed in the Bibliography.

9.3.7 Efficiency of the Small Loop

Three methods are compared to estimate the radiation efficiency of the small loop. In one calculated method the total loaded QL is found using Eq 10 and compared that to the loaded Qrad of Eq 9, and then Eq 11 is applied for the efficiency.

In a second method measure loaded QL using a matched transmitter, and apply the classic bandwidth formula,
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where FH and FL correspond to the 2.236:1 SWR points on each side of the center frequency.

Finally, the completely independent NEC model is used to simulate efficiency. Figure 9.36 shows that all three methods of determining efficiency are within 0.5 dB of each other across 7 to 29.7 MHz, inspiring confidence in all three methods.

[image: ]

Austin, Boswell, and Perks published a short paper discussing loss mechanisms for small loops (see the Bibliography) recognizing the extremely low radiation resistance made any resistive losses a major factor in antenna efficiency. Losses in the tuning capacitor contacts were found to be a major source of resistive loss. Ground losses were found to decrease rapidly as the loop was raised above ground and inconsequential above 0.1 λ. Those authors also used a toroidal coupling transformer to couple to the loop.

In addition, Boswell, Tyler, and White published an article in a professional journal which considers the efficiency of a simple 1-meter diameter loop made from 22 mm diameter cop-per tube from 3–10 MHz (see the Bibliography). Their results were 0.25 percent on 80 meters and 18 percent on 30 meters. The low numbers should not preclude considering the loop as in many cases this is the only reasonable solution to transmitting for the amateurs in a restricted space antenna situation.

9.4 Loop Antenna Projects

9.4.1 Small Transmitting Loop Construction

This section is based on material contributed by Rich Quick, W4RQ. There is an optimum balance between the size of the HF loop, the thickness of the conductor and the relative size of the feeding loop that results in an antenna that has the widest tuning range with close to 50 Ω feeding impedance. Small HF loops are typically between 0.08 and 0.4 l in circumference over the operating range. That works out to approximately 3 m in circumference for an HF loop the covers 7 to 30 MHz. All else equal, a larger loop will be more efficient than a smaller loop.

It is important to note that the usual construction techniques for antennas can create excessive losses in small loops. Loop radiation resistance is on the order of fraction of an ohm. To minimize resistive losses, solder or weld all connections that carry antenna current. Sliding contacts, clamped joints and connections, and undersized conductors can hurt performance significantly. Bolted connections should be avoided because at RF these joints generally have high resistance, especially after being subjected to weathering.

A circular shape provides the best radiation resistance to conductor loss resistance ratios, hence is most efficient. Loop conductor diameter should be between 1 and 5 cm. Larger conductors help reduce losses. For a given cross-section, tubular conductors will be less lossy than flat conductors because of current bunching at flat conductor edges.

The lowest loss material practical for HF antennas is pure electrical grade copper. T60 aluminum has 66% the conductivity of electrical grade copper. Avoid the high loss of construction grade aluminum and soft copper tubing. Trask has also noted that some flexible copper tubing is made from a lead/copper alloy. This should be avoided due to increased resistivity. Rigid copper tubing, refrigeration tubing or large copper wire should be used. Often it is convenient to fashion loops from RG-213, LMR-400, LMR-500, or LMR-600 coax cable. These work well, especially for portable loop antennas.

Components in a resonant transmitting loop are subject to both high currents and voltages as a result of the large circulating currents found in the high-Q tuned circuit formed by the antenna. Loop circulating current can range from about 8 A at 10 W to more than 25 A at 100 W RF input power. This makes it important that any fixed capacitors have a high RF current rating, such as transmitting micas or the Centralab 850 series. Be aware that even a 100-W transmitter can develop currents in the tens of amperes, and peak voltages across the tuning capacitor in excess of 5000 V. This consideration also applies to any conductors used to connect the loop to the capacitors. A #14 AWG wire used as a jumper and carrying a high current may create more loss than the rest of the loop conductor! It is therefore best to use copper strips or large diameter wire to make any connections. Make the best electrical connection possible, using soldered or welded joints.

The tuning capacitor should be very high Q — greater than 1000 to 4000. For example, a very high-quality tuning capacitor with no mechanical wiping contacts, such as a vacuum-variable or a transmitting butterfly capacitor, might have an unloaded Q of about 5000. This implies a series loss resistance of less than about 0.02 Ω for a capacitive reactance of 100 Ω. This relatively tiny loss resistance can become significant, however, when the radiation resistance of the loop is only on the order of 0.1 Ω!

The highest Q capacitors are vacuum variables, followed by butterfly air dielectric capacitors. Both are hard to find and can be expensive. Often an inexpensive but lower-Q dual-stator capacitor is used. The key is to find a variable range that can resonate with the loop inductance over the desired tuning range. Avoid capacitors that have mechanical ‘wiper’ connections in the circuit path. They are lossy. Ensure that the capacitor peak voltage rating is sufficient for the loop transmitter power. Use heavy gauge wire to connect the capacitor to the loop.

Because of the sensitivity to loss in the tuning capacitor, there is a lot of interest in designs that avoid sliding or wiping contacts. For example, a “trombone” tuning capacitor design uses concentric copper tubing to construct the linear version of a butterfly capacitor, controlled by a dc motor similarly to a screwdriver mobile antenna.

An enclosure surrounding the capacitor can affect the Q, and therefore losses, dramatically. Use a polymeric enclosure that does not absorb RF energy. Wooden enclosures might be inexpensive and look good, but some types of wood can absorb RF energy.

If you are not sure about an enclosure’s effect on RF, place a piece of the material in a microwave oven together with a glass of water. (The material must not have any metal fasteners or fittings.) The water provides a load for the oven in the case of a low-loss material. Run the oven on high for about 1 minute. If the material heats up, it absorbs RF, don’t use it. Be careful, a piece of lossy material can become hot enough to burn you!

For portable loops that use coax and coaxial connectors for portable assembly, use gold plated connectors since gold will not corrode or oxidize.

A secondary feeding loop circumference should be about 20% of the main loop circumference, and located opposite the capacitor resonated gap. A gamma-type feeding arrangement is also possible for single band operation, but the gamma match can distort the radiation pattern of the loop. A toroidal transformer match might also be suitable for single-band operation.

9.4.2 A Vertically Polarized Quad Loop for 7 MHz

This design is an effective but simple vertical 7 MHz antenna that has a theoretical gain of approximately 1 dB over a dipole. In feet, the overall length of a 1-l loop is determined from the formula 1005/f (MHz). Hence, for operation at 7.125 MHz the overall wire length will be 141 feet.

Such a loop need not be square, as illustrated in Figure 9.37. It can be trapezoidal, rectangular, circular, or some distorted configuration in between those shapes. For best results, however, you should attempt to make the loop as square as possible. The more elongated and narrow the shape, the greater the cancellation of energy in the system, and the less effective it will be. In the extreme case, the antenna loses its identity as a loop and becomes a folded dipole.

[image: ]

You can feed the loop in the center of one of the vertical sides if you want vertical polarization. For horizontal polarization, you feed either of the horizontal sides at the center. Since optimum directivity occurs at right angles to the plane of the loop (or in more simple terms, broadside to the loop), you should hang the loop to radiate the maximum amount in some favored direction.

Figure 9.38A shows the azimuthal response at a take-off angle of 15°, a typical angle for 40-meter DX, for vertical and horizontal feed systems over ground with “average” conductivity and dielectric constant. Figure 10.47A includes, for reference, the response of a flattop dipole 50 feet high. For the low elevation angles that favor DX work, the optimal feed point is at the center of one of the vertical wires. Feeding the loop at one of the corners at the bottom gives a compromise result for both local and DX work. The actual impedance is roughly the same at each point: bottom horizontal center, corner or vertical side center.
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This same loop antenna in Figure 10.46A fed vertically may be used on the 14 and 21 MHz bands, although its pattern will not be as good as that on its fundamental frequency, and you will have to use an open-wire transmission line to feed the loop for multiband use. Figure 9.39 shows the peak lobe of the loop 14 MHz, at a 45° angle to the plane of the loop, compared to the peak response for a simple half-wave 20-meter dipole, 30 feet high. The gain from a simple flattop dipole, mounted at 30 feet, will be superior to the loop operated on a harmonic frequency.
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Just how you erect such a loop will depend on what is available in your backyard. Trees are always handy for supporting loop antennas. A disadvantage to the rectangular loop shown in Figure 9.37A is that two 34-foot-high supports are needed, although in many instances a house may be high enough to serve as one of these supports. If you have a tower higher than about 50 feet, Figure 10.46B demonstrates how you can use it to support a diamond-shaped loop for 40 meters. The elevation and azimuthal responses are almost the same for either loop configuration, rectangular- or diamond- shaped.

On 40 meters, the length in feet of the matching transformer section, an electrical 1/4 l of 75-Ω coax cable, is 246 by the operating frequency in MHz, then multiplying that number by the velocity factor of the cable being used. Thus, for operation at 7.125 MHz, 246/7.125 MHz = 34.53 feet. If coax with solid polyethylene insulation is used, a velocity factor of 0.66 must be employed. Foam-polyethylene (FPE) coax has a velocity factor of 0.80. Assuming RG-59 is used, the length of the matching transformer becomes 34.53 (feet) × 0.66 = 22.79 feet, or 22 feet, 91⁄2 inches.

9.4.3 A Vertically Polarized Delta Loop for 14 MHz

Two common methods of building a delta loop for the 14 MHz band are shown in Figure 9.40. (The design is from Practical Wire Antennas published by the RSGB.) Both radiate vertically polarized signals and so ground quality will have an effect on the antenna’s efficiency. The total length of wire in the loop should be approximately 1005/f (MHz) = 71 feet for a resonant frequency of 14.15 MHz. For the optimum pattern, the loop should be equilateral with all three sides about the same length.
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The antenna in Figure 9.40A has an effective height of about l/2. The placement of the feed point, at one of the upper corners, configures the antenna to provide low-angle radiation for DX operation. The feed line should be suspended so that it runs directly away from the corner of the loop.

Figure 9.40B inverts the delta to use a single supporting mast or the antenna can be suspended from a tree. The effective height of this antenna is much lower than the “flat-top” version in Figure 9.40A and so the elevation angle of maximum radiation will be higher. Nevertheless, the convenience of this configuration makes it a good choice for Field Day and portable operation. The orientation of the feed line is much less important in this configuration — it can simply drop vertically to the ground.

A commercial dipole center insulator with the built-in support point will also work well at the feed point. The antenna can be supported with lightweight fishing line or nylon cord. It is recommended that the lower corner or corners be secured as well to prevent the antenna from moving too much in the wind. Insulators can be installed as in Figure 9.44.

The feed point impedance of both configurations will be 100 – 150 Ω and a quarter-wave matching section of feed line can be used to match the loop to 50 or 75 Ω feed line. A choke balun should be used at the feed point. (See the Transmission Line System Techniques chapter for more information on quarter-wave matching sections and choke baluns.)

9.4.4 Two-Band Loop for 30 and 40 Meters

The following antenna design is from a QST “Hints and Kinks” entry by James Brenner, NT4B, in the May 1989 issue. The version shown in Figure 9.41 is fed at the apex of a delta loop but can be adapted to a square or quad loop shape.
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The original design was derived from “The Mini X-Q Loop” in All About Cubical Quad Antennas by Bill Orr, W6SAI (now out of print) which is 1.5 l in circumference, with an open circuit opposite the feed point. That antenna has approximately 1 dB of additional gain over a 1 l loop. Since 30 and 40 meters are close to the same 1:1.5 l ratio, one loop can be converted between 1 l on 40 meters and 1.5 l on 30 meters with a switch.

A large, ceramic SPST knife switch is installed in the center of the delta loop’s bottom leg as shown in Figure 9.41. With the switch open, the loop acts as 11⁄2 l loop at 10.5 MHz, so 18-inch wires were added to the loop on either side of the switch to lengthen the antenna and lower the resonant frequency to 10.1 MHz. Closing the switch shorts out the wires and the loop becomes a regular 1 l continuous loop for 40 meters.

Note that there is fairly high voltage present at the switch when transmitting on 30 meters. If a relay is used, be sure the contact spacing is sufficient to avoid arcing or use additional pairs of contacts to increase the overall spacing. (See the discussion of broad-banding 160-meter antennas in the General Purpose MF and HF Antennas chapter for suggestions on modifying relays for this application.)

The antenna is fed through a quarter-wave transformer (see the Transmission Line System Techniques chapter) of 75-Ω RG-11 coax, approximately 23 feet long. The 40-meter configuration of the loop is reported to have a satisfactory SWR of less than 2:1 on 15 meters. In addition, the 30 meter configuration can be used successfully on 80 meters with the use of an antenna tuner.

9.4.5 Nested Loop Antennas for Multiple Bands

The following nested loop array for the 20-, 17-, 15-, 12-, and 10-meter bands can be used as a permanent station antenna or for portable operation. The design was originally described in the

QST article “Nested Loop Antenna” by Scott Davis, N3FJP, which is in-cluded with this book’s downloadable supplemental information.

The square loops are constructed as in Figure 9.42 according to the dimensions in Table 9.5. The loops hang in the vertical plane in a diamond shape and are fed at the bottom corner to radiate with horizontal polarization. The perimeter, P, of each loop is calculated by dividing 1005 feet by the frequency in MHz.
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The PVC pipe horizontal cross support spans between opposite loop corners, and is 1.41 times the largest loop side length, S. Brass screws are used to hold the PVC together. If the horizontal PVC pipe sags excessively, reinforce it with lengths of 1 × 2-inch pressure-treated wood taped to the pipe.

To construct the antenna, start with the largest loop (20 meters). Cut a 70.9-foot piece of wire for the loop perimeter and divide it by 4 to determine the length, S, of each side. Arrange the wire on the PVC structure, temporarily taping it to find where the wire should pass through the PVC pipe. Drill holes through the pipe for the loop wire. After you run the wire through the holes, wrap a bit of electrical tape on each side of the wire next to the pipe to keep the wire from sliding and to give the pipe additional support. Repeat for each band in sequence from large to small loop perimeter.

At the feed point, rather than sliding the wires through the PVC pipe, use brass wood screws into the PVC to secure the ends of the wires. An SO-239 can be installed at this point or pigtails on the feed line can be attached to the loop wire. Be sure to waterproof this connection.

The loop feed point impedance is about 100 Ω, so individual l/4 matching sections of 75 Ω coax (RG-59 or RG-11) can be used convert the impedance to 50 Ω. Table 9.5 gives the matching section lengths, taking into account velocity factor VF = 0.66 for solid polyethylene coaxial cable. The formula for the matching sections is L = (246 × VF) / f (MHz). A multi-position remote coax switch can be used to use a single feed line to the antenna with the matching sections connected between the loops and the switch.

9.4.6 Horizontal Loop “Skywire”

A horizontal full-wavelength loop is a very effective omnidirectional antenna for regional communications on its fundamental frequency where its radiation is a maximum at high angles and makes good use of NVIS propagation. The loop is also useful on higher bands where the pattern begins to divide into multiple lobes at lower elevation angles.

While the feed point impedance might be reasonably low on some bands, using a coax feed line will result in significant losses on others. The best way to feed this versatile antenna is with parallel-wire window or ladder line using an antenna tuner in the station.

The Loop Skywire is shown in Figure 9.43. The antenna has one wavelength of wire in its perimeter at the design or fundamental frequency. If you choose to calculate Ltotal in feet, Ltotal = 1005 / f (MHz).
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Loop shapes other than a square are possible, but the larger the area enclosed by the loop, the better its performance will be. (A circle encloses the maximum area but this is rarely practical.) The Loop Skywire can also be operated as a vertical antenna with top-hat loading by tying both feed line conductors together at the antenna tuner. This method requires good ground system as described in the previous section on Random-Wire Antennas.

Although the loop can be made for any band or frequency of operation, the following Loop Skywires are good performers.

1.8 MHz Loop Skywire

(1.8-28 MHz loop)

Total loop perimeter: 532 feet

Square side length: 133 feet

3.5 MHz Loop Skywire

(3.5-28 MHz loop and 1.8-MHz vertical)

Total loop perimeter: 272 feet

Square side length: 68 feet

7 MHz Loop Skywire

(7-28 MHz loop and 3.5-MHz vertical)

Total loop perimeter: 142 feet

Square side length: 35.5 feet

The actual total length can vary from the above by a few feet, as the length is not at all critical. Do not worry about tuning and pruning the loop to resonance as it will not make a significant difference in performance.

Bare #14 AWG wire is used in the loop. Copper-clad steel wire is recommended for the 3.5 MHz version. Figure 9.44 shows the placement of the insulators at the loop corners. Two common methods are used to attach the insulators. Either lock or tie the insulator in place with a loop wire tie, as shown in Figure 9.44A, or leave the insulator free to “float” or slide along the wire, Figure 9.44B. Most loop users float at least two insulators. This allows pulling the slack out of the loop once it is in the air, and eliminates the need to have all the supports exactly placed for equal tension in each leg. Floating two opposite corners is recommended. Figure 9.45 shows a corner insulator and feed point insulator for parallel-conductor lines made from PVC pipe. Other methods of attaching feed lines can be found in the Antenna Materials and Construction chapter.
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The feed point can be positioned anywhere along the loop that you wish. However, most users feed the Skywire at a corner. Placing the feed point a foot or so from one corner allows the feed line to exit more freely and keeps the feed line free of the loop support.

Generally, a minimum of four supports is required. If trees are used for supports, then at least two of the ropes or guys used to support the insulators should be counterweighted and allowed to move freely. The feed line corner is almost always tied down, however. Very little tension is needed to support the loop (far less than that for a dipole). Thus, counterweights are light. Several such loops have been constructed with bungee cords tied to three of the four insulators. This eliminates the need for counterweights.

Figure 9.46A shows the azimuth performance on 7.2 MHz of a 142-foot long, 7 MHz Loop Skywire, 40 feet high at an elevation angle of 10°, compared to a regular flattop 1⁄2 l dipole at a height of 30 feet. The loop comes into its own at higher frequencies. Figure 10.22B shows the response at 14.2 MHz, compared again to a 1⁄2 l, 14.2 MHz dipole at a height of 30 feet. Now the loop has several lobes that are stronger than the dipole. Figure 9.46C shows the response at 21.2 MHz, compared to a dipole. Now the loop has superior gain compared to the 1/2 l dipole at almost any azimuth. In its favored direction on 21.2 MHz, the loop is 8 dB stronger than the dipole.
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Recommended height for the antenna is 40 feet or more. Higher is better, especially if you wish to use the loop in the vertical mode. However, successful local and DX operation have been reported in several cases with the antenna at 20 feet.
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Chapter 10

Frequency-Independent Antennas

True frequency-independent antennas are those with feed point impedances and radiation patterns (including gain, polarization, and shape) that don’t change with frequency. This is different from a “wide-band” design that has an operating bandwidth larger than that of “tuned” antennas but cannot be extended to all frequencies.

To behave independently of frequency, the antenna must comply with Rumsey’s principle that requires the antenna shape to be specified only in terms of angles, not fixed lengths. (V. H. Rumsey developed this principle and other important ideas about frequency independent antennas during the 1950s and 1960s. See the “References and Bibliography” section for his 1966 book on the subject.)

Design only in terms of angles means that the structure must extend infinitely, both at large and small scales. Practical antennas have edges that truncate and are designed so that currents flowing on them are gradually attenuated until they become negligible at the point of truncation, whether that is a surface, edge, or point.

There are an infinite number of shapes defined solely by angles and there are many different antennas based on those shapes. However, amateurs are most familiar with a few that are covered in this chapter: the log-periodic dipole array (LPDA), and the discone. The logarithmic spiral is also encountered occasionally, usually for EMC testing at UHF and microwave frequencies. There are many other possibilities and with the advanced fabrication capabilities available to amateurs such as 3D printing and CNC machining. Experimentation is encouraged!

10.1 Classical LPDA Design

The log-periodic dipole array (LPDA), usually referred to as a “log periodic” is one family of frequency-independent antennas. The LPDA forms a directional antenna with relatively constant characteristics across a wide frequency range. Log periodics are a good compromise when multiple antennas aren’t convenient, but the tradeoff is reduced gain. Some designs have little more gain than a dipole at each frequency even though they have many elements for wide frequency coverage.

The log-periodic approach may also be used with parasitic elements to achieve specific characteristics within a narrow frequency range. Common names for such hybrid arrays are the log-cell Yagi or the Log-Yagi. (Information on the log-cell Yagi is included with this book’s online material.) This chapter was contributed originally by L. B. Cebik, W4RNL, with additional contributions from John Stanley, K4ERO.

The LPDA is the most popular form of log-periodic systems which also include zigzag, planar, trapezoidal, slot, and V forms. The appeal of the LPDA version of the log periodic antenna owes much to its structural similarity to the Yagi-Uda parasitic array. This permits the construction of directional LPDAs that can be rotated — at least within the upper HF and higher frequency ranges. Nevertheless, the LPDA has special structural as well as design considerations that distinguish it from the Yagi. Different construction techniques for both wire and tubular elements are illustrated later in this chapter.

The LPDA in its present form derives from the pioneering work of D. E. Isbell at the University of Illinois in the late 1950s. Although you may design LPDAs for large frequency ranges — for example, from 3 to 30 MHz or a little over 3 octaves — the most common LPDA designs that radio amateurs use are limited to a one-octave range, usually from 14 to 30 MHz. Amateur designs for this range tend to consist of linear elements. However, experimental designs for lower frequencies have used elements shaped like inverted Vs and some versions use vertically oriented 1⁄4-l elements over a ground system.

Figure 10.1 shows the parts of a typical LPDA. The structure consists of a number of linear elements, the longest of which is approximately 1⁄2 l long at the lowest design frequency. The shortest element is usually about 1⁄2 l long at a frequency well above the highest operating frequency. The antenna feeder, also informally called the phase-line, connects the center points of each element in the series, with a phase reversal or crossover between each element. A tuning stub or “hairpin” consisting of a shorted length of parallel-wire feed line is often added at the back of an LPDA.
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The arrangement of elements and the method of feed yield an array with relatively constant gain and front-to-back ratio across the designed operating range. In addition, the LPDA exhibits a relatively constant feed point impedance, simplifying matching to a transmission line.

CLASSICAL DESIGN PROCEDURE

For the amateur designer, the most fundamental facets of the LPDA revolve around three interrelated design variables: a (alpha), t (tau), and s (sigma). Any one of the three variables may be defined by reference to the other two.

Figure 10.2 shows the basic components of an LPDA. The angle a defines the outline of an LPDA and permits every dimension to be treated as a radius or the consequence of a radius (R) of a circle. The most basic structural dimensions are the element lengths (L), the distance (R) of each element from the apex of angle a, and the distance between elements (D). A single design constant, t, defines all of these relationships in the following manner:
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where element n and n+1 are successive elements in the array working toward the apex of angle a. The value of t is always less than 1.0 although effective LPDA design requires values as close to 1.0 as may be feasible.

The variable t defines the relationship between successive element spacings but it does not itself determine the initial spacing between the longest and next longest elements upon which to apply t successively. The initial spacing also defines the angle a for the array. Hence, we have two ways to determine the value of s, the relative spacing constant:
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where Dn is the distance between any two elements of the array and Ln is the length of the longer of the two elements. From the first of the two methods of determining the value of s, we may also find a means of determining a when we know both t and s.

For any value of t, we may determine the optimal value of s:
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The combination of a value for t and its corresponding optimal value of s yields the highest performance of which an LPDA is capable. For values of t from 0.80 through 0.98, the value of optimal s varies from 0.143 to 0.187, in increments of 0.00243 for each 0.01 change in t. This is illustrated by the graph in Figure 10.3, originally published by Carrel and updated by Butson and Thompson (see the Bibliography).
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Practically however, using the optimal value of s usually yields a total array length that is beyond amateur construction or tower/mast support capabilities. A design procedure more likely to result in a useful design at HF is to reduce s until maximum gain begins to fall significantly. Consequently, amateur LPDAs usually employ compromise values of t and s that yield lesser but acceptable performance. The sidebar “Determining LPDA Design Parameters Quickly” shows how to arrive at acceptable values of t and s for use in LPCAD and similar software.

For a given frequency range, increasing the value of t increases both the gain and the number of required elements. Increasing the value of s increases both the gain and the overall boom length. A t of 0.96 — which approaches the upper maximum recommended value for t — yields an optimal s 
of about 0.18, and the resulting array grows to over 100 feet long for the 14 to 30 MHz range. The maximum free space gain is about 11 dBi, with a front-to-back ratio that approaches 40 dB. Normal amateur practice, however, uses values of t from about 0.88 to 0.95 and values of s from about 0.03 to 0.06.

Standard design procedures usually assign to the rear element a resonant frequency about 7% lower than the lowest design frequency with a physical length 5% lower than a free-space half wavelength. The upper frequency limit of the design is ordinarily set at about 1.3 times the highest design frequency. Since t and s set the increment between successive element lengths, the number of elements becomes a function of when the shortest element reaches the dipole length for the adjusted upper frequency.

The adjusted upper frequency limit results from the behavior of LPDAs with respect to the number of active elements. See Figure 10.4, which shows an edge view of a 10-element LPDA for 20 through 10 meters. The vertical lines represent the peak relative current magnitude for each element at the specified frequency. At 14 MHz, virtually every element of the array shows a significant current magnitude. However, at 28 MHz, only the forward 5 elements carry significant current. Without the extended design range to nearly 40 MHz, the number of elements with significant current levels would be severely reduced, along with upper frequency performance.

[image: ]

The need to extend the design equations below the lowest proposed operating frequency varies with the value of t. In Figure 10.5, we can compare the current on the rear elements of two LPDAs, both with a s value of 0.04. The upper design uses a t of 0.89, while the lower design uses a value of 0.93. The most significant current-bearing element moves forward with increases in t, reducing (but not wholly eliminating) the need for elements whose lengths are longer than a dipole for the lowest operating frequency.
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10.1.1 LDPA Design Software

Originally, LPDA design proceeded through a series of design equations intended to yield the complete specifications for an array. More recent techniques available to radio amateurs include basic LPDA design software and antenna modeling software. One good example of LPDA design software is LPCAD by Roger Cox, WBØDGF, available for downloading from w8io.com/LPCAD.htm. The user begins by specifying the lowest and highest frequencies in the design. The user then selects values for t and s or choices for the number of elements and the total length of the array. With this and other input data, the program provides a table of element lengths and spacings, using the adjusted upper and lower frequency limits described earlier. (A spreadsheet to assist with performing the calculations in this chapter was contributed by Dennis Miller, KM9O, and is available for downloading from the online material.)

Determining LPDA Design Parameters Quickly
LPCAD provides a very efficient method of arriving at a preliminary design for an LPDA. When using the program, it is much faster to use the boom length and number of elements input method rather than the t and s data entry method. Those parameters will be calculated along with all dimensions. For those wishing to better understand the trade-offs or who wish to use the formulas in this chapter to calculate all dimensions, the following procedure will help you to arrive at starting values of t and s that will make your progress towards a final design much more rapid.
The first consideration is the frequency range to be covered. Many ham LPDA designs cover about a 2:1 frequency range, for example, 14 to 29 MHz. Extending the high end of the frequency range adds little to the size and cost and can smooth out operation at the higher frequencies of interest. An LPDA with an 8:1 range will be only 1.8 times longer than an antenna with a 2:1 range, while the frequency range is 4 times more. However, use of a very wide-band LPDA only at its high frequency end means most of the size and weight of the antenna is wasted since the largest parts of the antenna are inactive. Covering only the desired frequencies reduces boom length. Figure 10.A illustrates the different sizes of arrays having the same gain but different frequency coverage.
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The lowest frequency determines the longest element length, which will be somewhat more than 1⁄2 wavelength at that frequency. An approximate length in feet can be gotten by dividing 500 by the frequency in MHz. This dimension is pretty much fixed, although in some large designs it is reduced somewhat by inductive or capacitive loading of the lowest frequency elements.
The boom length is the next logical parameter to be determined and will be based on what you can afford to build, raise, support and rotate versus the performance to be expected for various boom options. For a given frequency ratio — the longer the boom, the higher the gain. Figure 10.B will give some guidance as to the gain to be expected for a given boom length. The boom length factor (BLF) represents the boom length compared to the length of the longest element. As a rough rule of thumb, each doubling of the boom length will add about 1 dB of gain. Beyond a certain point, doubling the boom length to add 1 dB will be uneconomical. Keeping the boom to a reasonable length means accepting either a reduced frequency range or a lower gain.
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Once a boom length is chosen, based on a trade-off between mechanical limits and the desired gain value and frequency range ratio, we can also read off the angle using this same graph, since gain is closely associated with a.
Once a is determined along with the frequency coverage, the shape and size of the antenna is defined. We must now decide how to fill up this outlined shape with elements. In other words, determine the number, length and spacing of the elements. The chart of Figure 10.3 is useful in this. This chart plots gain as a function of t, s and a. The a values are represented by the slanted lines between the marked degree values on the chart. Since we have determined the desired value of a, we can use that value to choose values of t and s.
For a given a value (slanted lines), follow the corresponding line diagonally along and you will see the lower part of the line lies more or less parallel to a constant gain curve. The portion of a constant-a line on the bottom left represents a heavily filled array (more elements, closely spaced) while upper right portion of the constant, a line represents a sparsely filled array (fewer elements). (see Figure 10.C)
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Notice that as the number of elements decreases (moving right and upwards on the constant-a gain may fluctuate a bit but will reach a point where it quickly falls off as you cross the "optimum s" line. Values above this line represents a design that has too few elements to realize good performance. The interpretation of this "optimum s" value is not obvious and perhaps its name was poorly chosen. It may be intended to give the value of s for maximum gain for a given value of t. However, this approach disregards the boom length factor. Designs that first choose t and then use the optimum s will be outrageously long — of course they will have high gain!
For a given antenna outline (length vs. width or constant-a) “optimum s” is optimum only in that it indicates the point where further reduction in the number of elements will cause the gain to drop off. Thus, it gives a design with the least number of elements for a given gain. However, this design will not have the smoothest gain and SWR vs. frequency and the F/B ratio may be inadequate. For this reason, very few practical designs fall near the "optimum s" line. All of the designs in this chapter fall well below the "optimum s" as shown by the dots on the chart.
For designs with a higher a value, the gain should increase a bit with the more heavily filled arrays. Very narrow (long boom) arrays may have less gain if too heavily filled. It is not wise to approach the "optimum s" line too closely in an attempt to reduce the element number. On the other hand, designs too far down the sloping a curve will be more expensive to build and will have greater wind load due to having more elements than necessary.
Having selected from the chart some t and s combinations that give us the design we want, we can now use software such as LPCAD to generate a detailed design using those values of t and s. This should result in a boom length fairly close to that desired. A second pass through the program may use the exact boom length desired and the number of elements calculated in the first pass, plus or minus one element. The program will then give us all of the mechanical dimensions, and also generate files for NEC analysis. Alternatively, we can proceed with the manual method given elsewhere in this chapter. If using that method we should come out close to the desired design on the first try and avoid multiple guesses as to where to start.
Several different designs that are close to that desired should be prepared as NEC files and an analysis done using NEC. This may show that a sparsely filled array may have excessive variation of gain and SWR vs. fre-quency or an inadequate F/B ratio or have other problems such as a weakness on an important frequency. — John Stanley, K4ERO


The program also requests the diameters of the longest and shortest elements in the array, as well as the diameter of average element. From this data, the program calculates a recommended value for the characteristic impedance of the phase-line connecting the elements and the approximate resistive value of the input impedance. Among the additional data that LPCAD makes available is the spacing of conductors to achieve the desired characteristic impedance of the phase-line. These conductors may be round — as we would use for a wire phase-line — or square — as we might use for double-boom construction.

An additional vital output from LPCAD is the conversion of the design into antenna modeling input files of several formats, including versions for AO and NEC4WIN (both MININEC-based programs), and a version in the standard *.NEC format usable by many implementations of NEC-2 and NEC-4, including NECWin Plus, GNEC, and EZNEC Pro. Every proposed LPDA design should be verified and optimized by means of antenna modeling, since basic design calculations rarely provide arrays that require no further work before construction. Moreover, some of the design equations are based upon approximations and do not completely predict LPDA behavior. Despite these limitations, most of the sample LPDA designs shown later in this chapter are based directly upon the fundamental calculations.

Modeling LPDA designs is most easily done on a version of NEC. The transmission line (TL) facility built into NEC-2 and NEC-4 alleviates the problem of modeling the phase-line as a set of physical wires, each section of which has a set of constraints in MININEC at the right-angle junctions with the elements. Although the NEC TL facility does not account for losses in the lines, the losses are ordinarily low enough to neglect.

NEC models do require some careful construction to obtain the most accurate results. Foremost among the cautions is the need for careful segmentation, since each element has a different length. The shortest element should have about 9 or 11 segments, so that it has sufficient segments at the highest modeling frequency for the design. Each element behind the shortest one should have a greater number of segments than the preceding element by the inverse of the value of t. However, there is a further limitation. Since the transmission line is at the center of each element, NEC elements should have an odd number of segments to hold the phase-line centered. Hence, each segmentation value calculated from the inverse of t must be rounded up to the nearest odd integer.

Initial modeling of LPDAs in NEC-2 should be done with uniform-diameter elements, with any provision for stepped-diameter element correction turned off. Since these correction factors apply only to elements within about 15% of dipole resonance at the test frequency, models with stepped-diameter elements will correct for only a few elements at any test frequency. The resulting combination of corrected and uncorrected elements will not yield a model with assured reliability.

Once one has achieved a satisfactory model with uniform-diameter elements, the modeling program can be used to calculate stepped-diameter substitutes. Each uniform-diameter element, when extracted from the larger array, will have a resonant frequency. Once this frequency is determined, the stepped-diameter element to be used in final construction can be resonated to the same frequency. Although NEC-4 handles stepped diameter elements with much greater accuracy than NEC-2, the process just described is also applicable to NEC-4 models for the greatest precision.

10.1.2 LDPA Behavior

Although LPDA behavior is remarkably uniform over a wide frequency range compared to narrow-band designs, such as the Yagi-Uda array, it nevertheless exhibits very significant variations within the design range. Figure 10.6 shows several facets of these behaviors. Figure 10.6 shows the free-space gain for three LPDA designs using 0.5-inch diameter aluminum elements. The designations for each model list the values of t (0.93, 0.89, and 0.85) and of s (0.02, 0.04, and 0.06) used to design each array. The resultant array lengths are listed with each designator. The total number of elements varies from 16 for “9302” to 10 for “8904” to 7 for “8504.”
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First, the gain is never uniform across the entire frequency span. The gain tapers off at both the low and high ends of the design spectrum. Moreover, the amount of gain undulates across the spectrum, with the number of peaks dependent upon the selected value of t and the resultant number of elements. The front-to-back ratio tends to follow the gain level. In general, it ranges from less than 10 dB when the free-space gain is below 5 dBi to over 20 dB as the gain approaches 7 dBi. The front-to-back ratio may reach the high 30 dBs when the free-space array gain exceeds 8.5 dBi. Well-designed arrays, especially those with high values of t and s, tended to have well-controlled rear patterns that result in only small differences between the 180° front-to-back ratio and the averaged front-to-rear ratio.

Since array gain is a mutual function of both t and s, average gain becomes a function of array length for any given frequency range. Although the gain curves in Figure 10.6 interweave, there is little to choose among them in terms of average gain for the 14 to 18-foot range of array lengths. Well-designed 20 to 10 meter arrays in the 30-foot array length region are capable of about 7 dBi free-space gain, while 40-foot arrays for the same frequency range can achieve about 8 dBi free-space gain.

Exceeding an average gain of 8.5 dBi requires at least a 50-foot array length for this frequency range. Long arrays with high values of t and s also tend to show smaller excursions of gain and of front-to-back ratio in the overall curves. In addition, high-t designs tend to show higher gain at the low frequency end of the design spectrum.

The frequency sweeps shown in Figure 10.6 are widely spaced at 1 MHz intervals. The evaluation of a specific design for the 14 to 30-MHz range should decrease the interval between check points to no greater than 0.25 MHz in order to detect frequencies at which the array may show a performance weakness. Weaknesses are frequency regions in the overall design spectrum at which the array shows unexpectedly lower values of gain and front-to-back ratio. In Figure 10.6 note the unexpected decrease in gain of model “8904” at 26 MHz. The other designs also have weak points, but they fall between the frequencies sampled.

In large arrays, these regions may be quite small and may occur in more than one frequency region. The weakness results from the harmonic operation of longer elements to the rear of those expected to have high current levels. Consider a 7-element LPDA with a boom about 12.25-feet long for 14 to 30 MHz using 0.5-inch aluminum elements. At 28 MHz, the rear elements operate in a harmonic mode as shown by the high relative current magnitude curves in Figure 10.7. The result is a radical decrease in gain, as shown in the “No Stub” curve of Figure 10.8. The front-to-back ratio also drops as a result of strong radiation from the long elements to the rear of the array.
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Early designs of LPDAs called for terminating transmission-line stubs as standard practice to help eliminate such weak spots in frequency coverage. In contemporary designs, their use tends to be more specific for eliminating or moving frequencies that show gain and front-to-back weakness. (Stubs have the added function of keeping both sides of each element at the same dc level of static charge or discharge.) The model dubbed “8504” was fitted (by trial and error) with an 18-inch shorted stub of 600-W transmission line. As Figure 10.7B shows, the harmonic operation of the rear elements is attenuated. The “stub” curve of Figure 10.8 shows the smoothing of the gain curve for the array throughout the upper half of its design spectrum. In some arrays showing multiple weaknesses, a single stub may not eliminate all of them. However, it may move the weaknesses to unused frequency regions. Where full-spectrum operation of an LPDA is necessary, additional stubs located at specific elements may be needed.

Most LPDA designs benefit (with respect to gain and front-to-back ratio) from the use of larger-diameter elements. Elements with an average diameter of at least 0.5-inch are desirable in the 14 to 30 MHz range. However, standard designs usually presume a constant element length-to-diameter ratio. In the case of LPCAD, this ratio is about 125:1, which assumes an even larger diameter. To achieve a relatively constant length-to-diameter ratio in the computer models, you can set the diameter of the shortest element in a given array design and then increase the element diameter by the inverse of t for each succeeding longer element. This procedure is often likely to result in unreasonably large element diameters for the longest elements, relative to standard amateur construction practices.

Since most amateur designs using aluminum tubing for elements employ stepped-diameter (tapered) elements, roughly uniform element diameters will result unless the LPDA mechanical design tries to lighten the elements at the forward end of the array. This practice may not be advisable, however. Larger elements at the high end of the design spectrum often counteract (at least partially) the natural decrease in high-frequency gain and show improved performance compared to smaller diameter elements.

An alternative construction method for LPDAs uses wire throughout. At every frequency, single-wire elements reduce gain relative to larger-diameter tubular elements. An alternative to tubular elements appears in Figure 10.9. For each element of a tubular design, there is a roughly equivalent two-wire element that may be substituted. The spacing between the wires is determined by taking one of the modeled tubular elements and finding its resonant frequency. A two-wire element of the same length is then constructed with shorts at the far ends and at the junctions with the phase-line. The separation of the two wires is adjusted until the wire element is resonant at the same frequency as the original tubular element. The required separation will vary with the wire chosen for the element. Models used to develop these substitutes must pay close attention to segmentation rules for NEC due to the short length of segments in the end and center shorts, and to the need to keep segment junctions as exactly parallel as possible with close-spaced wires.
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10.1.3 Feeding and Constructing the Lpda

Original design procedures for LPDAs used a single, ordinarily fairly high, characteristic impedance for the phase-line (antenna feeder). Over time, designers realized that other values of impedance for the phase-line offered both mechanical and performance advantages for LPDA performance. Consequently, for the contemporary designer, phase-line choice and construction techniques are almost inseparable considerations.

High-impedance phase-lines (roughly 200 W and higher) are amenable to wire construction similar to that used with ordinary parallel-wire transmission lines. They require careful placement relative to a metal boom used to support individual elements (which themselves must be insulated from the support boom). Connections also require care. If the phase-line is given a half-twist between each element, the construction of the line must ensure constant spacing and relative isolation from metal supports to maintain a constant impedance and to prevent shorts.

Along with the standard parallel-wire line, shown in Figure 10.10A, there are a number of possible LPDA structures using booms to support the elements and to create relatively low-impedance (under 200 W) phase-lines. Figure 10.10B shows the basics of a twin circular tubing boom with the elements cross-supported by insulated rods. Figure 10.10C shows the use of square tubing with the elements attached directly to each tube by through-bolts. Figure 10.10D illustrates the use of L-stock, which may be practical at VHF frequencies. Each of these sketches is incomplete, however, since it omits the necessary stress analyses that determine the mechanical feasibility of a structure for a given LPDA project.
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The use of square boom material requires some adjustment when calculating the characteristic impedance of the phase-line. For conductors with a circular cross-section,
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where D is the center-to-center spacing of the conductors and d is the outside diameter of each conductor, both expressed in the same units of measurement. Since we are dealing with closely spaced conductors, relative to their diameters, the use of this version of the equation for calculating the characteristic impedance (Z0) is recommended. For a square conductor,
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where d is the approximate equivalent diameter of the square tubing and w is the width of the tubing across one side. Thus, for a given spacing, a square tube permits you to achieve a lower characteristic impedance than round conductors. However, square tubing requires special attention to matters of strength, relative to comparable round tubing.

Electrically, the characteristic impedance of the LPDA phase-line tends to influence other performance parameters of the array. Decreasing the phase-line Z0 also decreases the feed point impedance of the array. For small designs with few elements, the decrease is not fully matched by a decrease in the excursions of reactance. Consequently, using a low impedance phase-line may make it more difficult to achieve a 2:1 or less SWR for the entire frequency range. However, higher-impedance phase-lines may result in a feed point impedance that requires the use of an impedance-matching balun.

Decreasing the phase-line Z0 also tends to increase LPDA gain and front-to-back ratio. There is a price to be paid for this performance improvement — weaknesses at specific frequency regions become much more pronounced with reductions in the phase-line Z0. For a specific array you must weigh carefully the gains and losses, while employing one or more transmission line stubs to get around performance weaknesses at specific frequencies.

Depending upon the specific values of t and s selected for a design, you can sometimes select a phase-line Z0 that provides either a 50-W or a 75-W feed point impedance, holding the SWR under 2:1 for the entire design range of the LPDA. The higher the values of t and s for the design, the lower the reactance and resistance excursions around a central value. Designs using optimal values of s with high values of t show a very slight capacitive reactance throughout the frequency range. Lower design values obscure this phenomenon due to the wide range of values taken by both resistance and reactance as the frequency is changed.

At the upper end of the frequency range, the source resistance value decreases more rapidly than elsewhere in the design spectrum. In larger arrays, this can be overcome by using a variable Z0 phase-line for approximately the first 20% of the array length. This technique is, however, difficult to implement with anything other than wire phase-lines. Begin with a line impedance about half of the final value and increase the wire spacing evenly until it reaches its final and fixed spacing. This technique can sometimes produce smoother impedance performance across the entire frequency span and improved high-frequency SWR performance.

Designing an LPDA requires as much attention to designing the phase-line as to element design. It is always useful to run models of the proposed design through several iterations of possible phase-line Z0 values before freezing the structure for construction.

10.1.4 Special Design Corrections

The curve for the sample 8504 LPDA in Figure 10.8 revealed several deficiencies in standard LPDA designs. The weakness in the overall curve was corrected by the use of a stub to eliminate or move the frequency at which rearward elements operated in a harmonic mode. In the course of describing the characteristics of the array, we have noted several other means to improve performance. Fattening elements (either uniformly or by increasing their diameter in step with t) and reducing the characteristic impedance of the phase-line are capable of small improvements in performance. However, they cannot wholly correct the tendency of the array gain and front-to-back ratio to fall off at the upper and lower limits of the LPDA frequency range.

One technique sometimes used to improve performances near the frequency limits is to design the LPDA for upper and lower frequency limits much higher and lower than the frequencies of use. This technique unnecessarily increases the overall size of the array and does not eliminate the downward performance curves. Increasing the values of t and s will usually improve performance at no greater cost in size than extending the frequency range. Increasing the value of t is especially effective in improving the low frequency performance of an LPDA.

Working within the overall size limits of a standard design, one may employ a technique of circularizing the value of t for the rear-most and forward-most elements. See Figure 10.11, which is not to-scale relative to overall array length and width. Locate (using an antenna-modeling program) the element with the highest current at the lowest operating frequency, and the element with the highest current at the highest operating frequency. The adjustments to element lengths may begin with these elements or — at most — one element further toward the array center. For the first element (counting from the center) to be modified, reduce the value of t by about 0.5%. For a rearward element, use the inverse of the adjusted value of t to calculate the new length of the element relative to the unchanged element just forward of the change. For a forward element, use the new value of t to calculate the new length of the element relative to the unchanged element immediately to the rear of it.
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For succeeding elements outward, calculate new values of t from the adjusted values, increasing the increment of decrease with each step. Second adjusted elements may use values of t about 0.75% to 1.0% lower than the values just calculated. Third adjusted elements may use an increment of 1.0% to 1.5% relative to the preceding value.

Not all designs require extensive treatment. As the values of t and s increase, fewer elements may require adjustment to obtain the highest possible gain at the frequency limits, and these will always be the most outward elements in the array. A second caution is to check the feed point impedance of the array after each change to ensure that it remains within design limits.

Figure 10.12 shows the free-space gain curves from 14 to 30 MHz for a 10-element LPDA with an initial t of 0.89 and a s of 0.04. The design uses a 200-W phase-line, 0.5-inch aluminum elements, and a 3-inch 600-W stub. The lowest curve shows the modeled performance across the design frequency range with only the stub. Performance at the frequency limits is visibly lower than within the peak performance region. The middle curve shows the effects of circularizing t. Average performance levels have improved noticeably at both ends of the spectrum.
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In lieu of, or in addition to, the adjustment of element lengths, you may also add a parasitic director to an LPDA, as shown in Figure 10.13. The director is cut roughly for the highest operating frequency. It may be spaced between 0.1 l and 0.15 l from the forward-most element of the LPDA. The exact length and spacing should be determined experimentally (or from models) with two factors in mind. First, the element should not adversely affect the feed point impedance at the highest operating frequencies. Close spacing of the director has the greatest effect on this impedance. Second, the exact spacing and element length should be set to have the most desired effect on the overall performance curve of the array. The mechanical impact of adding a director is to increase overall array length by the spacing selected for the element.
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The upper curve in Figure 10.12 shows the effect of adding a director to the circularized array already equipped with a stub. The effect of the director is cumulative, increasing the upper range gain still further. Note that the added parasitic director is not just effective at the highest frequencies within the LPDA design range. It has a perceptible effect almost all the way across the frequency span of the array, although the effect is smallest at the low-frequency end of the range.

The addition of a director can be used to enhance upper frequency performance of an LPDA, as in the illustration, or simply to equalize upper frequency performance with mid-range performance. High-t designs, with good low-frequency performance, may need only a director to compensate for high-frequency gain decrease. One potential challenge to adding a director to an LPDA is sustaining a high front-to-back ratio at the upper frequency range. (See this book’s online material for more information on such log-Yagi arrays.)

Throughout the discussion of LPDAs, the performance curves of sample designs have been treated at all frequencies alike, seeking maximum performance across the entire design frequency span. Special compensations are also possible for ham-band-only LPDA designs. They include the insertion of parasitic elements within the array as well as outside the initial design boundaries. In addition, stubs may be employed not so much to eliminate weaknesses, but only to move them to frequencies outside the range of amateur interests.

10.1.5 Band-Optimized LPDA (BOLPA)

The traditional approach to designing LPDAs assumes that the antenna parameters for gain, pattern ratios, feed point impedance, and so on are maintained across the entire range of frequencies. For example, the usual amateur HF LPDA covers 14 to 30 MHz in one continuous range. This approach allows the antenna manufacturer to provide the same antenna to all services within that range — a very reasonable thing to do from a business standpoint. The amateur service, however, only makes use of a few bands within that range: 20, 17, 15, 12, and 10 meters. Relaxing the continuous-coverage requirement to only cover the amateur bands allows the antenna designer some flexibility. The Band-Optimized LPDA or BOLPA is best explained in terms of the process by which the design was created by Justin Johnson, GØKSC (g0ksc.co.uk).

The wide bandwidth of log-periodics was adapted to the design of single-band Yagi antennas by replacing the single driven element with a two- or three-element array called a “log-cell.” (See the References and Bibliography entry for Cebik.) The log-cell acted as a single compound element with the active dipole moving back and forth within the log-cell from one end of the band to the other. This technique was mostly used on 20 meters to give better performance from 14.0 to 14.35 MHz. The movement of the active region back and forth along the axis of the antenna with frequency made it difficult to optimize the pattern ratios and gain across the band, since the reflector and director elements were fixed in place.

The log-cell Yagi was replaced by the Optimized Wideband Array (OWA) design, created by Jim Breakall, WA3FET. (See the HF Beam Antennas chapter.) Using the “open sleeve” method of very closely-spaced elements, the OWA Yagi moved the first director very close to the driven element, creating a compound driven element. This enabled a 50-Ω feed point impedance and stabilized gain and other pattern ratios across a wider bandwidth. The open-sleeve technique is discussed for dipoles in the General Purpose MF and HF Antennas chapter. It is a popular technique on the VHF and UHF bands, as well. (See the Bibliography entry for Cebik.)

The BOLPA revisits the log-cell concept by creating individual monoband LPDA cells along the antenna axis. Each cell is a short-boom three-element LPDA for a single amateur band. The cells are designed for 50-Ω direct feed, optimized across the band, and spaced for minimal interaction. Additional elements are inserted between the cells to provide coverage of intermediate bands. A 50-Ω feed point impedance also eliminates the LPDA’s usual 4:1 impedance transformer.

The initial design consisted of monoband log cells for 20, 15, and 10 meters along a single common feed line that serves as the boom. Each cell has three elements and was optimized for performance. Then the spacing between the cells was optimized along the boom and the individual cells re-optimized. This produced good performance on the three contest bands but 17 and 12 meters were left out.

The next step was to add a single 17 meter element between the 20 meter cell and the 15 meter cell. (The 17 meter element is the fourth from the left with the highest current in Figure 10.14A.) With the 17 meter element present, the original three cells were shifted on the boom to maintain performance without adjusting any element lengths except that of the 17 meter element. The additional element acted as a fourth element on 15 meters with some improvement in gain. The process is continued to add 12 meters with another element between the 15 and 10 meter cells. Final boom length is 26 feet and free-space gain is approximately 7 dBi with front-to-back ratios of 20 dB or more.
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The sequence of current models in Figures 10.14A-E shows how the active area of the antenna moves forward along the boom with increasing frequency — typical of LPDA antennas. Depending on the designer’s requirements and resources a BOLPA covering 40-30-20 meters is possible or the BOLPA described here could be extended to 6 meters with another cell in front of the 10 meter cell. Start with a basic log cell and treat it as a fixed component as the additional bands are added. Automatic optimizer software (see the Antenna Modeling chapter) makes this job a lot easier.

10.2 Updated LPDA Design

The classical design procedure for the LPDA in the previous section relies mostly on a series of calculations involving the various user-selected scale factors (τ, σ, and α), the dipole element lengths, the spacings between elements, and the resulting boom length. One of the main problems with this method is that the boom length can become unbuildably long and the procedure must be repeated over and over until a reasonable boom length is obtained.

The radiation pattern performance is mediocre for most designs using the classical procedure, as well, particularly over real ground. The peak gain to peak sidelobe level ratio (front-to-back or front-to-rear ratios) for these antennas varies from poor to average (10 – 15 dB). Yagis with 3 or more elements that have been optimized for minimum backlobes can easily have better performance of greater than 20 dB.

For the purpose of improving the design procedure of log-periodic antennas, an updated procedure was presented in a paper by Jim Breakall, WA3FET, in 1996 (see the References and Bibliography entry for Breakall and Solis). The new procedure requires as inputs the frequency range of operation, the boom length, L, and either the scale factor, τ, or the number of dipole elements, N. The resulting design can then be simulated numerically in antenna modeling software to verify the gain, and peak gain to peak sidelobe level ratio. This procedure makes much more sense in that the constraints of boom length and the number of elements are selected at the outset for what a user can physically construct.

10.2.1 Updated LPDA Design Procedure

The updated procedure starts with the given boom length, L, the frequency range of operation, fL < f < fH, and either the scale factor, τ, or the number of dipole elements, N, as user input parameters.

1. First, pick fL the lowest frequency of operation. Then, f1 = fL.

2. Pick fH = the highest frequency of operation.

3. Pick fN = 1.5 × fH to insure a smooth transition at the upper cutoff frequency. This has been found experimentally to insure a good SWR at the highest frequency, fH, by adding a few extra shorter elements at the feed point.

4. The user next picks the boom length, L.

5. The user then has a choice to either pick the scale factor τ (scaling factor between lengths and spacings of adjacent elements) or the total number of dipole elements, N.

If the user chooses τ, then the number of dipole elements will be given by the following equation:
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where N is the nearest integer of the value found.

If the user chooses N, then the τ factor is given by the following formula:
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The length of longest element l1 = λ1 / 2, where λ1 = c/f1. Thus, l1 = 492/f1 in ft when f1 is in MHz.
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One then calculates the second longest element length as l2 = τ l1, and then l3 = τ l2, etc. Similarly, the distance d23 = τ d12, d34 = τ d23, etc.

It has been found that the diameters of the dipole elements can be chosen and scaled with the τ factor or kept all the same diameter for all elements with little effect on the final SWR and performance. It has also been found experimentally that the characteristic impedance of the transmission line can be chosen and will result in an input impedance about half of the characteristic impedance that was picked.

Furthermore, it has also been found that one can pick either τ or N and construct a model and find the front-to-back (rear) and SWR performance and then choose another τ or N and construct another model and determine if the front-to-back (rear) and SWR is better or worse. By iterating on the value of τ or N, and continuing to model, one can then find an optimum design.

As an example, select the frequency range of 13 to 30 MHz. Then, f1 = 13 MHz and fN = 1.5 × 30 MHz = 45 MHz. The antenna is placed at a height of 55 ft over average ground (relative dielectric constant = 13 and conductivity = .005 S/m). The boom length, L, is chosen to be 48 ft. (It is useful to compare the results to those of the same design using the classical procedure in the online material.)

Many τ factors were tried for this design and an optimum τ was found to be equal to 0.93. This design is shown here. Then, the number of dipole elements for this design is:
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The lengths of the dipole elements are:

l1 = 492/13 = 37.8 feet

l2 = τ l1 = 0.93 (37.8) = 35.2 feet

LN = τN-1 l1 = 11.0 feet

The spacings between dipole elements are:

d12 = L[(τ -1)/( τ (N-1)-1] = 4.74 feet

d23 = τ d12 = 4.41 feet

dN-1,N = τN-2 d12 = 1.48 feet

This design is then modeled in EZNEC with a diameter of every dipole element equal to 1 inch. (The model file is included in the online material as LPDA1-Design Example as both EZNEC and NEC files.)

The SWR is shown for the log periodic design in free space first in Figure 10.15. (The reference impedance for calculating SWR is 100 Ω, shown as “SWR(100).”) The gain, front-to-back ratio, and front-to-rear ratio are shown in Figure 10.16 for the log periodic in free space. The free-space azimuth pattern at the mid-band frequency of 21.5 MHz is shown in Figure 10.17. (Azimuth patterns for frequencies from 14 through 29 MHz are included in the online material as Figures 10.17A – E.)
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The SWR is shown for the log periodic at a height of 55 ft in Figure 10.15B with almost the same SWR performance as in free space. The gain at the peak elevation angle at 55 ft over average ground is shown in Figure 10.18. Elevation patterns at the mid-band frequency of 21.5 MHz is shown in Figure 10.19. (Elevation patterns at 55 feet over average ground for frequencies from 14 through 29 MHz are included in the online material as Figure 10.19A – E.)
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10.3 Discone Antenna Design

The name “discone” is a combination of the words, “disc” and “cone.” Although people often describe a discone by its design-center frequency (for example, a “20-meter discone”), discones work very well over a wide frequency range, as much as several octaves. The discone is very popular as a low-power or receive-only antenna for VHF/UHF use, as well, with several commercial versions available along with numerous buildable designs. Its design is related to the biconical dipole.

The antenna produces a vertically polarized signal at a low-elevation angle, and it presents a good match for 50 Ω coax over its operating range. Two excellent articles by Belrose and Stearns (see References and Bibliography) describe the discone’s operation and design. This chapter’s online material information includes additional information on the discone and a pair of designs for HF use.

The dimensions of a discone, shown in Figure 10.20, are determined by the range of frequencies over which it is to be used. The cone angle, φ, is typically around 60 degrees and the height of the discone, LV, is approximately λ/4 at the lowest frequency of use. The disc diameter, D, is approximately 0.7 of the cone’s maximum width at the bottom. The 3 – 30 MHz discone photographed in Figure 10.21 gives an idea of the size of a discone covering all of the HF bands. (See the article “Discone DXpedition” by WB5DYG in the February 2015 QST to learn about this antenna and how it is made available for visiting amateurs to use.) Smaller versions that cover the higher HF bands, such as 20 – 10 meters, are presented in the article “HF Discone Projects,” in the online material.
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Along with its wide frequency coverage, another advantage of the discone is that its maximum current region is near the top of the antenna, where radiation far above the ground reduces losses in the soil and from nearby obstructions. The cone-like skirt of the discone radiates the signal — radiation from the disc on top is minimal. This is because the currents flowing in the sloping skirt wires all have a common vertical component, while radiation from the symmetrical horizontal currents in the disc elements oppose each other and cancel out.

10.4 HF Lpda Projects

This section presents a pair of LPDA designs — a fixed array of wire dipoles for the 3.5 and 7 MHz bands and a rotatable array for the five amateur bands from 14 through 30 MHz. In addition, the QST article “Practical High Performance HF Log Periodic Antennas” by Bill Jones, K8CU is provided with this book’s online material for additional design information.

10.4.1 LPDA for 3.5 or 7 MHz

These wire log-periodic dipole arrays for the lower HF bands are simple in design and easy to build. They are designed to have reasonable gain, be inexpensive and lightweight, and may be assembled with stock items found in large hardware stores. These antennas were first described by John J. Uhl, KV5E, in QST for August 1986. Figure 10.22 shows one method of installation. You can use the information here as a guide and point of reference for building similar LPDAs.
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If space is available, the antennas can be rotated or repositioned in azimuth after they are completed. A 75-foot tower and a clear turning radius of 120 feet around the base of the tower are needed. The task is simplified if you use only three anchor points, instead of the five shown in Figure 10.22. Omit the two anchor points on the forward element, and extend the two nylon strings used for element stays all the way to the forward stay line.

DESIGN OF THE LOG-PERIODIC DIPOLE ARRAYS

Design constants for the two arrays are listed in Tables 10.1 and 10.2. The classical design procedure for arriving at the dimensions and other parameters of these arrays was presented earlier in this chapter. The primary differences between these designs and one-octave upper HF arrays are the narrower frequency ranges and the use of wire, rather than tubing, for the elements. As design examples for the LPDA, you may wish to work through the step-by-step procedure and check your results against the values in Tables 10.1 and 10.2. You may also wish to compare these results with the output of an LPDA design software package such as LPCAD.
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From the design procedure, the feeder wire spacings for the two arrays are slightly different, 0.58 inch for the 3.5-MHz array and 0.66 inch for the 7-MHz version. As a compromise toward the use of common spacers for both bands, a spacing of 5⁄8 inch is quite satisfactory. Surprisingly, the feeder spacing is not at all critical here from a matching standpoint, as may be verified from the equations presented earlier in this chapter. Increasing the spacing to as much as 3⁄4 inch results in an R0 SWR of less than 1.1:1 on both bands.

CONSTRUCTING THE ARRAYS

Construction techniques are the same for both the 3.5 and the 7-MHz versions of the array. Once the designs are completed, the next step is to fabricate the fittings; see Figure 10.23 for details. Cut the wire elements and feed lines to the proper sizes and mark them for identification. After the wires are cut and placed aside, it will be difficult to remember which is which unless they are marked. When you have finished fabricating the connectors and cutting all of the wires, the antenna can be assembled. Use your ingenuity when building one of these antennas; it isn’t necessary to duplicate these LPDAs precisely.
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The elements are made of standard #14 AWG stranded copper wire. The two parallel-wire feed lines are made of #12 AWG solid copper-clad steel wire, such as Copperweld. Copperweld will not stretch when placed under tension. The front and rear connectors are cut from 1⁄2-inch thick polycarbonate sheeting, and the feed line spacers from
1⁄4-inch acrylic sheeting.

Study the drawings carefully and be familiar with the way the wire elements are connected to the two feed lines, through the front, rear and spacer connectors. Details are sketched in Figures 10.24 and 10.25. Connections made in the way shown in the drawings prevent the wire from breaking. All of the rope, string, and connectors must be made of materials that can withstand the effects of tension and weathering. Use nylon rope and strings, the type that yachtsmen use. Figure 10.22 shows the front stay rope coming down to ground level at a point 120 feet from the base of a 75-foot tower. Space may not be available for this arrangement in all cases. An alternative installation technique is to put a pulley 40 feet up in a tree and run the front stay rope through the pulley and down to ground level at the base of the tree. The front stay rope will have to be tightened with a block and tackle at ground level.
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Putting an LPDA together is not difficult if it is assembled in an orderly manner. It is easier to connect the elements to the feeder lines when the feed line assembly is stretched between two points. Use the tower and a block and tackle. Attaching the rear connector to the tower and assembling the LPDA at the base of the tower makes raising the antenna into place a much simpler task. Tie the rear connector securely to the base of the tower and attach the two feeder lines to it. Then thread the two feed line spacers onto the feed line. The spacers will be loose at this time, but will be positioned properly when the elements are connected. Now connect the front connector to the feed lines. A word of caution: Measure accurately and carefully! Double-check all measurements before you make permanent connections.

Connect the elements to the feeder lines through their respective plastic connectors, beginning with element 1, then element 2, and so on. Keep all of the element wires securely coiled. If they unravel, you will have a tangled mess of kinked wire. Recheck the element-to-feeder connections to ensure proper and secure junctions (see Figures 10.17 and 10.18). Once you have completed all of the element connections, attach the 4:1 balun to the underside of the front connector. Connect the feeder lines and the coaxial cable to the balun.

You will need a separate piece of rope and a pulley to raise the completed LPDA into position. First secure the eight element ends with nylon string, referring to Figures 10.22 and 10.24. The string must be long enough to reach the tie-down points. Connect the front stay rope to the front connector, and the completed LPDA is now ready to be raised into position. While raising the antenna, uncoil the element wires to prevent their getting away and tangling up into a mess. Use care! Raise the rear connector to the proper height and attach it securely to the tower, then pull the front stay rope tight and secure it. Move the elements so they form a 60° angle with the feed lines, in the direction of the front, and space them properly relative to one another. By adjusting the end positions of the elements as you walk back and forth, you will be able to align all the elements properly. Now it is time to hook your radio to the system and make some contacts.

PERFORMANCE

The reports received from these LPDAs were compared with an inverted-V dipole. All of the antennas are fixed; the LPDAs radiate to the northeast, and the dipole to the northeast and southwest. The apex of the dipole is at 70 feet, and the 40- and 80-meter LPDAs are at 60 and 50 feet, respectively. Basic array gain was apparent from many of the reports received. During pileups, it was possible to break in with a few tries on the LPDAs, yet it was impossible to break the same pileups using the dipole. The gain of the LPDAs is several dB over the dipole. For additional gain, experimenters may wish to try a parasitic director about 1⁄8 l ahead of the array. Director length and spacing from the forward LPDA element should be field-adjusted for maximum performance while maintaining the impedance match across each of the bands.

Wire LPDA systems offer many possibilities. They are easy to design and to construct: real advantages in countries where commercially built antennas and parts are not available at reasonable cost. The wire needed can be obtained in all parts of the world, and cost of construction is low. If damaged, the LPDAs can be repaired easily with pliers and solder. For those who travel on DXpeditions where space and weight are large considerations, LPDAs are lightweight but sturdy, and they perform well.

10.4.2 LPDA for 13 to 30 MHz

A rotatable log periodic array designed to cover the frequency range from 13 to 30 MHz is pictured in Figure 10.26. This is a large array having a free-space gain that varies from 6.6 to over 6.9 dBi, depending upon the operating portion of the design spectrum. This antenna system was originally described by Peter D. Rhodes, K4EWG, in the November 1973 issue of QST.
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The characteristics of this array are:

1) Half-power beamwidth, 43° (14 MHz)

2) Design parameter t = 0.9

3) Relative element spacing constant s = 0.05

4) Boom length, L = 26 feet

5) Longest element l1 = 37 feet 10 inches.

6) Total weight, 116 pounds

7) Wind-load area, 10.7 square feet

8) Required input impedance (mean resistance), R0 = 72 W, Zt = 6-inch jumper #18 AWG wire

9) Average characteristic dipole impedance, ZAV: 337.8 W

10) Impedance of the feeder, Z0: 117.1 W

11) Feeder: #12 AWG wire, close spaced

12) With a 1:1 toroid balun at the input terminals and a 72-W coax feed line, the maximum SWR is 1.4:1.

The mechanical assembly uses materials readily available from most local hardware stores or aluminum supply houses. A complete set of tables and assembly drawings are included in the original article included with this book’s online material.

Experimenters may wish to improve the performance of the array at both the upper and lower frequency ends of the design spectrum so that it more closely approaches the performance in the middle of the design frequency range. The most apt general technique for raising both the gain and the front-to-back ratio at the frequency extremes would be to circularize t as described earlier in this chapter. However, other techniques may also be applied.

10.4.3 Wideband 10 Meter LPDA

A new design by Justin Johnson, GØKSC, of Innovantennas (innovantennas.com/en) presents an easy-to-build, 2-element, 10 meter LPDA (BOLPA-2 – Band Optimised Log Periodic Array) that covers the entire 10-meter band. Despite having only two elements, the antenna has a very consistent pattern and low SWR. Figure 10.27 shows the antenna’s free-space radiation pattern at 28.5 MHz with 6.15 dBi gain (4 dBd) and 21 dB F/B. The SWR sweep in Figure 10.28 shows 1.5:1 or less from 28 to 30 MHz. Additional radiation patterns at 28.0, 29.0, 29.5, and 30 MHz are provided in the online material.
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How is this a Log Periodic with only 2 elements? It follows the concept of the log-cell with both elements driven (electrically connected to the feed line) and out of phase with one another. The commercially available BOLPA-3 and BOLPA-4 follow on from this with 3 and 4 out-of-phase driven elements.

The simplicity of the design makes this an attractive project for anyone with a basic workshop and materials. As with any log periodic, a parallel tuned feed line between the antennas is used to invert the phase of each element in the array. In this instance, the twin booms form the tuned (balanced) feed line, the impedance of which is controlled by
the spacing between them. The phase switching is accomplished by the element halves alternating between the top and the bottom booms as shown in the assembly sketch, Figure 10.29. The booms are constructed from 1-inch square aluminum, 2.1 meters long, with a spacing between boom faces of 12.5 mm (1⁄2 inch).
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Each element in an LPDA is fed in the center with the alternate elements out-of-phase. In this example, the first element half on the left is connected at its end to the top square boom by being fitted into and through the boom, secured by a single stainless-steel bolt. The right side of this element must then exit the bottom boom in the opposite direction to the other half of the dipole. The second element at the opposite end of the boom has its element halves connected to the opposite booms from the first element.

HAIRPIN MATCH

While it is not always used, a hairpin match (a single-turn inductor between the top and bottom booms) on this antenna enhances front-to-back ratio and forward gain. As boom impedance impacts performance and feed point impedance, the associated impedance of the hairpin is important and will impact performance and feed point impedance.

While correct boom separation ensures the feed-line impedance to each element is correct, with the hairpin separation is a bit more variable, which allows for adjustment to optimize the antenna. Should the antenna be used for portable or Field Day operating, then a piece of wire “looped” between the two booms at the rear and trimmed for lowest SWR will be fine. If a more permanent installation is required, use something more substantial, such as flat, bar aluminum pieces formed into a U. Approximate impedance of the hairpin should be 390 Ω.

BOOM TO MAST PLATE

The boom-to-mast arrangement is a little more complex than it would be with a Yagi. Because both booms are “hot” and form a part of the antenna, feed lines between elements, some form of insulator needs to be placed as shown in Figure 10.30. The mast is shown sideways in the photograph, so the clamps can be seen more clearly. The booms are actually mounted one above the other and not side-by-side.
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A Stauff clamp bolted through each boom and then directly to the mast works well. 48.5 mm clamps were a little small for a 2-inch mast (50.8 mm) but deformed around the mast as tightened and ensured a secure fit. It may be that this option would loosen after repeated installations such as for Parks On The Air or other temporary stations. However, for a permanent installation this method has proved satisfactory.

ANTENNA MODELING AND TUBING SIZES

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

Operation across the VHF and UHF bands with a single antenna makes the log-periodic and discone antennas a popular choice for the amateur with limited antenna options.

10.5.1 VHF/UHF LPDA Projects

The Tennadyne T-28 shown in Figure 10.31 is an example of an LPDA that covers 50 to 1300 MHz with a boom length of only 12 feet. In addition, the antenna looks very much like a TV-receive antenna, attracting much less attention than a stack of monoband Yagis for the same frequency range!
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Two VHF log-periodic designs are presented by reprints of QST articles included in the online material. The first is a 4-element, single-band design covering 2 meters and adjacent frequencies, “An Updated 2 Meter Log Periodic Dipole Array,” by Andy Przedpelski, KØABP. The antenna, described in Figure 10.32 and Table 10.4 covers 142 – 150 MHz and makes a great upgrade from a J-pole or other vertical antenna optimized for repeater coverage. The antenna described in “An LPDA for 2 Meter Plus,” by L.B. Cebik, W4RNL, covers 130–170 MHz and is also included in the online material.

Yes, That’s a TV Antenna!
If you have noticed the similarities between TV-receive antennas and the log-periodic antennas that cover the amateur VHF and lower UHF bands, you are not alone! In an article included in the online material, John Stanley, K4ERO, shows how to modify a mid-sized log-periodic originally designed for receiving TV broadcasts into a stealthy, yet effective ham antenna covering 50 through 222 MHz. For hams limited to TV-antennas only, this might be a good solution to getting on at least a few of the ham bands and you can answer truthfully when asked about your new “TV antenna”!
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The second design is a three-band log-periodic covering the 144, 222, and 432 MHz bands, “A Three-Band Log-Periodic Antenna,” by Robert Heslin, K7RTY, from the June 1963 QST. This antenna is shown in Figure 10.33. The design is based on the same principles used today and the antenna is similar to commercial models covering the same frequency range.
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For higher frequencies, it is practical to etch antennas directly on printed circuit board material. Figure 10.34 shows three LPDA examples designed by Kent Brittain, WA5VJB, whose “Cheap Yagi” designs appear in the VHF, UHF, and Microwave Antennas chapter. Coaxial feed line attaches to an SMA connector at the front of the antenna with the cable run along the “boom” in the center of the antenna. Figure 10.35 shows how Ken Wyatt, KX7KW, uses the antenna for table-top EMC troubleshooting as described at edn.com/pc-board-log-periodic-antennas. An article by WA5VJB about designing these antennas and the effects of PCB material is available at wa5vjb.com/references/DesigningPCB-LPs.pdf. A wide-band Vivaldi antenna fabricated on PCB material is shown in the VHF, UHF, and Microwave Antennas chapter, as well.
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10.5.2 VHF/UHF Discone Project

The wideband discone antenna is a very popular omnidirectional antenna for scanner use at VHF and above with numerous commercial models available. Discones for VHF and UHF coverage are simple to build, such as the design shown in Figure 10.36 from the May 2003 QST article, “A VHF/UHF Discone Antenna,” by Bob Patterson, K5DZE. The antenna is constructed from wire-mesh hardware cloth, but sheet metal or heavy screen can be used. As the author mentions in the article, even aluminum foil on cardboard worked fine as an indoor receive antenna!
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10.6 Miscellaneous Frequency Independent Antennas

As mentioned at the beginning of this chapter, there are an infinite number of patterns, both 2D and 3D, that are defined completely in terms of angles. If a means of feeding power to them can be devised, it is likely that someone has made an antenna in that pattern! This section touches on several types of designs that are sometimes encountered by amateurs. These are generally used at and above VHF for EMC testing, satellite and terrestrial microwave communication, various measurement activities, and so forth. Once you become interested in this type of antenna, there is a lot to learn! (Material in this section is based on Antennas, 2nd edition by Kraus from the chapter on Broadband and Frequency-Independent Antennas.)

10.6.1 Self-Complementary Antennas

Prior to the development of true frequency independent antennas, it was observed by Mushiake and Uda in 1949 that self-complementary planar antennas have a constant impedance of ½ the impedance of free space or 188 Ω, no matter what the exact shape is. A self-complementary planar antenna has a conductive (metal) area and an open area that are congruent (geometrically identical) and that can be made to overlay each other exactly by sliding or rotating the shapes without changing them. Three examples are shown in Figure 10.37. A casual online search on the subject will turn up hundreds of example antennas.
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10.6.2 Logarithmic Spirals

A logarithmic spiral or log spiral as shown in Figure 10.38 is defined by the equation:
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r = aθ or In(r)=θIna

where

r = distance from the center to a point, P, on the spiral

θ = angle with respect to the x axis

a = a constant

ln = natural logarithm, sometimes abbreviated loge

The angle between the spiral and the line from the center to P is also determined by quantity ln a.

If a second, third, and fourth identical log spirals are created but rotated to fit exactly between each other, an antenna can be created by filling the space between alternating pairs of spirals with metal. This creates two spiral conductors wrapped around each other as in Figure 10.39. The RF energy travels along the spiral (in this case counter-clockwise), creating radiation that is right-circularly polarized (RCP) out of the page and left-circularly polarized behind the page.
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The high-frequency limit of operation is determined by the spacing of the spirals at the feed point terminals and the low-frequency limit by the overall diameter. A typical ratio of high-to-low frequencies might be as much as 20 or 25:1. As shown in the figure, it is common practice to cut spiral into a metal ground plane or etch the pattern into PCB material. Coaxial feed line is laid on and bonded to one arm and the center conductor attached to the other arm. Practical antennas of this type have feed point impedances in the range of 50 to 100 Ω.

10.6.3 Conical Logarithmic Spirals

The multiple interlaced spirals of the planar log spiral can be wrapped around a conical surface and made uni-directional. The spiral can be made from strips of metal or even from coaxial cable. The feed point is at the apex of the cone and the radiation is circularly polarized in the direction of the apex.

The input impedance is in the range of 100 and 150 Ω for a pitch angle (the angle of the strip along the cone) of 17 degrees and cone body angles of 20 to 60 degrees. Smaller (narrower) cones have higher F/B ratios. The bandwidth is determined by the ratio of the base diameter (approximately λ/2 at the lowest frequency) to the truncated apex diameter (approximately λ/4 at the highest frequency).

Because of their well-controlled radiation patterns and extremely wide bandwidth, compact conical spiral antennas of this type are well-suited for testing and measurement purposes. They are often found in EMC labs for troubleshooting and certifying equipment. Examples of these antennas by the ETS-Lindgren company are presented along with performance data at ets-lindgren.com/get-manuals/3102(1).pdf.
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Chapter 11

General Purpose MF and HF Antennas

The antennas in this chapter are based on the dipole and the ground-plane monopole or “vertical” described in the Dipoles and Monopoles chapter. These simple antennas can be combined into arrays for additional directivity as described in the Phased Arrays and Broadside and End-Fire Dipole Arrays chapters. Practical information on building these antennas is covered in the Antenna Materials and Construction chapter.

This chapter presents practical designs most often used as resonant antennas on the MF and HF amateur bands. This is not to say that the antennas can only be used on a single band or below 30 MHz — many can be used on several bands as discussed in the Multiband HF Antennas chapter and the same principles can be used to create VHF and UHF antennas. Nevertheless, in these examples the discussion will be mainly concerned with use below 30 MHz.

For most amateurs, the choice of what type of antenna to install and whether it is installed horizontally or vertically is one of necessity and is driven by constraints such as whether trees or a tower are available, restrictions on external antennas, and aesthetic concerns. The goal of this chapter is to present a variety of options so that given the circumstances, the best choice or choices for the desired purpose can be made.

On the lower HF bands, a horizontally polarized antenna at low heights (in terms of wavelengths) provides good regional coverage via NVIS propagation. As a result, horizontal antennas like dipoles are very popular on these bands for short range and regional communications, nets, and rag chewing. Another advantage of horizontal antennas is that they do not require extensive ground systems to be efficient.

For a horizontally polarized antenna to be effective for typical DX communications, heights of λ/2 to 1 λ are considered to be a minimum. As we go down in frequency these heights become harder to realize. For example, a 160-meter dipole at 70 feet is only 0.14 λ high, the equivalent of a 20-meter dipole only 9 feet off the ground! This antenna will be very effective for local and short distance QSOs but not very good for DXing.

As a result, on our MF bands (630 and 160 meters) and the lower HF bands, vertical antennas become increasingly attractive — especially for making DX contacts — because they provide a means for lowering the radiation angle. This is especially true where practical heights for horizontally polarized antennas are too low. On our LF band with a wavelength of 2200 meters, vertical antennas are the only practical option, requiring special loading techniques to resonate at that low frequency.

Performance of a vertically polarized antenna is determined by several factors:

• Electrical height of the vertical portion of the radiator

• The ground or counterpoise system efficiency if one is used

• Ground characteristics in the near- and far-field regions

• The efficiency of loading elements and matching networks

Determining whether a horizontal or vertical antenna is appropriate depends on the intended use of the antenna. The chapter HF Antenna System Design will extend the discussion beyond individual antennas to the selection of antennas for a desired purpose, such as DX versus local or continental coverage.

11.1 Dipole Antennas

11.1.1 Dipole Basics

Half-wave dipoles and variations of these can be a very good choice for an HF antenna. Where only single-band operation is desired, the λ/2 antenna fed with 50- or 75-Ω coaxial cable is a popular and inexpensive antenna. It can also be used on the third harmonic with some adjustment as explained in the project at the end of this section. The basic and most common construction for MF and HF dipoles is shown in Figure 11.1. For more information about constructing wire antennas in general, see the Antenna Materials and Construction chapter.
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The length of the λ/2 dipole in feet is often stated as ☐ = 468/f (MHz) although this rarely results in an antenna resonant at the desired frequency as discussed in the chapter Dipoles and Monopoles. It is more practical to begin with a length of 485/f or 490/f (Table 11.1 gives lengths for each of the ham bands from 1.8 through 50 MHz) and then adjust the antenna according to the following procedure:
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Dipoles and NVIS Operation
Dipoles are by far the most popular antenna used for NVIS communication, mostly for public service operations. At a height of 0.2 wavelengths, the dipole is efficient and has good gain at high elevation angles. Lower heights increase ground losses and reflector wires on the ground do not provide significant improvements in signal strength. See the NVIS sections of the chapters Propagation of Radio Waves and HF Antenna System Design for more information.


1) Assemble the antenna with length l1 for a desired frequency of f1 but do not make the attachments to the end insulators permanent. Twisting or clamping the antenna wire at the insulators will suffice during adjustment.

2) Raise the antenna to its desired position and determine the frequency of lowest SWR, f2.

3) Assuming that f2 is too low (the antenna is too long), calculate the desired length l2 = l1 × f2 / f1. Trim the antenna to the desired length by removing equal amounts of wire on each end to maintain electrical balance at the feed point.

Example: A dipole intended to be used at 14.250 MHz is initially built with a physical length of 490 / 14.250 = 34.4 feet (34 feet 5 in). Once in place, f2 is determined to be 13.795 MHz. Using step 3, the desired length should be 34.4 × 13.795 / 14.250 = 33.3 feet and the antenna is 34.4 – 33.3 = 1.1 feet (1 foot 1 inch) too long. Remove 6.5 inches from each end of the antenna.

Using insulated wire, such as THHN electrical service wire, will shorten the antenna by a few percent, depending on the type of insulation. If the insulation has a clear sheath, it will degrade from solar UV and eventually shed from the wire but will have little effect on antenna performance.

When shortening the antenna to resonance on the desired frequency, simply pull the wire through the insulators and wrap it around the main antenna wire. It is not necessary to cut off surplus wire as you tune the antenna or solder it to the main wire. After the antenna has been tuned, then you can trim the wire and make the insulator attachment permanent.

Coaxial lines present support problems as a concentrated weight at the center of the antenna, tending to pull the center of the antenna down, so care must be taken to make the feed point connections strong and provide support for the cable. If a center support or conveniently located tree is available, insulators with a rope attachment point can be used to support the weight.

The feed line should come away from the antenna at right angles for the longest practical distance so as to preserve electrical balance and minimize coupling of the antenna to the feed line shield’s outer surface. Adding a choke balun at the feed point helps to electrically isolate the shield surface and prevent common-mode current from flowing on the feed line. (See the Transmission Line System Techniques chapter for a discussion of the use of choke baluns.)

BENDING A DIPOLE

If you do not have sufficient length between the supports, simply hang as much of the center of the antenna as possible between the supports and let the ends hang down as in Figure 11.2. The ends can be straight down or may be at an angle as indicated but in either case should be secured so that they do not move in the wind. As long as the center portion between the supports is at least λ/4, the radiation pattern will be very nearly the same as a full-length dipole.
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The resonant length of the wire will be somewhat shorter than a full-length dipole and can best be determined by experimentally adjusting the length of ends, which may be conveniently near ground. Keep in mind that there can be very high voltages at the ends of the wires and for safety the ends should be kept out of reach.

Folding the ends back on the antenna is a type of linear loading. Both types of loading are discussed later in this chapter. While both techniques are efficient, it will also reduce the matching bandwidth — as does any form of loading.

11.1.2 Inverted-V Dipole

If only a single support is available, the halves of a dipole may be sloped to form an inverted-V dipole, as shown in Figure 11.3. This also reduces the horizontal space required for the antenna. L.B. Cebik, W4RNL, wrote several articles on the inverted-V, including “Antennas From the Ground Up” (available from several online sources) that shows the antenna’s evolution from the dipole. Cebik discusses the effects of moving the arms on pattern and impedance along with other variations in antenna geometry.

[image: ]

There will be some difference in performance between a horizontal dipole and the inverted-V as shown by the radiation patterns in Figure 11.4. There is small loss in peak gain and the pattern is less directional.
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Bringing a dipole’s wires toward each other results in a decrease of the resonant frequency and a decrease in feed point impedance and bandwidth. (This is true whether the dipole is constructed as an inverted-V or not.) Thus, to maintain the same resonant frequency, the length of the dipole must be decreased somewhat over that of the horizontal configuration.

The amount of shortening required varies with the circumstances of the installation but a reasonable rule of thumb would be 5% for every 45 degrees that the legs of the dipole are lowered from horizontal. Start with an initial length for a horizontal dipole and then trim it in the inverted-V configuration according to the procedure given for horizontal dipoles.

The angle at the apex is not critical, although angles smaller than 90° begin to compromise performance significantly. Because of the lower feed point impedance, a 50-Ω feed line should be used.

If a close match to the feed line impedance is desired, the usual procedure is to adjust the angle for lowest SWR while keeping the dipole resonant by adjusting its length. Bandwidth may be increased by using multiconductor elements, such as a cage or fan configuration as discussed below.

11.1.3 Sloping Dipoles

Another variation of the single-support configuration is the λ/2 sloping dipole shown in Figure 11.5A. This antenna is also known as a sloper or half-wave sloper to distinguish it from the half sloper described in the section on vertically-polarized antennas. The feed point impedance depends on the height of the antenna above ground, the characteristics of the ground, and the angle the antenna makes with the ground. In most cases, an acceptable SWR for coaxial cable can be achieved by altering the direction and height. Losses increase as the antenna ends approach the support or the ground, so the same cautions about the height of the antenna ends apply as for the inverted-V antenna.
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The amount of slope from horizontal can vary from 0°, where the dipole is in a flattop configuration, all the way to 90°, where the dipole becomes fully vertical. The latter configuration is sometimes called a Halfwave Vertical Dipole (HVD) and is discussed in the section on vertically polarized antennas.

This antenna slightly favors the direction of the antenna’s slope as shown in Figure 11.6B. With a non-conducting support and average to poor ground, signals off the back are weaker than those off the front. With a non-conducting mast and good ground, the response is approximately omnidirectional with no gain in any direction.

A conductive support such as a tower acts as a parasitic element. The parasitic effects vary with ground quality, support height, and other conductors on the support (such as a beam at the top or other wire antennas). With such variables, performance is very difficult to predict but that is no reason not to put up the antenna and experiment with it. Many hams report good results with a sloper. To prevent coupling to the feed line, route the coax away from the feed point at 90° from the antenna as far as possible and use a choke balun at the feed point.

An intensive modeling study on feeding the closely-related HVD was done for the book Simple and Fun Antennas for Hams (see References and Bibliography). This study indicated that directing the feed line at an angle down to the ground of as little as 30° from the antenna can work with only minor interaction, provided that feed line chokes were employed at the feed point and a quarter-wavelength down the line from the feed point. (See the Transmission Line System Techniques chapter.)

The sloping half-wave dipole in Figure 11.6 exhibits about 5 dB of front-to-back ratio, although even at its most favored direction it doesn’t quite have the same maximum gain as the HVD or the flattop dipole.

Two systems of multiple sloping dipoles are presented in articles included with this book’s online material. A system designed for 7 MHz by K1WA and another for 1.8 MHz by K3LR give the builder some directivity while only requiring a single support. These systems can also be adapted to other bands. See also the References and Bibliography entry for Sloper Antennas by Juergen Weigl, OE5CWL.

11.1.4 Zepp Antenna

Other than to obtain a convenient feed point impedance and to be somewhat balanced, there is no reason why a dipole has to be fed exactly at the center. In the early days, the λ/2 dipole was often fed at one end where it was called an “End-fed Zepp” after the Zeppelin airships from which it was first deployed.

Figure 11.6 shows a typical end-fed Zepp with a parallel-wire feed line. Since the feed line is connected at a low-current/high-voltage point on the antenna, the feed point impedance is quite high and often in the neighborhood of 3000-5000 Ω. This is too high to present a match to even the widest-spaced parallel-wire lines, so tuned feeders are often employed in which the feed line is an odd number of quarter-wavelengths long. Such a feed line transforms a high impedance into a low impedance as described in the Transmission Lines chapter, allowing low-impedance feed lines such as coax to be connected at a point with a more manageable SWR.
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Coaxial feed lines can connect directly to an end-fed Zepp or end-fed half-wave (EFHW) by using an impedance transformer at the antenna’s feed point. Because of the high impedance, a turns ratio of 7:1 or 8:1 (impedance ratio of 49:1 or 64:1) is required. See the EFHW section of the Multiband HF Antennas chapter for transformer design information. Owen Duffy, VK1OD, presents an 8:1 autotransformer in his article “Small efficient matching transformer for an EFHW” at owenduffy.net.

Feed points that are not in the center of the antenna (i.e. – asymmetric) are intrinsically unbalanced and significant amounts of common-mode current will flow on the feed line, whether parallel-conductor or coaxial, unless blocked by choke baluns as described in the Transmission Line System Techniques chapter. End-fed antennas include the feed line’s common-mode path as part of the antenna system. Off-center-fed antennas may or may not include the common-mode path depending on the antenna design.

11.1.5 Folded Dipoles

Figure 11.7 shows a two-wire folded dipole made from parallel 1⁄2-wavelength conductors connected together at each end of the antenna. Folded dipoles can also have three or even four conductors. One conductor is open in the middle where the feed line is attached. The remaining conductors are continuous from end to end. A folded dipole has the same gain and radiation pattern as a single-wire dipole.
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As more conductors are added, feed point impedance goes up with the square of the number of conductors. For the two-wire folded dipole, the feed point impedance is 22 = 4 times that of a single-wire dipole. A three-wire folded dipole would have 32 = 9 times higher feed point impedance and so forth. (See the Dipoles and Monopoles chapter for more about why folded dipoles work this way.)

A common use of the folded dipole is to raise the feed point impedance of the antenna to present a better impedance match to feed lines. For example, if a very long feed line to a dipole is required, open-wire feed line would be preferable because of its lower loss. By raising the dipole’s feed point impedance, SWR on the open-wire line is reduced from what it would be if connected to a single-wire dipole. For example, by using a three-wire folded dipole, the 72 Ω feed point impedance of a single-wire dipole is increased to 9 × 72 = 648 Ω which is a good match to 600 Ω open-wire line. A 50 Ω feed point impedance would be increased to 9 × 50 = 450 Ω, the same as widely available window line.

11.1.6 Broadband Dipoles

Producing a dipole with an SWR bandwidth covering an entire amateur band is difficult for the 160 meter and 80 meter bands due to their relative spans: approximately 10.5% for the 160 meter band and 13.4% for the 80 meter band from the lowest to the highest frequency of the allocation. Most single-wire dipoles have an SWR bandwidth of a few percent in comparison, making it difficult to cover these widest of our bands with just one antenna. Given the importance of 80 meters to a wide variety of operating activities, that band has received the most attention. The higher HF bands are much narrower in comparison and generally can be covered by a single-wire dipole.

As Dave Leeson, W6NL, notes in his QEX article “The Story of the Broadband Dipole,” the search for a broadband 80 meter dipole antenna has a long history, culminating in a series of articles by Frank Witt, AI1H. Beginning with the antennas seen in early radio, a wide range of broadbanding concepts has been explored. Here are some major categories:

• Cage, parallel wire, fan or bow-tie dipoles that have a large equivalent diameter or that approximate conical dipoles

• Multiple dipoles with staggered resonances connected in parallel

• Dipoles with a coupled resonator “open sleeve” element

• “Bazooka” dipoles with coaxial radiating elements

• Dipoles with lumped reactive matching networks

• Dipoles with coaxial radiating and matching elements

• Dipoles with resonant feed line matching

There are mechanical and reliability problems associated with many of the broadbanding schemes. Cage and multiple dipole configurations have a tendency to become twisted in the wind, are difficult to construct and install, take up more space, and have greater visual impact than a simple dipole. Coaxial radiating elements require sealing from the weather, are heavy to support and are not necessarily strong enough to avoid stretching under load. In addition, some of the published designs don’t have sufficient broadband response, while others are broadband mainly because of losses in the matching network.

The remainder of this section will present examples of each, focusing on the first and last categories as giving the best performance. See Leeson’s article for a thorough list of references. All of these methods are discussed in the article “Broadband Antenna Matching” by Frank Witt, AI1H, which is included with the Transmission Line System Technique chapter’s online material.

INCREASING ANTENNA DIAMETER

The simplest way to increase the SWR bandwidth of a single-wire dipole is to increase the thickness of the wire (the length-to-diameter ratio) as discussed in the Antenna Fundamentals and Dipoles and Ground-Planes chapters. This reduces the change in reactance with frequency, causing the SWR to vary more gradually with frequency, as well. Since the range of available wire sizes is quite limited in the potential effect on bandwidth at MF and HF, the technique of employing multiple wires is used to create a larger-diameter conductor.

There are three common methods of using multiple wires in this way: the cage, the fan and the open-sleeve. The cage shown in Figure 11.8 is a very old design, having been employed during the early days of “wireless” to increase bandwidth of antennas used for spark signals with their very wide bandwidths. The cage consists of several wires (three or more) held apart by spreaders (insulating or non-insulating) and connected together at the ends and at the feed point. A project describing the cage dipole in use at W1AW on 80 meters is included at the end of this section. The “flat-top” antenna of several wires in parallel instead of in a cage was also used in this way.
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In fact, to increase bandwidth it is not necessary to increase the antenna’s diameter over the entire length, just near the ends. Thus, a simplified variation on the cage is to create a “bow-tie” with just two wires in each leg of the dipole. The wires are tied together at the feed point and spread apart up to 10 feet at the ends of the dipole where they may be connected together or left separate. The bow-tie or “skeleton biconical dipole” was discussed by Hallas in the May 2005 QST (see the References and Bibliography).

In both cases, extra tethers are usually required at the ends of the cage or fan to keep the antenna from twisting in the wind. This is less of a problem with the cage design which uses multiple spreaders to keep the wires apart. Such antennas provide excellent electrical performance at the cost of some mechanical complexity and extra weight. They may not be suitable in areas where heavy icing or high wind speed is common.

A second method creates a fan of two or more dipoles with close but not identical resonant frequencies. This is illustrated in Figure 11.9 in which three dipoles are cut for the bottom, middle and top frequencies in the 80 meter band (3.5, 3.75, and 4 MHz) and fed in parallel at the feed point. This is similar to the bow-tie mentioned in the previous paragraph but the ends of the dipoles are not connected together. A nonconducting spreader is used to hold the wires apart.
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The dipole impedances interact to some degree depending on how different the resonant frequencies are. Modeling is recommended at the expected height above ground but may not give completely accurate results due to the very shallow angle at which the wires join at the feed point. Expect some adjustments as the three dipoles are adjusted to give the desired SWR curve across the band. Two dipoles can cover approximately two-thirds of the band.

PROJECT: COUPLED-RESONATOR 75/80 METER DIPOLE

The third method is to place a parasitic dipole extremely close to the driven dipole so that it couples to the driven dipole and essentially operates in parallel with it. This technique has been refined in several recent articles. Figure 11.10 shows an implementation by Ted Armstrong, WA6RNC, from the March 2013 issue of QST. (This article is included with this book’s online material along with a previous design from Rudy Severns, N6LF. Check The Antenna Book’s website at arrl.org/arrl-antenna-book-reference for more infor-mation about broadband designs for antennas on 160 through 40 meters.)
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An isolated wire is placed next to a dipole cut for the low end of the band. The shorter wire has a higher resonant frequency and becomes the radiator as energy shifts to it higher in the band. This antenna’s SWR was less than 1.7:1 across the entire 75/80 meter band and lower at most frequencies.

PROJECT: W1AW 80 METER CAGE DIPOLE

The 80 meter cage antenna used at W1AW is based loosely on a design that appeared in a December 1980 QST article by Allen Harbach, WA4DRU. (See the References and Bibliography and this book’s online material.) The antenna is used primarily for W1AW’s scheduled transmissions. It is also used for regular visitor operations as well. The resonant frequency of the antenna is 3627 kHz but the overall SWR is less than 2:1 from 3580 to 3995 kHz.

The W1AW cage antenna differs from the original article in that it’s meant to be in place for a long period of time. So, most parts of the antenna are designed more ruggedly than in the Harbach design.

Each leg of the dipole is a cage made of four 80 meter dipole antennas of #14 AWG stranded copper wire tied together both at the ends and at the feed point as shown in Figure 11.11. Although Copperweld or an equivalent heftier wire could have been used, this size wire was easy to work with. The four wires forming each leg of the dipole are separated using a similar crosspiece. There is a crosspiece near the feed point and the ends. The spacing between the wires is three feet.
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Each cage wire passes through one leg of each crosspiece. A keeper wire is soldered across around the end of the PVC tube to the antenna wire on either side. This keeps the crosspiece from moving up and down the antenna. Exterior silicone caulk is applied to the hole in the tubing to seal it from moisture. Inside the crosspieces are oak dowels and the ends of the crosspieces are also capped. This adds rigidity to the crosspiece.

The feed point assembly is a homebrew PVC center insulator consisting of a pair of 2-inch end caps attached to both ends of a 6-inch long, 2-inch PVC pipe tee. A stainless steel eyebolt with two solder lugs is mounted in the middle of each cap. One solder lug is on the outside of the cap for a connection to the antenna and the other is inside for connection to the SO-239 coax connector. The SO-239 is mounted on a third cap attached to the middle tee section.

An 8-turn coaxial choke is connected to the antenna at the center insulator. The choke is made from RG-213 coax using designs included in the Transmission Line System Techniques chapter.

The center insulator assembly is bolted to a 4-foot length piece of 1-inch PVC pipe. The inner crosspieces are also bolted to this section of pipe as shown in the figure. This provides added support to the antenna. The center insulator and length of PVC are secured to the tower using a side-arm.

At the feed point, the four wires of each leg are brought together and looped through the eye-bolt. They are then twisted and soldered together and a short jumper of wire connects the twisted wires to a solder lug on the eyebolt. Inside each end cap, a jumper wire connects a second solder lug on the eyebolt to the SO-239 on the remaining cap.

At the outside ends of the cage, all four wires are brought to a common point, twisted together, and then attached to a strain insulator. The strain insulator and two of the crosspiece arms are tied off to the supports. This keeps the antenna legs from twisting in the breeze.

Tuning the antenna can be a bit tricky since each leg (wire) must be trimmed the same amount. It is best to start off with wire lengths calculated using the lowest operating frequency (for example, 3500 kHz). After trimming, the overall length of the antenna will be slightly smaller than that of a single-wire 80 meter dipole. This is because the radiating element is three feet in diameter — much thicker than a single-wire dipole.

While construction of this antenna is a bit more involved than that of a regular dipole, the result is a broadband antenna that doesn’t require a tuner. The design specifications can also be recalculated to fit other amateur bands.

“BAZOOKA” DIPOLES

The initial design for the “Double Bazooka” antenna was published in 1968 by W8TV (see the References and Bibliography). It uses twin matching stubs of RG-58 coax connected in series with each leg of the dipole at the feed point (see Figure 11.12A) A variation called the “Crossed Bazooka” (Figure 11.12B) connects the stubs in parallel across the feed point. Each stub is electrically λ/4 inside the coax, shorted at the outside end. The outer surface of the coax shield and the extension wires from the shorted end of the coax form the radiating surface of the dipole. The original article suggested parallel-conductor extensions but most builders use a single wire today.
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The theory of the double bazooka is as follows: The shorted stubs act as open circuits at their resonant frequency. As the frequency is increased, the stubs are electrically longer and become capacitive above resonance. The feed point impedance of the antenna, however, becomes inductive. So, the reactance of the stubs acts to cancel some of the antenna’s reactance, increasing the SWR bandwidth of the antenna.

Walt Maxwell, W2DU, addressed the issues of stub losses, reactance cancellation, and other issues in a QST “Technical Correspondence” column and a Ham Radio article (see References and Bibliography), attributing the reported larger bandwidth primarily to feed line losses and increased conductor diameter. A similar analysis by Owen Duffy, VK1OD (owenduffy.net/antenna/DoubleBazooka/index.htm) yields the same conclusions. Although the antenna is popular and gives adequate service, a regular dipole will work just as well and is simpler to construct.

LC MATCHING NETWORK

This matching technique in Figure 11.13 uses a parallel LC circuit for reactance compensation instead of stubs. It also acts as a step-up transformer voltage balun — see the Transmission Line System Techniques section on Three-Winding Voltage Baluns. The network is connected across the feed point of a single-wire dipole and adjusted for best performance.
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The 3:1 SWR points can be kept entirely within the 80-meter band, rising to near 3:1 at 3.5 and 4 MHz. The version known as the “DXer’s Delight” sacrifices low SWR at the high end of the band for low SWR near 3.5 and 3.8 MHz — both prime frequencies for DXing and contesting. The DXer’s Delight version uses a 400 pF / 4 kV transmitting capacitor for C1 and a 4.7 µH inductor made from 81⁄2 turns of B&W type 3029 coil stock (6 turns per inch, 21⁄2 inch diameter, #12 AWG wire). Regardless of which version you prefer, use a variable capacitor and tapped coil to perform adjustments at low power levels and then replace the components with high-power equivalents.

PROJECT: TRANSMISSION LINE RESONATOR (TLR) WIDEBAND 80 METER DIPOLE

The TLR system was introduced to amateurs by Frank Witt, AI1H, in the article “A Simple Broadband Dipole for 80 Meters.” (The article is excerpted here and is included in this chapter’s online material along with a more complete treatment of broadband matching techniques in the article “Broadband Antenna Matching” in the online material for the Transmission Line System Techniques chapter.) In this system-level approach, the single-wire dipole antenna itself is not modified. The system uses a broadband match as shown in Figure 11.14A. The key broadbanding element is the transmission line resonator (TLR). Part of the transmission line compensates for the reactance presented by the dipole away from its resonant frequency. This part of the line is a multiple of an electrical half-wavelength. The quarter-wavelength segment acts as a synchronous transformer to present an appropriate source impedance to the TLR. (See the Transmission Line System Techniques chapter.) See the References and Bibliography entry for Cebik’s more detailed analysis and modeling of the TLR match.
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The antenna is a center-fed half-wavelength dipole trimmed for resonance at 3.75 MHz. The transmission line is segmented into one electrical wavelength of 50-Ω coax and an electrical quarter-wavelength of 75-Ω coax. The values in Table 11.2 were calculated using standard formulas for electrical length of feed lines (see the Transmission Lines chapter) with a velocity factor (VF) of 0.66, corresponding to coax with a solid polyethylene dielectric, such as RG-11 and RG-213. The actual values resulted from tuning the antenna, manufacturing variations in VF from published values, and stretching of the coax. The antenna was installed as an inverted-V with an included angle of 140° and a height of 60 feet. Dipole wire size was #14 AWG but that is not critical.
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The system’s SWR at the transmitter is shown in Figure 11.14B. The SWR curve labeled “Conventional System” is the same dipole fed with about 3⁄4-wavelength of RG-213. The broadband system’s SWR bandwidth is 2.2 times that of the conventional system. Additional mismatch loss caused by SWR in the matching sections is less than 0.5 dB anywhere in the band. Witt’s 1993 article shows loss for several system configurations, including an unmatched system.

The feed line length may be extended by adding any required length of 50-Ω coax between the transmitter and the quarter-wave segment (point A in Figure 11.14A). A choke balun should be installed at the antenna’s feed point. If the feed line is formed into a coiled-coax choke, that length of line must be included in the one-wavelength segment.

Tuning is accomplished by adjusting the dipole and resonator lengths. You can tune the antenna without connectors at the junction of the resonator and 1⁄4-wavelength section by tack-soldering them together and testing with an antenna analyzer or very low power. Start with the dipole legs each 2 feet longer than calculated and the extra wire wrapped back around the antenna — it can be trimmed after adjustment is complete. (Existing 80 meter dipoles can be converted to the TLR system by trimming them to resonance at a mid-band frequency and adding the necessary resonator segments.

Begin by adjusting the dipole legs, each by the same amount, so that the SWR curve measured at the transmitter is symmetrical about the center frequency. To offset the frequency of minimum SWR, adjust the length of the one-wavelength resonator using the formula LNEW = LOLD (f0 – Df) / f0, where f0 is the design frequency of the antenna system and ∆f is the required offset. The length of the quarter-wavelength segment does not need to be changed to shift the SWR curve.

11.1.7 Linear Loaded Dipoles

This method of shortening radiators can be applied to almost any antenna configuration — including parasitic arrays. Linear loading basically consists of folding the antenna to reduce its physical length while attempting to preserve overall signal radiation. This folding can significantly reduce the required length for resonant antennas. For example, it is easy to make a resonant antenna that is as much as 30 to 40 percent shorter than an ordinary dipole for a given band.

Depending on what section of the antenna is folded and the spacing of the conductors, radiation from the folded section is relatively low because of field cancellation but because current is not constant over the length of the folded section, cancellation is not total and there is some radiation. Careful selection of what sections to fold and the use of modeling can result in an effective antenna.

Linear loading introduces relatively little loss, does not degrade directivity patterns, and has low enough Q to allow reasonably good bandwidth. Note that linear loading increases the mechanical complexity of the antenna which can cause reliability problems, especially when it is used on large antennas exposed to the wind and icing.

When experimenting with linear loading, try a length of conductor 10% to 20% longer than the difference between the shortened antenna and the full-size dimension of the folded sections. Then use the “cut-and-try” method, varying both the spacing and length of the folded section to optimize the match. A hairpin match at the feed point can be useful in achieving a 1:1 SWR at resonance.

Linear-loaded dipole antennas can be mounted either horizontally or vertically. Using different diameter conductors in linear-loaded antenna configurations yields different results, depending on whether the larger or small diameter conductor is fed.

PROJECT: LINEAR LOADED DIPOLE FOR 7 MHZ

Lew Gordon, K4VX, designed a simple 40-meter dipole using linear loading with 450 Ω window line as the folded section. Complete details are available in his article “The K4VX Linear-Loaded Dipole for 7 MHz” that is included in the online material.

Linear loading is added at the center of the dipole to simplify the mechanical design and avoid extra insulators along the antenna if the loading was added midway along the antenna. Modeling showed little difference between these two approaches. Figure 11.15 shows the overall approach and a construction detail at the center.
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Rather than place the window line below the main single-wire span, the single-wire span is threaded through holes in the window line spaced every 6 inches or so. This keeps the single wire centered in the window line. Concerns that the three conductors are spaced too closely were not realized on the air.

11.1.8 Inductively Loaded Dipoles

Dipoles can also be shortened by inserting loading coils in the antenna, similarly to vertical whips. Two identical coils are used, one on each side of the feed point, placed equal distances from the feed point. To accomplish a specific amount of shortening, the farther from the feed point the coils are placed, the more reactance they must have.

The most serious drawback associated with inductive loading is loss in the coils themselves. It is important that you use “high-Q” inductors made from reasonably large wire or tubing to minimize this problem. Close winding of turns should also be avoided if possible. A good compromise is to use some off-center inductive loading in combination with capacitive end loading, keeping the inductor losses small and the efficiency as high as possible.

Some examples of off-center coil loading and capacitive-end loading are shown in Figure 11.16. This technique was described by Jerry Hall, K1TD in September 1974 QST and by Luiz Duarte Lopes, CT1EOJ in October 2003 QST. (These articles are included with this book’s online material and are listed in the References and Bibliography.) Approximate inductive reactances for single-band resonance (for the antenna in Figure 11.16A only) may be determined with the aid of Figure 11.17. The final values will depend on the proximity of surrounding objects in individual installations and must be determined experimentally.
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The use of high-Q low-loss coils is important for maximum efficiency. This is particularly important if high power is to be used. Several calculators and online articles are available to guide the antenna builder. Serge Stroobandt, ON4AA, has made available a sophisticated inductor design calculator web page at hamwaves.com/antennas/inductance.html which takes into account a number of important effects that affected the accuracy of earlier calculators. Tom Rauch, W8JI, has published a great deal of information about loading coils at w8ji.com/loading_inductors.htm. And as an example of building high-performance loaded antennas, Steve Babcock, VE6WZ, shows construction methods for some rugged 80-meter Yagi loading coils at qsl.net/ve6wz/coil.htm. One caveat for the coil winder — if you use copper tubing instead of wire, it is specified by its inside diameter, not the outside diameter, as is done for wire.

An antenna analyzer is recommended for use during adjustment of the system. Note that the minimum inductance required is for a center-loaded dipole where the coil is at the feed point (B=0). If the inductive reactance is read from Figure 11.17 for a dimension B of zero, one coil having approximately twice this reactance can be used near the center of the dipole.

11.2 Vertical Antennas

11.2.1 The Half-Wave Vertical Dipole (HVD)

The simplest form of vertical is that of a half-wave vertical dipole, an HVD. This is a horizontal dipole turned 90° so that it is perpendicular to the ground under it. Of course, the top end of such an antenna must be at least a half wave above the ground or else it would be touching the ground. This poses quite a construction challenge if the builder wants a free-standing low-frequency antenna. Hams fortunate enough to have tall trees on their property can suspend wire HVDs from these trees. Similarly, hams with two tall towers can run rope catenaries between them to hold up an HVD.

A vertical half-wave dipole has some operational advantages compared to a more-commonly used vertical configuration — the quarter-wave vertical used with some sort of above-ground counterpoise or an on-ground radial system. See Figure 11.18, which shows the two configurations discussed here. In each case, the lowest part of each antenna is 8 feet above ground, to prevent passersby from being able to touch any live wire. Each antenna is assumed to be made of #14 AWG wire resonant on 80 meters.
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Figure 11.19 compares elevation patterns for the two antennas for “average ground.” You can see that the half-wave vertical dipole has about 1.5 dB higher peak gain, since it compresses the vertical elevation pattern down somewhat closer to the horizon than does the quarter-wave ground plane. Another advantage to using a half-wave radiator besides higher gain is that less horizontal “real estate” is needed compared to a quarter-wave vertical with its horizontal radials.
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The obvious disadvantage to an HVD is that it is taller than a quarter-wave ground plane. This requires a higher support (such as a taller tree) if you make it from wire, or a longer element if you make it from telescoping aluminum tubing.

CENTER-FEEDING A VERTICAL DIPOLE

To minimize coupling between the feed line and the antenna, you must arrange the feed line so that it is perpendicular to the half-wave radiator. This means you must support the coax feed line above ground for some distance before bringing the coax down to ground level. A question immediately arises: How far must you go out horizontally with the feed line before going to ground level to eliminate common-mode currents that are radiated onto the coax shield? Such common-mode currents will affect the feed point impedance as well as the radiation pattern for the antenna system. Quite a bit of distortion in the azimuthal pattern can be created if common-mode currents aren’t suppressed, usually by using a common-mode choke balun.

Constructing such a choke is very simple: ferrite beads of type #31 or #43 mix are slipped over the coax (before the connectors are soldered on or else they won’t fit!) and taped in place. The only problem with this scheme is that an additional support (some sort of “skyhook”) is required to support the coax horizontally. Let’s try to simplify the installation, by slanting the feed line coax down to ground from the feed point at a fairly steep angle of about 30° from vertical. See Figure 11.20.
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Note that the bottom end of the coax in Figure 11.20 is grounded to a ground rod. This serves as a mechanical connection to hold the coax in place and it provides some protection against lightning strikes. Now, as a purely practical matter, just how picky are we being here? What if we skip the second common-mode choke and just use one at the feed point? The computer model predicts that there will be some distortion in the azimuthal pattern — about 1.1 dB worth. Whether this is serious is up to you. However, you may find other problems with common-mode currents on the coax shield — problems such as “RF in the shack” or variable SWR readings depending on the way coax is routed in the station. The addition of three extra ferrite beads to suppress the common-mode currents is cheap insurance.

A variation on the HVD that is shortened through the use of capacitive loading is the Compact Vertical Dipole (CVD). An article describing the CVD is included with this book’s online material.

PROJECT: END-FED VERTICAL DIPOLE

The problem of coupling between the feed line and the antenna is minimized by making the feed line part of the antenna as shown in Figure 11.21. In this design by Jim Brown, K9YC, and Glen Brown, W6GJB, a quarter-wavelength of coaxial cable forms the bottom leg of the dipole and is terminated by a high-impedance ferrite choke. The upper leg is a conventional quarter-wave wire. This design requires just the single support and has none of the issues with trying to run the feed line at right angles to the antenna. The full presentation by K9YC is available at k9yc.com/VerticalDipole.pdf.
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The challenge with this design is to ensure that the ferrite choke at the bottom of the antenna has enough choking impedance at the frequency of use to act like an insulator and to not overheat from the high voltage across it. The choke can be made of type #31 or #43 ferrite and should be resonant (for maximum impedance) near the operating frequency. If the choking impedance is not high enough, the choke will overheat. For 1500 W operation, at least 10 kΩ is needed; for 500 W, 5 kΩ; and for 100 W or less, 1–2 kΩ is sufficient. (See the sections on ferrite chokes in the Transmission Line System Techniques chapter.)

Use coaxial cable with a copper braid shield for power levels above QRP. Do not use cable with only a foil or thin braid shield. The dipole’s impedance will be around 70 Ω so either 75-Ω or 50-Ω coax will work.

The center connection is shown as a detail in Figure 11.19 and consists of two PL-259 plugs connected by a PL-258 “barrel” connector. The upper PL-259 should have a short piece of RG-8 or RG-213 inserted with only the center conductor soldered to the connector pin. The coax should extend out of the body of the connector for at least 1⁄4 inch so that the center conductor is insulated from the body by the coax jacket. Extend the center conductor for an inch or so and form a small loop. The upper leg wire is then soldered to this loop. The lower PL-259 is fitted to the coax feed line as usual.

11.2.2 Monopole Verticals With Ground-Plane Radials

For best performance the vertical portion of a ground-plane type of antenna should be λ/4 or more, but this is not an absolute requirement. With proper design, antennas as short as 0.1 λ or even less can be efficient and effective. Antennas shorter than λ/4 will be reactive and some form of loading and perhaps a matching network will be required.

If the radiator is made of wire supported by nonconducting material, the approximate length for λ/4 resonance can be found from:
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The same cautions about the effects of ground and wire or tubing diameter apply to this equation for verticals. For a tower, the resonant length will be shorter still. It is recommended that the builder start a few percent long and trim the antenna to length based on measurements taken with the antenna in place. (See the Dipoles and Monopoles chapter.)

The effect of ground characteristics on losses and elevation pattern is discussed in detail in the chapter Effects of Ground. The most important points made in that discussion are the effect of ground characteristics on the radiation pattern and the means for achieving low ground-loss resistance in a buried ground system. As ground conductivity increases, low-angle radiation improves. This makes a vertical very attractive to those who live in areas with good ground conductivity. If your QTH is on a saltwater beach, then a vertical would be very effective, even when compared to horizontal antennas at great height.

When a radial ground system is used, the efficiency of the antenna will be limited by the loss resistance of the ground system. The ground can be a number of radial wires extending out from the base of the antenna for about λ/4. Note that radial wires on or in the ground are not tuned or resonant in the conventional sense because they couple strongly to the soil. That they are often specified to be λ/4 long stems from a study of broadcast antenna systems in the 1930s that resulted in the current standard of 120 radials, each long enough such that their ends are approximately 0.05-λ apart. That system was designed to minimize ground losses and the radials are approximately 1⁄4 λ long but not resonant or tuned.

If the radials are to be buried, only enough depth to keep them in the ground throughout the year is required. Burying radials more than a few inches deep reduces their effectiveness, particular on the higher HF bands. Radial wires should be close to or on the surface for maximum effectiveness. Radials can be effectively hidden by mowing grass or cutting vegetation as short as practical, then laying down the radials and holding them against the ground with lawn staples or short lengths of iron rebar-tie wire bent double. Grass will quickly grow over the radials, effectively hiding them while keeping them close to the soil surface. The action of plant growth, insects, and worms will eventually bury the radials in soil.

Driven ground rods, while needed for electrical safety and for lightning protection, are of little value as an RF ground for a vertical antenna, except perhaps in marshy or beach areas. As pointed out, many long radials are desirable. In general, however, a large number of short radials are preferable to only a few long radials, although the best system would have 60 or more radials longer than λ/4. An elevated system of radials or a ground screen (counterpoise) may be used instead of buried radials, and can result in an efficient antenna. Figure 11.22 illustrates the difference between buried and elevated radial systems. The reader is directed to the chapter Effects of Ground for a discussion of ground plane radial systems for vertical monopole antennas.
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11.2.3 Ground-Plane Antennas

The ground-plane antenna is a λ/4 vertical with four radials, as shown in Figure 11.23. The entire antenna is elevated above ground. A practical example of a 7-MHz ground-plane antenna is given in Figure 11.24. As explained earlier, elevating the antenna reduces the ground loss and lowers the radiation angle somewhat. The radials are sloped downward to make the feed point impedance closer to 50 Ω. (Also see the discussion of elevated radial systems in the chapter Effects of Ground.)
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The feed point impedance of the antenna varies with the height above ground, and to a lesser extent varies with the ground characteristics. Figure 11.25 is a graph of radiation resistance (RR) for a ground-plane antenna with the radials parallel to the ground. RR is plotted as a function of height above ground. Notice that the difference between perfect ground and average ground (ε = 13 and σ = 0.005 S/m) is small, except when quite close to ground. Near ground RR is between 36 and 40 Ω. This is a reasonable match for 50-Ω feed line but as the antenna is raised above ground RR drops to approximately 22 Ω, which is not a very good match. The feed point resistance can be increased by sloping the radials downward, away from the vertical section.
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The effect of sloping the radials is shown in Figure 11.26. The graph is for an antenna well above ground (> 0.3 λ). Notice that RR = 50 Ω when the radials are sloped downward at an angle of 45°, a convenient value. The resonant length of the antenna will vary slightly with the angle. In addition, the resonant length will vary a small amount with height above the ground. It is for these reasons, as well as the effect of conductor diameter, that some adjustment of the radial lengths is usually required. When the ground-plane antenna is used on the higher HF bands and at VHF, the height above ground is usually such that a radial sloping angle of 45° will give a good match to 50-Ω feed line.
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The effect of height on RR with a radial angle of 45° is shown in Figure 11.27. Below 7 MHz, it is seldom possible to elevate the antenna a significant portion of a wavelength and the radial angle required to match to 50-Ω line is usually of the order of 10° to 20°. To make the vertical portion of the antenna as long as possible, it may be better to accept a slightly poorer match and keep the radials parallel to ground.
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The principles of the folded dipole discussed earlier can also be applied to the ground-plane antenna, as shown in Figure 11.28. This is the folded monopole antenna. The feed point resistance can be controlled by the number of parallel vertical conductors and the ratios of their diameters.
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As mentioned earlier, it is important in most installations to isolate the antenna from the feed line and any conductive supporting structure. This is done to minimize the return current conducted through the ground. A return current on the feed line itself or the support structure can drastically alter the radiation pattern, usually for the worse. For these reasons, a choke balun (see the chapter Transmission Line System Techniques) or other isolation scheme must be used. 1:1 baluns are effective for the higher bands but at 3.5 and 1.8 MHz commercial baluns often have insufficient impedance to provide adequate isolation. It is very easy to recognize when the isolation is inadequate. When the antenna is being adjusted while watching an isolated impedance or SWR meter, adjustments may be sensitive to your touching the instrument. After adjustment and after the feed line is attached, the SWR may be drastically different. When the feed line is inadequately isolated, the apparent resonant frequency or the length of the radials required for resonance may also be significantly different from what you expect because the feed line’s outer surface has become part of the antenna.

A choke balun is used to isolate the feed line shield as discussed in the Transmission Line System Techniques chapter. An impedance of 500 Ω is usually sufficient but in difficult cases, up to 5000 Ω may be required. A ferrite choke with resistive material is preferred but the wound-coax choke shown in Figure 11.29 will do the job on a single-band antenna. For 1.8 MHz, 30 turns of RG-213 wound on a 14-inch length of 8-inch diameter PVC pipe will make a very good choke balun that can handle full legal power continuously. A smaller choke could be wound on 4-inch diameter plastic drain pipe using RG-8X or a Teflon insulated cable. The important point here is to isolate or decouple the antenna from the feed line and support structure.
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11.2.4 PROJECT: The 3⁄8 l Vertical

The 3⁄8-wavelength vertical shown in Figure 11.30 is often overlooked. It has several advantages over the 1⁄4 λ vertical while adding just 50% to the height. When ground-mounted, its vertical takeoff angle is a few degrees lower than the 1⁄4-λ which is important for DX contacts. The current maximum is above the ground by 1⁄4 λ which keeps the maximum radiation point clear of ground clutter. It is easily matched, has a wide operating bandwidth, and a high radiation resistance. 3⁄8-l and 5⁄8-l verticals are discussed in the Vertical Antennas chapter of ON4UN's Low-Band DXing.
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For 14 MHz and higher-frequency operation, the antenna can be constructed from copper wire or aluminum tubing as shown in Figure 11.31A. This is an easy antenna to construct from the pieces of old antennas on the upper HF bands. A complete construction article by Joe Reisert, W1JR, is included in this chapter’s online material.
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The antenna has a series impedance of approximately 200 Ω of resistance in series with an inductive reactance of 300 to 700 Ω. A series capacitor will cancel the inductive reactance and a 4:1 impedance transformer will convert the remaining resistance to approximately 50 Ω for attaching a coaxial feed line. At 14 MHz, the typical series capacitance required is 40 to 50 pF and is not critical. See the Transmission Line System Techniques chapter for 4:1 transformer designs.

Ground radials can be made of wire of any gauge or material. PVC-insulated #14 AWG is recommended so that the ground characteristics will have little effect on long-term performance. Only four radials are needed, approximately 15–17 feet long at 14 MHz, and length is not critical.

11.2.5 Shunt-Feeding Towers

A tower can be used as a vertical ground plane antenna, provided that a good ground system is in place. Most towers are grounded at the base, so they aren’t fed directly. The most common method of feeding a grounded tower as a vertical antenna is shunt feeding. Shunt feeding is basically a gamma match applied to a tower. (More detail about the gamma match is available in the “T and Gamma Matching” section of the Transmission Line System Techniques chapter.) Other matching networks, such as the L and omega networks, are also described in the same chapter.

The shunt-fed tower is at its best on 3.5 and 1.8 MHz when a separate or full-size l/4 vertical antenna can’t be construct-ed. Shunt feeding is also practical on 7 MHz for short towers. Beams on a mast at and above the top of the tower provide additional top loading to increase its electrical length. If a tower is too short for the gamma match approach, an omega match may be required to match inductive feed point impedances below 50 Ω.

There is no single formula that will generate the dimensions and component values for shunt feeding. Building your system will be a process of measuring and adjusting for the best match and bandwidth. You may want to ask others with successful shunt-fed towers about their systems and how they arrived at the basic dimensions. There are a lot of online resources showing various shunt-fed towers.

A detailed discussion of using towers as vertical antennas for low-band operation can be found in the Vertical Antennas chapter of ON4UN’s Low-Band DXing. A 30-minute video on shunt-feeding towers by Steve Babcock, VE6WZ, is available online at youtube.com: search for “How To Shunt Feed A Tower VE6WZ”. He has also made a short video on omega matching: search for “Omega Match-Shunt Fed Tower VE6WZ” to find it. Tom Rauch, W8JI, also discusses gamma and omega matching at w8ji.com/omega_and_gama_matching.htm.

PREPARING THE TOWER

Usually, some work must be done before shunt-feeding is tried. If present, metallic guys should be broken up with insulators. They can be made to provide top loading, if needed, by judicious placement of the first insulators. Don’t overdo it; there is no need to “tune the radiator to resonance” in this way since a shunt feed is employed. Resonant guy wire lengths for the band on which the tower will radiate should be avoided.

If the tower is attached above its base to a building, insulate the tower from the supporting material. If you are using a standard house bracket insert a PVC or Teflon sleeve between the U-bolt and tower leg. Otherwise, a high-strength plastic sheet, such as Delrin or HDPE, can be used as an insulator.

All feed lines should be taped to the tower, on the inside, and run all the way to ground level where voltage on the tower is very low. It is not necessary to bond shielded cables to the tower electrically except for lightning protection, but there should be no exceptions to the down-to-the-ground rule. It is also not necessary to bond the nested sections of a crank-up tower together if the tower is all-metal construction.

A good ground system for RF transmitting, well-bonded to the tower base, is required as described in the Effects of Ground chapter. Losses in the ground system affect the shunt feed adjustments and will reduce radiated signal strength. Lightning ground systems consisting solely of ground rods or ground rods with a single buried radial wire are insufficient. The feed point network must be well-bonded to the ground system, as well.

BASIC SHUNT-FEED STRUCTURE

The basic shunt-fed tower is shown in Figure 11.32. The tower is assumed to be well-grounded as described in the preceding section and of all-metal construction. The tower diameter will affect the behavior of the shunt-feed system and the frequency of the impedance match as described below.
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The shunt-feed gamma consists of the shunt arm installed up the tower at the tap point, the gamma wire, and the gamma capacitor. The simplest description of the system is that the shunt arm is installed at a point where the gamma wire transforms the impedance at the tap point to 50 + jX Ω and X is some amount of inductive reactance. The gamma capacitor is then selected to cancel the inductive reactance, leaving a feed point impedance of 50 + j0 Ω. The diameter of the gamma wire, its spacing from the tower, and the placement of the shunt arm on the tower all affect the frequency at which the tower can be matched.

The shunt arm can be made of any conducting metal bar, rod, tubing, or angle that is strong enough to hold the gamma wire or wires in the expected weather conditions. If the tower will be climbed regularly, plan for the arm to be stepped on or gripped as the climber goes up and down. The gamma wire should be at least 12 inches from the tower and be #12 AWG or heavier wire or tubing. Two or three gamma wires in parallel will increase matching bandwidth.

Top Loading

In a typical grounded-tower-and-Yagi installation, a top-mounted Yagi acts as a large capacitance hat, top loading the tower. Fortunately, top loading is the most efficient means of loading a vertical antenna. The examples in Table 11.3 give an idea of how much top loading might be expected from typical amateur antennas. The values listed in the Equivalent Loading column approximate the vertical height replaced by the antennas listed in a top-loaded vertical. Note that for all but the 10 meter antennas, the equivalent loading equals or exceeds a quarter wavelength on 40 meters. See the section Loading Techniques for Short Antennas in the Dipoles and Monopoles chapter for more information about top-loading.
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Capacitor Ratings

The gamma capacitor must be capable of carrying the current at whatever power level the station uses. RMS current through the capacitor is [image: ] where Z0 is the feed line characteristic impedance, assumed to be 50 Ω in this section. At full power, current in a 50 Ω system will be [image: ]

The capacitor must also withstand the peak voltage created by that current: VPK = IPK × XC = IRMS × 1.4 × XC. This can be several kV so a high-voltage transmitting capacitor will be required. For example, if SWR is 2:1, capacitor current would be 35 percent higher and peak voltage would double over that for an SWR of 1:1.

Safety factors for the current rating should be at least 50 percent at the maximum expected SWR. Avoid variable capacitors with small current-carrying bearings or sliding contacts that can heat up. Voltage safety rating should be enough to handle SWR spikes and environmental stresses like moisture or dust so at least double the peak expected voltage. Remember that using the antenna on frequencies where SWR is high will also raise the voltage across the capacitor.

Necessary Test Equipment

To adjust the shunt-feed system, you should have an anten-na analyzer capable of measuring R and X in the band to be used. Wider frequency ranges are useful, particularly at the beginning of the process when the feed point impedance at the design frequency is likely to be quite different than 50 + j0 Ω! Measurements should be made in the series circuit form: RS and XS. This is the default on most analyzers.

If you are using a vector analyzer, you’ll get the best results if you perform a calibration that includes any connecting cable between the analyzer and feed point. See the Antenna and Transmission Line Measurements chapter for more about analyzer calibration.

SHUNT ARM PLACEMENT

Deciding where to place the shunt arm and how long to make it are often daunting for first-time shunt-feed builders. Three methods of obtaining a reasonable initial position and adjusting the position are presented here: modeling and a gamma calculator, using charts from Low-Band DXing, and starting at the top and estimating a lower position. To account for any top loading from beams, use Table 11.3 to add additional length to the tower. Lengths of mast or whips above one or more beams will increase electrical length but not equivalent to their full physical length. An initial shunt arm length of 18 to 24 inches is a good starting point.

Modeling

If you can model the tower (including any top loading), find an approximate base impedance and use the GAMMAMW9a spreadsheet at n6mw.jimdofree.com/antenna-matching to calculate where the shunt arm should be placed. For a standard triangular lattice tower, the effective diameter is about ¾ of the face width. (A 12-inch tower face results in a 9-inch effective diameter.)

The design example in the T and Gamma Matching section referenced earlier starts with a 50-foot tower with a beam on the top being shunt-fed on 80 meters. Modeling calculates a base impedance of 20 + j100 Ω. After the first calculation results in a tap point above the tower top, gamma wire spacing is changed to 24 inches, resulting in a gamma wire length of 44 feet (this is where the shunt arm is placed), and a series capacitor of 51 pF. This is a typical process: model the base impedance, choose an initial gamma wire diameter and spacing, and if the results are not suitable, adjust the choices until the resulting dimensions are practical.

Charts from ON4UN’s Low-Band DXing

Another option is to use the chart of estimated electrical lengths from Low-Band DXing in Figure 11.33. The chart assumes a frequency of 1.825 MHz and an effective tower diameter of 30 cm (14 inches) which is close to Rohn 25. Start at your tower’s height on the horizontal axis, not including any top-loading antennas. Pick the type of the antenna closest to the top of the tower and travel upward from the horizontal axis until you reach the line representing your chosen antenna type. Travel horizontally to the vertical axis to read electrical length in degrees. If the lowest antenna is the largest — a typical installation — it will have the greatest effect so it will do the most to determine electrical length. For example, at 1.825 kHz, a 25-meter tower with a large (6-element) tribander on top is estimated at 99 degrees of electrical length. (The tower will be approximately twice as long, electrically, on 80 meters.)

[image: ]

If you have more antennas above the largest, use the next largest antenna type when picking electrical length. In tower configurations with multiple antennas of various sizes, at various heights, the charts from Low-Band DXing are a good starting point using the largest antenna. To one degree or another however, all the antennas will affect the apparent electrical length of the combination, meaning you’ll arrive at the final match through repeated adjust-and-measure cycles.

You can also create a feed point in the wire (see the VE6WZ video) and use an analyzer to find the lowest resonant frequency. This is the ¼-wavelength resonant frequency, f1/4-wave. Calculate the electrical length at your design frequency as: L (in degrees) = 90 × (fdesign / f1/4-wave). For example, if your tower is ¼-wavelength long at 1.7 MHz, its electrical length at 1.85 MHz is 90 × (1.85 / 1.7) = 97 degrees. At 3.8 MHz, it will be 90 × (3.8 / 1.7) = 163 degrees.

Now use the chart in Figure 11.34 to pick an initial tap height and series capacitance. For the 99-degree tower on 160 meters and a gamma wire spacing of 1 meter, the chart indicates a tap position of 14 meters. The series capacitor is approximately 450 pF.
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Start At the Top

Another more empirical method is to attach the shunt arm at the top of the tower and use an antenna analyzer at the feed point to measure R and X. Resistance should be greater than 50 Ω and reactance should be positive (inductive). If these conditions are met, proceed to the next paragraph. If resistance is less than 50 Ω, try increasing the gamma wire spacing. If reactance is negative (capacitive), then the tower is too short for the single series capacitor method.

Assuming R > 50 Ω, lower the tap position. Start by calculating R / tower height to get a rough estimate of ohms / foot of height. Subtract 50 from R and divide the result by the ohms / foot of height. Move the shunt arm down by that much and remeasure the feed point R and X. If the initial R is 90 Ω on a 100-foot tower, that is 90 / 100 = 0.9 ohms / foot. To reduce R by 90 – 50 = 40 Ω, lower the tap position by 40 × 0.9 = 36 feet. (This height is likely to be too low because of the over-simplified calculation.) Remeasure feed point R and X, then move the shunt arm until R is close to 50 Ω. If you are unable to find a shunt arm height that produces R = 50 Ω, increase the gamma wire spacing from the tower and repeat the procedure.

TUNING THE SHUNT-FEED MATCH

There are two basic rules for adjusting the shunt arm and gamma wire spacing:

•Moving the shunt arm up increases R

•Increasing the gamma wire spacing increases R and decreases X

Follow these rules until you have an acceptable value of R and the value of X is inductive at the feed point. A good rule of thumb for field adjustments with minimal instrumentation is that if moving the base of the gamma wire (raising feed point resistance) away from the tower lowers SWR, the tap point should be higher on the tower, resulting in a higher feed point resistance.

Now calculate the necessary capacitance in pF = 1012 / 2 π f XL. If XL = 100 Ω and the operating frequency is 1.85 MHz, the necessary capacitance in pF is 1012 / 6.28 × 1.85 × 106 × 100 = 860 pF. For 1500 W operation, the current of 5.5 ARMS will produce 5.5 A × 1.4 × 100 Ω = 770 VPK. A 2 kV rating will do the job. Smaller capacitors with higher reactance will experience higher voltages.

Fine-Tuning Resistance

The feed point resistance can be fine-tuned simply by moving the feed point end of the gamma wire closer to or away from the tower. The same rule for gamma wire spacing applies. This may be enough adjustment that you do not have to adjust the position of the shunt arm. This will also affect the reactance value, requiring retuning of the series capacitor.

Increasing SWR Bandwidth

Increasing the diameter of the gamma wire will also increase the SWR bandwidth of the matched tower. If you use a single wire, use the heaviest gauge you have or tubing. Consider using multiple wires at least one-half the tower-to-gamma-wire spacing apart. This will create an effective diameter much greater than a single wire. The result is a slower change in feed point impedance with frequency, increasing SWR bandwidth. The video by VE6WZ shows one method of supporting double gamma wires. Another method is a single shunt arm with a crossarm at the end.

Determining Capacitor Value

During the initial phase of low-power testing, use a low-voltage variable capacitor to tune the match for minimum SWR. You can then measure the capacitor’s value and replace it with a fixed-value transmitting capacitor or several in parallel to create the necessary value. This is much less expensive than a high-voltage variable capacitor capable of full-power operation. Remember that current through the capacitors divides according to value with the highest current through the largest capacitance.

If you change the frequency of the match as described in the next paragraph, the required value of capacitance will also change. You may wish to adjust the frequency of the match slightly to use a standard capacitor value.

Changing Frequency of the Match

It’s common to achieve a good match but then need to change the frequency of the match. For example, you might obtain a feed point impedance very close to 50 Ω but too close to the band edge or too high in the band. To raise (or lower) the frequency at which R = 50 Ω, lower (or raise) the tap position by a few feet and measure how much the frequency for R = 50 Ω has changed. This will show you in kHz / foot how much to move the tap to get to the desired frequency. You can also move the gamma wire as described above and change the capacitor value. By carefully adjusting the match frequency, you can place the useable SWR bandwidth where you want to operate.

L and Omega Matching Networks

Figure 11.35 shows four variations of the shunt-feed matching networks beginning with the single-series capacitor at A. A standard L-C L network is shown at B for load impedances greater than 50 Ω. Two forms of the omega network (an L network of two capacitors) are shown at C and D with C being the most common configuration.
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There are many L-C network calculators online, such as the multi-configuration version by John Wetherell that computes component values for 16 different types of networks. A negative value of the component means that the network configuration will not match the specified load. (home.sandiego.edu/~ekim/e194rfs01/jwmatcher/matcher2.html)

The omega network is used when the resistive impedance at the end of the gamma wire is less than 50 Ω. Another situation would be for short towers with lots of top loading, resulting in a calculated tap position above the top of the tower. Lowering the tap to a position on the tower will also lower the resulting value of R below 50 Ω.

Values for the omega capacitors can be calculated using the online L network calculator or you can temporarily connect two variable capacitors in the omega configuration and adjust them for the best match as with an antenna tuner. There is a fair amount of interaction between the two capacitors when adjusted so a graphical analyzer that can show the results of a swept frequency measurement is particularly useful here. A very sharp match may indicate that the network is not delivering power to the antenna — see the section on T matching networks in the Transmission Line System Techniques chapter for more information about this problem.

Note that both capacitors will need to be rated for full voltage. The omega match is a high-Q, low bandwidth network and will result in a narrow SWR bandwidth; 20-30 kHz is normal. You may get better bandwidth by using a regular L-C network (Figure 11.35B) and winding your own inductor from heavy wire or small-diameter copper tubing. The closer the feed point impedance is to 50 Ω, the lower the Q of the L-C network (and the wider the bandwidth) will be.

Slant-Wire Feed

A variation on moving the gamma wire away from the tower base to increase the feed point R, slant-wire feed is used in the broadcast field. It consists of attaching a single wire to the tap point with the other end some distance away. As with the gamma matching system, the attachment point is varied until the feed point resistance is 50 Ω. A series reactance (usually a capacitor) cancels whatever reactance is present. A fair amount of experimentation is required, and the feed point must be well-grounded to the same system used by the tower. Because the wire is slanted, there will be some horizontally polarized radiation, as well. A short NCJ article by Mike Taylor, AC9C, describing his 160 meter slant-wire system is included in the online material.

PROJECT: 1.8 and 3.5 MHz Shunt Fed Tower

A shunt-fed tower for 1.8 and 3.5 MHz designed by Earl Cunningham, K6SE, is shown in Figure 11.36. Two separate shunt-feed structures are used: a full-size gamma match for 160 meters and a shortened omega match for 80/75 meters. The tower is too high electrically to be gamma matched on 80/75 meters, so a very low tap position is used that gives a feed point resistance less than 50 Ω that is suitable for the omega match. The article “Shunt Feed Towers for Operation on the Lower Amateur Frequencies” is included in the online material.

[image: ]

Ted Rappaport, N9NB, and Jim Parnell, W5JAW, have developed a system for using a 65-foot tower on both 3.5 and 1.8 MHz with a single feed line. Their approach is detailed in the article “Use Your Tower as a Dual-Band, Low-Band DX Antenna” which is included in the online material. Figure 11.37 shows the basic approach.
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11.2.6 Elevated Ground-Plane Antennas

This section describes a simple and effective means of using a grounded tower, with or without top-mounted antennas, as an elevated ground-plane antenna for 80 and 160 meters. It first appeared in a June 1994 QST article by Thomas Russell, N4KG. Elevated radial systems for vertical ground-plane antennas are discussed in the Effects of Ground chapter by Rudy Severns, N6LF.

FROM SLOPER TO VERTICAL

Recall the quarter-wavelength sloper, also known as the half sloper. (The half sloper is covered later in this chapter in more detail.) It consists of an isolated quarter wavelength of wire, sloping from an elevated feed point on a grounded tower. Best results are usually obtained when the feed point is somewhere below a top-mounted Yagi antenna. You feed a sloper by attaching the center conductor of a coaxial cable to the wire and the braid of the cable to the tower leg. Now, imagine four (or more) slopers, but instead of feeding each individually, connect them together to the center conductor of a single feed line. Voilà! Instant elevated ground plane.

Now, all you need to do is determine how to tune the antenna to resonance. With no antennas on the top of the tower, the tower can be thought of as a fat conductor and should be approximately 4% shorter than a quarter wavelength in free space. Calculate this length and attach four insulated quarter-wavelength radials at this distance from the top of the tower. For 80 meters, a feed point 65 feet below the top of an unloaded tower is called for. The tower guys must be broken up with insulators for all such installations. For 160 meters, 130 feet of tower above the feed point is needed.

CONSTRUCTION EXAMPLES

Consider this example: A TH7 triband Yagi mounted on a 40-foot tower. The TH7 has approximately the same overall dimensions as a full-sized 3-element 20 meter beam, but has more interlaced elements. Its equivalent loading is estimated to be 40 feet. At 3.6 MHz, 65 feet of tower is needed without loading. Subtracting 40 feet of equivalent loading, the feed point should be 25 feet below the TH7 antenna.

Ten λ/4 (65-foot) radials were run from a nylon rope tied between tower legs at the 15-foot level, to various supports 10 feet high. Nylon cord was tied to the insulated, stranded, #18 AWG wire, without using insulators. The radials are all connected together and to the center of an exact half wavelength (at 3.6 MHz) of RG-213 coax, which will repeat the antenna feed impedance at the other end. Figure 11.38 is a drawing of the installation. The author used a Hewlett-Packard low-frequency impedance analyzer to measure the input impedance across the 80 meter band. An exact resonance (zero reactance) was seen at 3.6 MHz, just as predicted. The radiation resistance was found to be 17 Ω. The next question is, how to feed and match the antenna.
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One good approach to 80 meter antennas is to tune them to the low end of the band, use a low-loss transmission line, and switch an antenna tuner in line for operation in the higher portions of the band. With a 50-Ω line, the 17-Ω radiation resistance represents a 3:1 SWR, meaning that an antenna tuner should be in-line for all frequencies. For short runs, it would be permissible to use RG-8 or RG-213 directly to the tuner. If you have a plentiful supply of low-loss 75-Ω CATV rigid coax, you can take another approach.

Make a quarter-wave (70 feet × 0.66 velocity factor = 46 feet) 37-Ω matching line by paralleling two pieces of RG-59 and connecting them between the feed point and a run of the rigid coax to the transmitter. The magic of quarter-wave matching transformers is that the input impedance (Ri) and output impedance (Ro) are related by:
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For Ri = 17 Ω and Z0 = 37 Ω, Ro = 80 Ω, an almost perfect match for the matching section made from 75-Ω CATV coax. The resulting 1.6:1 SWR at the transmitter is good enough for CW operation without a tuner.

160 METER OPERATION

On the 160 meter band, a resonant quarter-wavelength requires 130 feet of tower above the radials. That’s a pretty tall order. Subtracting 40 feet of top loading for a 3-element 20 meter or TH7 antenna brings us to a more reasonable 90 feet above the radials. Additional top loading in the form of more antennas will reduce that even more.

Another installation, using stacked TH6s on a 75-foot tower, is shown in Figure 11.39. The radials are 10 feet off the ground.
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11.2.7 Broadbanding 1.8 and 3.5 MHz Verticals

As with dipoles, the SWR bandwidth of a vertical antenna can be increased by making the antenna thicker. For example, a wire about a foot from and in parallel with a tower used as a vertical will increase the SWR bandwidth noticeably. Up to three wires will have a similar effect. Even so, it is unlikely for the antenna to cover the entire band without some form of retuning.

In the article “Broad-banding a 160 m Vertical Antenna,” Grant Saviers, KZ1W, shows a method of switching in different values of series capacitance using relays. Series capacitance is a common matching technique for inverted-L and top-loaded antennas. Rather than use a continuously adjustable, motor-driven capacitor, KZ1W switches between several band segments. He also discusses the use of inexpensive relays to perform the switching. (The article is included in the online material.)

In an email on the AntennaWare reflector from September 2018, Guy Olinger, K2AV, discusses modifying a DPDT relay to become a shorting-bar relay. These relays have two sets of contacts that are shorted together by a direct, low-impedance conductor when the relay is activated. This is ideal for selecting series capacitors or inductor taps. Not all DPDT relays are suitable for modification in this way. A graphic is available at qsl.net/ei7ba/remote.htm and more discussion is available in the original post which is available in the searchable archives for the reflector during September 2018 at lists.contesting.com/_antennaware. You can read more about switching tuning networks with high voltage or current present in the Folded Counterpoise (FCP) web pages at k2av.com.

The Effect of Trees
Wire verticals and vertical dipoles are often used close to trees which make great supports for them. While the absorption of VHF and UHF signals by foliage is well known, the effect at HF is less pronounced. In a QST article (see References and Bibliography), Kai Siwiak, KE4PT, and Richard Quick, W4RQ, studied the effects of placing HF antennas close to live trees. The tree acts as a parasitic element if the antenna is closer than 0.2 l to the trunk of the tree with the effect diminishing quickly at larger distances. Loss through a group of trees depends on foliage and tree density so there is a summer/winter variation. Trees also affect propagation as the top of the forest canopy may act to guide waves along the foliage “surface.”


11.3 Inverted-L and T Antennas

11.3.1 The Inverted-L

The antenna shown in Figure 11.40 is called an inverted-L. Simple and easy to construct, it is a form of top-loaded vertical, with asymmetrical top loading. Like all ground-plane verticals, a good ground system or elevated radials are required. It can also be imagined as a “bent vertical,” just less than 3/8λ long. A yardarm attached to a tower, or a tree limb can be used to support the vertical section. As with any vertical, for best results the vertical section should be as long as possible.
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The shape results in both vertical and horizontal polarization because the currents in the top wire do not cancel like they do in a symmetrical-T vertical which is described in the next section. This is not necessarily a bad thing because it eliminates the overhead null present of a true vertical. The azimuthal radiation pattern is slightly asymmetrical with an approximate 1 to 2 dB increase in the direction opposite to the horizontal wire. This allows for good communication at short ranges as well as for DX and makes the inverted-L a good general-purpose antenna. (The article “The L Antenna” by L.B. Cebik, W4RNL provides a great deal of additional information and is available online.)

INVERTED-L DESIGN BASICS

A resonant l/4 vertical monopole has a feed point impedance of approximately 36 W. At an electrical length of 102° a vertical wire antenna will have a feed point impedance of approximately 50 + j100 W over good ground. Bending part of the vertical so that it is parallel to the ground or sloping will change the feed point impedance and lower the resistive component. As with the vertical antenna, the length is increased to raise the feed point impedance.

As a design example on 160 meters, with a 20-meter (65.6-foot) vertical section and the remaining horizontal wire parallel to the ground, the resonant λ/4 antenna (now 41.25 meters long overall) has a feed point impedance of only 20 W. With the horizontal section extended to 39.7 meters (130.25 feet) the feed point impedance becomes 50 + j 517 W. A series capacitor of 169 pF then cancels the inductive reactance and reduce SWR to 1:1. Various other combinations of vertical and horizontal lengths behave similarly as shown in Table 11.4. (The dimensions can be scaled to 80 meters with approximately half the series capacitance required.) SWR bandwidth should be about 50 kHz on 160 meters and 100 kHz on 80 meters. The inverted-L is an excellent antenna on which to practice modeling and matching skills. Table 11.5 suggests some overall lengths for inverted-L antennas on other bands. Table 11.5 gives some idea of how the feed point impedance will change as the antenna’s vertical and horizontal proportions change.
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As for other wire antennas, the bandwidth of the antenna can be improved by increasing its effective diameter. For example, making the vertical radiator out of window or ladder line with both conductors tied together at the top and bottom will show some increase in operating bandwidth, the horizontal section remaining a single wire. Jim Brown, K9YC, reports using a pair of #10 AWG wires spaced 10 inches apart increased the 1.5:1 SWR bandwidth of his 160-meter L to 100 kHz. A tower can also be used as the vertical section as described below.

INVERTED-L VARIATIONS

If you don’t have the space for the inverted-L shown in Figure 11.40 (with its 115-foot horizontal section) and if you don’t have a second tall supporting structure to make the top wire horizontal, consider sloping the top wire down toward ground. Figure 11.41 illustrates such a setup on 160 meters, with a 60-foot high vertical section and a 79-foot sloping wire. As always, you will have to adjust the length of the sloping wire to fine-tune the resonant frequency. For a good ground radial system, the feed point impedance is about 12 W, which may be transformed to 50 W with a 25-W quarter-wave transformer consisting of two paralleled 50-W quarter-wave coaxes. The peak gain will decrease about 1 dB compared to the inverted-L shown in Figure 9.52. Figure 11.42 overlays the elevation responses for average ground conditions. The 2:1 SWR bandwidth will be about 30 kHz, narrower than the larger system in Figure 11.40.
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If a large ground system is not practical, such as for a temporary installation, you can use a single elevated radial as shown in Figure 11.43. For the dimensions shown in the figure, Zi = 50 + j 498 W at 1.83 MHz, requiring a 175-pF series resonating capacitor. The azimuthal radiation pattern is shown in Figure 11.44 compared to the inverted-L with a full ground system in Figure 11.52. Note that the 1 to 2 dB asymmetry is now in the direction of the horizontal wires, just the opposite of that for a symmetrical ground system. The 2:1 SWR bandwidth is about 40 kHz, with the series capacitor adjusted for minimum SWR.
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Figure 11.45 shows the azimuthal response at a 5° elevation angle for an 80-meter version of the inverted-L in Figure 11.52. The peak response occurs at an azimuth directly behind the direction in which the horizontal portion of the inverted-L points. For comparison, the response for a 100-foot-high flattop dipole is also shown. The top wire of this antenna is only 40 feet high and the 2:1 SWR bandwidth is about 150 kHz wide with a good, low-loss ground-radial system.
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Figure 11.45 illustrates that the azimuth response of an inverted-L is nearly omnidirectional. This gives such an antenna an advantage in certain directions compared to a flattop dipole, which is constrained by its supporting mounts (such as trees or towers) to favor fixed directions. For example, the flattop dipole in Figure 11.45 is at its weakest at azimuths of 0 and 180 degrees, where it is down about 12 dB compared to the inverted-L.

PROJECT: TOWER-BASED INVERTED-L

Figure 11.46 shows the method used by Doug DeMaw, W1FB, to gamma match (shunt-feed) his self-supporting 50-foot tower operating as an inverted-L. A wire cage acts as the gamma wire. The tuning capacitor is fashioned from telescoping sections of 11⁄4 and 11⁄2-inch aluminum tubing with polyethylene tubing serving as the dielectric. This capacitor is more than adequate for power levels of 100 W. The horizontal wire connected to the top of the tower provides the additional top loading. (See the previous section on Shunt-Feeding Towers for more information on this approach.)
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11.3.2 T Antennas

The T is basically a shortened 1⁄4 l vertical with the flat-top T section acting as capacitive top-loading to lengthen the antenna electrically. Figure 11.47 shows a flat-top T vertical. As with the inverted-L, the vertical section (H) should be as large as possible (up to l/4) for best results. Length of the horizontal T section is then adjusted to achieve resonance. Maximum radiation is polarized vertically despite the horizontal top-loading wire because current in each symmetrical half creates out-of-phase radiation that cancels. A good ground system is required just as for any other ground-plane antenna.
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A sidearm or a length of line attached to a tower can be used to support the vertical section of the T antenna. (Keep the vertical section of the antennas as far from the tower as is practical. Certain combinations of tower height and top loading can create a resonance that interacts severely with the antennas — a 70-foot tower and a 5-element Yagi are approximately resonant on 160 meters, for example.) If the tower has an insulated base or is shunt-fed, it can be used as a T antenna by attaching horizontal or sloping wires at the top of the tower.

An ordinary dipole can be used as a T antenna by shorting the feed-line terminals together and driving the single resulting wire against the station ground system as shown in Figure 11.48A. The feed line becomes the vertical section of the antenna although it does not need to be completely vertical for this configuration. Radials can be attached temporarily to create the ground system. Because the feed-line shield becomes part of the antenna, a choke at the shorting point will likely be required to block common-mode RF current from the station.
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A photo of a typical feed-through panel configured for using a dipole fed with window line in this way is shown in Figure 11.60B. Coax to the antenna tuner is reconnected with one conductor connected to the shorted external feed line and the other conductor is connected to the station ground system outside. Dipoles fed with coax can also be used by shorting the feed line at the feed-through panel and treating both conductors as a single wire.

11.4 Half-Sloper Antennas

Sloping dipoles and λ/2 dipoles can be very useful antennas on the low bands. These antennas can have one end attached to a tower, tree or other structure and the other end near ground level, elevated high enough so that passersby can’t contact them, of course. The following section gives a number of examples of these types of antennas. The book Sloper Antennas by Juergen Weigl, OE5CWL, contains analysis and many designs of half-sloper antennas (see the References and Bibliography).

Perhaps one of the easiest antennas to install is the λ/4 sloper shown in Figure 11.49. As pointed out above, a sloping λ/2 dipole is known among radio amateurs as a sloper or sometimes as a full sloper. If only one half of it is used, it becomes a half sloper. The performance of the two types of sloping antennas is similar — they exhibit some directivity in the direction of the slope and radiate vertically polarized energy at low angles respective to the horizon. The amount of directivity will range from 3 to 6 dB, depending upon the individual installation, and will be observed in the slope direction.

[image: ]

The main advantage of the half sloper over the full half wave-long sloping dipole is that its supporting tower needn’t be as high. Both the half sloper and the full sloper place the feed point (the point of maximum current) high above lossy ground. But the half-sloper only needs half as much wire to build the antenna for a given amateur band. The disadvantage of the half sloper is that it is sometimes difficult or even impossible to obtain a low SWR when using coaxial-cable feed, especially without a good isolating choke balun. (See the section above on isolating ground-plane antennas.)

Other factors that affect the feed-impedance are tower height, height of the attachment point, enclosed angle between the sloper and the tower, and what is mounted atop the tower (HF or VHF beams). Further, the quality of the ground under the tower (ground conductivity, radials, etc) has a marked effect on the antenna performance. The final SWR can vary (after optimization) from 1:1 to as high as 6:1. Generally speaking, the closer the low end of the slope wire is to ground, the more difficult it will be to obtain a good match.

The half sloper can be an excellent DX antenna. Hams usually install them on a metal supporting structure such as a mast or tower. Assuming coax feed line, the center conductor is connected to the sloping wire and the shield to the support. The support needs to be grounded at the lower end, preferably to a buried or on-ground radial system. If a nonconductive support is used, the outside of the coax braid becomes the return circuit and should be grounded at the base of the support.

As a starting point you can attach the sloper so the feed point is approximately λ/4 above ground. If the tower is not high enough to permit this, the antenna should be fastened as high on the supporting structure as possible. Start with an enclosed angle of approximately 45°, as indicated in Figure 11.61. Cut the wire to the length determined from
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This will allow sufficient extra length for pruning the wire for the lowest SWR. A metal tower or mast becomes an operating part of the half sloper system. In effect, it and the slope wire function somewhat like an inverted-V dipole antenna. In other words, the tower operates as the missing half of the dipole. Hence its height and the top loading (beams) play a significant role.

Detailed modeling indicates that a sufficiently large mass of metal (that is, a large, all-metal Yagi) connected to the top of the tower acts like enough of a “top counterpoise” that the tower may be removed from the model with little change in the essential characteristics of the half-sloper system. Consider an installation using a freestanding 50-foot tower with a large 5-element 20 meter Yagi on top. This Yagi is assumed to have a 40-foot boom oriented east-west, 90° from the north-facing slanted 80 meter half-sloper. The best SWR that could be reached by changing the length and slant angle for this sloper is 1.67:1, representing a feed point impedance of 30.1 – j 2.7 Ω. The peak gain at 3.8 MHz is 0.97 dBi at an elevation angle of 70°. Figure 11.50 shows the azimuth-plane pattern for this half sloper, compared to a 100-foot high flattop dipole for reference, at an elevation angle of 5°.
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Removing the tower from the model resulted in a feed point impedance of 30.1 – j 1.5 Ω and a peak gain of 1.17 dBi. The tower is obviously not contributing much in this setup, since the mass of the large 20 meter Yagi is acting like an elevated counterpoise all by itself. It’s interesting to rotate the boom of the model Yagi and observe the change in SWR that occurs on the half-sloper antenna. With the boom turned 90°, the SWR falls to 1.38:1. This level of SWR change could be measured with amateur-type instrumentation.

On the other hand, substituting a smaller 3-element 20 meter Yagi with an 18-foot boom in the model does result in significant change in feed point impedance and gain when the tower is removed from the model, indicating that the “counterpoise effect” of the smaller beam is insufficient by itself. Interestingly enough, the best SWR for the half sloper/tower and the 3-element Yagi (with its boom in line with the half sloper is 1.33:1), changing to 1.27:1 with the boom turned 90°. Such a small change in SWR would be difficult to measure using typical amateur instrumentation.

In any case, the 50-Ω transmission line feeding a half sloper should be taped to the tower leg at frequent intervals to make it secure. The best method is to bring it to earth level, then route it to the operating position along the surface of the ground if it can’t be buried. This will ensure adequate RF decoupling, which will help prevent RF energy from affecting the equipment in the station. Rotator cable and other feed lines on the tower or mast should be treated in a similar manner.

Adjustment of the half sloper is done while measuring SWR. A compromise can usually be found between the enclosed angle and wire length, providing the lowest SWR attainable in the center of the chosen part of an amateur band. If the SWR “bottoms out” at 2:1 or lower, the system will work fine without using an antenna tuner, provided the transmitter can work into the load. Typical optimum values of SWR for 3.5 or 7-MHz half slopers are between 1.3:1 and 2:1. A 100-kHz bandwidth is normal on 3.5 MHz, with 200 kHz being typical at 7 MHz.

If the lowest SWR possible is greater than 2:1, the attachment point can be raised or lowered to improve the match. Readjustment of the wire length and enclosed angle may be necessary when the feed point height is changed. If the tower is guyed, the guy wires will need to be insulated from the tower and broken up with additional insulators to prevent resonance.

At this point you may be curious about which antenna is better — a full sloper or a half sloper. The peak gain for each antenna is very nearly identical. Figure 11.51 overlays the elevation-plane pattern for the full-sized half wave sloper on a 100-foot tower and for the half sloper shown in Figure 11.61 on a 50-foot tower with a 5-element 20 meter Yagi on top. The full-sized half wave sloper has more front-to-back ratio, but it is only a few dB more than the half sloper. Figure 11.52 compares the azimuthal patterns at a 5° takeoff angle for a 100-foot high flattop dipole and a half-sloper system on a 50-foot tower with a 3-element 20 meter Yagi on top.
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Despite the frustration some have experienced trying to achieve a low SWR with some half-sloper installations, many operators have found the half sloper to be an effective and low-cost antenna for DX work.

11.4.1 1.8-MHz Half-Slopers Using Towers

The material on Monopoles in the Dipoles and Monopoles chapter covers loading, losses, and efficiency of electrically short verticals. Prominent 1.8-MHz operators who have had success with the half sloper antenna suggest a minimum tower height of 50 feet. Dana Atchley, W1CF, used the configuration sketched in Figure 11.53. He reported that the uninsulated guy wires act as an effective counterpoise for the sloping wire. In Figure 11.54 is the feed system used by Doug DeMaw, W1FB, on a 50-foot self-supporting tower. The ground for the W1FB system is provided by buried radials connected to the tower base. Jack Belrose, VE2CV and DeMaw also described an interesting method of using a sloping wire to create a “half delta” usable on the lower HF bands. The system is described in the Sep 1982 QST article, “The Half-Delta Loop: A Critical Analysis and Practical Deployment” which is also included with this book’s donline material.
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Shunt feeding a grounded tower is often used on 80and 160 meters as described in the section on “Shunt Feeding Towers” earlier in this chapter. The shunt-fed tower is at its best on 1.8 MHz, where a full λ/4 vertical antenna is rarely possible. Almost any tower height can be used. An HF beam at the top provides some top loading.

11.5 LF and MF Antennas

This material is excerpted and summarized from “LF and MF Antennas for Amateurs” by Rudy Severns, N6LF. Rudy participated as experimental licensee WD2XSH/20 during the evaluation period for the new bands and gained much valuable experience. This section is a collection of theory and practical recommendations for transmitting antennas at the long wavelengths below the AM broadcast band. The full document is downloadable from antennasbyn6lf.com and the interested reader is urged to read the full presentation.

A hundred years ago, amateurs were restricted to wavelengths below 200 meters (f >1.5 MHz). We now have allocations at 2200 meters (135.7-137.8 kHz, LF) and 630 meters (472-479 kHz, MF). However, amateurs have very little experience at these frequencies and it turns out that design and construction of antennas for the new bands is substantially different from HF. The primary purpose of these notes is practical advice on LF/MF transmitting antennas. There is a perception that substantial acreage is required for the antennas on these bands. That is not the case! Those with small properties can be successful,but we have to know how!

There are differences between LF/MF and HF which impact antenna design:

1) Wavelengths are much longer so that any practical antenna will be electrically small.

2) Soil electrical characteristics change substantially going from HF down to LF/MF.

3) Power limitations are in terms of power radiated from the antenna rather than maximum transmitter output power although there are also limits on transmitter power.

LONG WAVELENGTHS

At 1.9 MHz, the wavelength (λ) ≈ 518 feet, so a λ/4 vertical will be ≈ 130 feet high. If you divide 1.9 MHz by 4 you get 475 kHz, right in the middle of the new 630 meter band. λ/4 on 160 meters is only ≈ λ/16 at 475 kHz. The 2200-meter band is another factor of 3.5 lower in frequency, so a λ/4 vertical on 160 meters is only ≈ 0.018 λ on 137 kHz. At 475 kHz, λ ≈ 2071 feet, so a λ/4 vertical would be ≈ 500 feet high. At 137 kHz λ/4 ≈ 1800 feet! In any case, the FCC has limited the maximum height to 197 feet (60 meter), which is still only 0.095 λ at 137 kHz.

The focus of this discussion is on antennas with heights (H) practical for amateurs, i.e. H = 20–100 feet (H ≈ 0.01 – 0.05 λ at 475 kHz and H ≈ 0.003 – 0.015 λ at 137 kHz). In terms of electrical height these are certainly “short” antennas, with very low radiation resistance (Rr), narrow matched SWR bandwidth and low efficiency. A major part of the design effort for LF/MF antennas is directed towards obtaining adequate efficiency.

SOIL CHARACTERISTICS

Because ground electrical characteristics have a profound effect, some basic information on soil electrical characteristics will be needed. At 100 Hz soil conductivity σ ≈ 0.09 S/m and is relatively constant up to ≈1 MHz but beyond that point σ increases rapidly with frequency. Relative permittivity of soil, er behaves just the opposite, with a value of approximately 200 at 137 kHz that decreases with frequency, reaching approximately 70 at 475 kHz. Permittivity continues to decrease with an approximate value of 50 at 1 MHz and 23 at 10 MHz. At a given QTH, with the same soil, the electrical characteristics will be very different between HF and LF/MF.

EIRP AND RADIATED POWER

Power limits on 2200 and 630 meters are stated in terms of effective isotropic radiated power (EIRP). The “isotropic” in EIRP refers to an idealized antenna in free space which radiates power uniformly in all directions. On 630 meters 5 W EIRP is allowed and on 2200 meters the allowed EIRP is 1 W, which means the total radiated power, Pr, is about 1.7 W on 630 meters and 0.33 W on 2200 meters.

At HF, antenna efficiencies are typically >90% and the focus is on antenna gain. On LF/MF our goal is to achieve sufficient efficiency that we can radiated the allowed power with the available transmitter power. This is a fundamentally different mindset! We have the choice of a large efficient antenna with small input power (Pi) or a small inefficient antenna with a large input power. Most installations will be a balance between the two extremes.

A transmitter output power of 100 W is generally pretty easy to obtain, and 100 W is frequently assumed in later chapters unless stated otherwise. In addition to the EIRP power limit, the FCC has also limited the input power to the antenna to 500 W PEP on 630 meters and 1.5 kW PEP on 2200 meters. However, given limitations due to the high voltages associated with these power levels, from a practical point of view these limits are moot. (Pr can be measured directly as described in Severn’s material.)

A major part of the design effort for LF/MF antennas is directed at obtaining adequate efficiency. Given practical height limitations, most LF/MF antennas will require loading inductors for resonance and matching. In many cases the losses in this inductor will determine the efficiency of the antenna. Much of the design effort is directed towards first minimizing the required inductance (L) with height and top-loading and then maximizing inductor “Q” (QL)

FUNDAMENTAL ADVICE

Repeating Woodrow Smith’s summary of LF/MF antenna design given earlier in the discussion on short verticals:

“The main object in the design of low frequency transmitting antenna systems can be summarized briefly by saying that the general idea is to get as much wire as possible as high in the air as possible and to use excellent insulation and an extensive ground system.”

This simple advice should be taken literally! This advice can be organized in order of priority:

1) Make the vertical as tall as you can.

2) Use as much capacitive top-loading as practical.

3) Use carefully placed high-Q loading coils.

4) Put substantial effort into the ground system, with the radial density high near the base of the vertical and under the top-loading hat.

5) Minimize conductor losses by using multiple wires and/or large diameter conductors.

6) Use high quality insulators, at the base and at wire ends.

11.5.1 Efficiency of Very Short Verticals

The material on Monopoles in the Dipoles and Monopoles chapter covers loading, losses, and efficiency of electrically short verticals.” Refer to Chapter 2 of N6LF’s notes for detailed discussion of the material in this section.

Efficiency of a short vertical antenna depends on the radiation resistance (Rr), ground resistance (Rg) and the loss resistance in the antenna itself (Rloss):
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Figure 11.55 graphs Rr for a lossless #12 AWG wire vertical for H = 20 to 100 feet at 137 and 475 kHz. We can see that Rr is very small even for heights of 100 feet. A λ/4 vertical would have Rr ≈ 36 Ω but in LF/MF antennas Rr is typically smaller by a factor of 100 to 1000!
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Conductors larger than #12 wire are often employed by using multiple parallel wires (up to a few inches spacing) or a cage of vertical wires is created with all of the wires connected together at the top. For diameters up to a few feet, eight wires are more than adequate but for very large diameters, say 10 to 40 feet, adding more wires to the cage may be worth doing. Using a larger diameter conductor or more wires has the immediate benefit of reducing conductor loss (Rc) which is a component of Rloss. The bottom ends of the vertical wires are typically connected together with a skirt wire like similarly to the top of the cage. The bottom skirt wire is then driven against ground or inductors are placed in each downlead and only one or two are driven. Figure 11.56 shows the variation in Rr at 475 and 137 kHz as the conductor diameter is varied from #12 wire to 40 feet over heights from 20 to 100 feet. For a thin wire vertical (no inductor or capacitive loading) with a triangular current distribution:
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Rr ≈ 0.003Gv2 Ω

where Gv is the electrical length of the wire in degrees.

LOADING INDUCTORS

Loaded Q (QL) can range from 100 to >1000. In general, for a given inductor, QL at 137 kHz will be ≈0.54 QL at 475 kHz or a little less if the QL at 475 kHz is near a peak value due to the effects of self-resonance. While very high QL inductors are possible most of this discussion will assume QL=200 at 137 kHz and 400 at 475 kHz because these values are practical with modest effort but keep in mind that higher values are possible.

We can get a good feeling for the effect of loading inductor losses (RL) on efficiency by assuming input R = RL + Rr (i.e. ignoring other losses) and calculate the efficiency. QL = 200 at 137 kHz and 400 at 475 kHz are assumed. With H = 20 feet, at 137 kHz η = 0.0024% and at 475 kHz η = 0.20% even without accounting for any other losses! Increasing H to 100 feet makes a great difference. At 137 kHz η = 0.24% which is still very low but a factor of 100 improvement. With 100 W output from the transmitter, to radiate the maximum allowed power the antenna will have to have η > 2% at 475 kHz and η >0.33% at 137 kHz.

To radiate the maximum allowed power, a minimum height of 45 feet on 630 meters and >100 feet on 2200 meters is needed. A small change in height means a large change in efficiency! Maximizing height is a vital for improving efficiency.

RL is the dominant loss throughout this range of H, especially as we go lower in frequency. This observation is important because it tells us what our design priorities must be. The value of RL is tied directly to the value of XL (|XL| ≈ |XC|) through QL. Again, the message is very clear: To reduce RL we must reduce XC! Once height has been maximized, top-loading becomes the primary tool for reducing XC.

Chapter 6 of the online notes, “Design and Fabrication of High-Q Tuning Inductors for LF/MF Antennas” goes into detail about the construction of high-Q inductors for transmitting use at LF/MF. The information in the chapter can also be applied to inductors for the lower HF bands, as well. The chapter also covers the design and construction of variable inductors and variometers.

FEED POINT VOLTAGES AND CURRENTS

Unfortunately, low efficiency is not the only challenge. Base currents (IO) and feed point voltages (VO) can be very high. The following discussion is for a simple vertical without the top-loading that significantly reduces IO and VO.

Figure 11.57A shows base current (IO in ARMS) as a function of H. These are the RMS currents required to produce the allowed radiated power on each band. Figure 11.57B shows the input power, Pi, required to produce the allowed radiated power, Pr, on each band for a given loading inductor Q. If you wish to use a simple 20 feet vertical on 137 kHz radiating the maximum allowed power you’ll have to provide Pi ≈ 9 kW!
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The input current (IO) flows through the short-vertical series circuit of the sum of radiation resistance and all losses (Ra), the antenna’s inductive reactance (+Xa) and capacitive reactance (–Xc). In short antennas Ra and Xa are very small compared to XC. The input reactance is thus Xi ≈ XC and XC will be very large. The voltage across the feed point (VO = IO × Xi) will be very high as indicated in Figure 11.58A. A 20-foot vertical at 137 kHz with Pi ≈ 9 kW and Pr = 0.33 W will have VO ≈ 300kV! Given the very modest radiating power allowed, these voltage levels can come as an unpleasant surprise when an increase in transmitter power unexpectedly causes the loading coil to go up in flames or there is arcing across the base insulator or within tuning network components! For most amateurs Pi ≤100 W is more realistic but even at this greatly reduced power VO can still be many kV as shown in Figure 11.58B. This further reinforces the advice to minimize XC. We must be very respectful of the voltages present on these antennas even at seemingly low power levels. Be careful!
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11.5.2 Capacitive Top-Loading

A critical part of achieving higher efficiency is the reduction of capacitive reactance at the feed point because this reduces the size of the loading inductor and its associated RL. In addition, steps to reduce inductance can also increase Rr at the same time. Other top-loading schemes which reduce Xi also reduce Rr rather than increase it and at some point the efficiency may actually start to fall even though we continue to reduce Xi. This happens in top-loading schemes with sloping wires with currents opposing the current in the main vertical conductor.

For amateurs new to LF/MF the first antenna needs to be as simple as possible to get on the air. We’ll start by keeping it simple and assuming only one or two supports, a roll of wire and some insulators. We’ll begin with an example showing Rr, Xi and efficiency and then go on to explain why top-loading is so effective in reducing Xi and increasing Rr.

It is assumed that height (H) has been made as tall as practical and we are now turning to capacitive top-loading to improve efficiency. The same tuning inductor QL = 400 at 475 kHz and 200 at 137 kHz is assumed. Many different variables affect the capacitance introduced by the top-loading structure:

• The number and/or length of umbrella wires

• Whether or not there is a skirt tying the ends of the wires together

• The location of the tuning inductor along the vertical conductor

• Conductor size

Keep in mind that efficiency determined from only RL and Rr is an upper limit, i.e. the best we can do. Adding more losses only reduces efficiency. Once we’ve reduced RL as much as possible we can deal with other losses. Reducing Xi has the further benefit of reducing the voltages and currents at the base. For the most part, if you make some change in your antenna which reduces the inductance required to resonate the antenna that change is likely to improve your efficiency. This is a useful guide when experimenting. One important point, most examples have symmetric wire arrangements because it’s easier to model but symmetry is not required!

EFFICIENCY WITH TOP-LOADING

The T antenna shown in Figure 11.59A and B illustrates how effective capacitive top-loading is. Efficiency is shown in percent (%) as a function of the length of the top wire (L) at 475 and 137 kHz. The L = 0 trace represents the case with no top-loading, just the bare vertical with a loading coil at the base. In these models the value of the tuning inductor was adjusted to maintain resonance as L and H were changed. #12 wire conductors are assumed. Even a small amount of top-loading increases efficiency. As an example, for L = 0 and H = 20 feet, η = 0.19% at 475 kHz. Keeping H = 20 feet but adding a 40 foot top-wire, η = 1.3%, a factor of 6.8! Taking L to 100 feet increases the efficiency by a factor of 18! Height and capacitive top-loading are keys to improving efficiency!
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Rr with Top-loading

Top-loading can also improve Rr. Rr increases substantially as we add more top wire. Figure 11.60 shows a graph for Rr as a function of antenna height with the current ratio It/IO as a parameter (It is the current at the top of the antenna). The It/Io ratio is varied from 0 (no top-loading) to 1, which corresponds to heavy top-loading and constant current on the vertical radiator (i.e. It/IO =1). As It/IO goes from zero to 1, Rr increases by a factor of 4.
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What happens to VO and IO when top-loading is present?

[image: ]

Even a small amount of top-loading significantly reduces IO and greatly reduces VO! This is important because despite the low radiated powers VO can easily approach 1 kV on 630 meters and be even higher on 2200 meters. This must be kept in mind when selecting a base insulator. It’s clear that substantial height (H) and top-loading are required on 2200 meters if VO is to be kept below 10 kV. Given that we are trying to radiate only 330 mW that may come as a shock!

TOP-LOADING AND SYMMETRY

In the real world, the T antenna will not be perfectly symmetric and there will be some sag in the support wire, as well. With 5 feet of sag in the 475 kHz antenna the efficiency drops by ≈1.5%. At 137 kHz the efficiency drops from 0.23% to 0.20%.

In some installations it may be more convenient to attach the vertical portion of the antenna at a point other than the center of the top-wire. We can attach the downlead anywhere along the wire and we are also free to place the ground end of the downlead pretty much where we want with little effect on efficiency.

Using supports already on hand (trees, poles, structures), the two ends of the top-wire are likely to be at different heights. For example, the top-wire might slope downward from one end to the other. This is not necessarily a bad thing. For a given center height of 50 feet (see the graphs in the online notes), when we raise one end of the top wire the efficiency goes up even though we’ve lowered the other end.

Sometimes only one support will be available and the top-wires will have to slope downward from the center support. If the height of the vertical is assumed to be 50 feet and the two top-wires are 50 feet long, efficiency is a strong function of the height of the top-wire ends. The higher the better! This is a case where the current in the top-wires has a component that partially cancels the current in the vertical, reducing Rr. The ends of the top-loading wires can also be bent toward the ground without significant effects on efficiency.

USING A TOWER AS A SUPPORT

What is the effect of coupling between a grounded tower and the vertical downlead? The simple answer is that it will reduce the efficiency somewhat but usually only a few percent because the tower, even with multiple Yagis for loading, is unlikely to be resonant anywhere near 475 kHz, not to mention 137 kHz. The coupling can be minimized by spacing the top anchor point as far out from the tower as possible; several feet would be helpful. Pulling the bottom and/or the top of the downlead away from the tower as shown in Figure 11.61 can also help. The effect on a specific installation is best explored with modeling.
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11.5.3 More Complicated Top-Loading

While a vertical with a single top-wire is attractive, we’re not limited to a single wire for top-loading. More complex top-loading can substantially improve efficiency. For example, we can add spreaders and use two or more wires in a rectangular arrangement.

One note, the T models in this section use only a single conductor down-lead. When multiple top wires are used, the down-lead can also have multiple wires for at least part of its length which can make a small improvement in efficiency by reducing conductor loss, RC. One of the problems with spreaders is that they tend to rotate and twist. Extra downleads can act as stabilizers. Light non-conducting lines can also be used to stabilize the spreaders.

Adding more wire to the hat reduces XC and leads to higher efficiency but as can be seen in the test cases shown in Figure 11.62, for a given spreader length the rate of improvement falls pretty quickly and in this case using more than five wires gains very little. Adding more wire to the top-hat helps to reduce XC but there’s an important drawback to more wire up in the air: if you live in a area with ice storms, the antenna becomes much more vulnerable.
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UMBRELLA TOP-LOADING

Top-loading structures like umbrellas are often used when only one support (the vertical itself for example) is available. There are many ways to construct an umbrella top-hat:

• Use several rigid radial supports like a wagon wheel. For example, the supports can be aluminum tubing or fiberglass poles supporting wires or some combination of the two. The practical limit for a self-supporting structure is probably a radius of 20 feet or so. Using the hub(s) and spreaders from an old HF quad can be a very simple way to fabricate an umbrella.

• Set up a circle of poles (3 to 8) at some distance from the base of the vertical to support the far ends of the umbrella wires. The radial dimension of the umbrella could be quite large but the length of the poles, which establishes the height of the outer rim of the umbrella, is a limiting factor.

• Attach a number of wires to the top of the vertical, sloping them downward at an angle towards anchor points located at some distance from the base of the vertical.

• You can add sloping wires to the outer rim of a horizontal umbrella to increase the loading.

• You do not have to connect the outer ends of the umbrella radial wires together with a “skirt” wire but a skirt-wire significantly increases the loading effect of an umbrella of a given radius.

• While most of this discussion shows symmetric umbrellas, symmetry is not required. Supports at different distances with different heights can also be used to good effect. Take advantage of what’s on site!

As few as three wires (with a skirt!) can make a useful umbrella but the performance improves substantially as you go from three to four and then eight wires. While the jump from four to eight wires gives a useful improvement the law of diminishing returns starts to set in and sixteen wires is about the useful limit. The online notes go into some detail about umbrellas that slope downward from the center hub.

11.5.4 Conductor Loss, RC

Copper or aluminum wire and aluminum tubing are typical conductors. The wire may be bare or insulated. The choice of conductor is usually a matter of what’s on hand and/or what’s economical. Insulated wire intended for home wiring is of often the most economic choice for copper wire. Aluminum electric fence wire, available in #14 or #17 AWG, is a less expensive choice but aluminum has greater resistance than copper and because soldering aluminum is often not satisfactory, joints require special attention. We can work around the resistance issue by using multiple, well-spaced, wires in parallel.

Given the very low efficiencies compared to typical antennas at HF and above, some attention must be made to the loss created skin effect, δ, which forces ac current to flow in a thin layer on the outside of a conductor. At 137 kHz δ = 7.03 mils (0.00703 inches) and at 475 kHz δ = 3.78 mils. (1 mil = 0.001 inch) At RF, ac resistance can be calculated as Rac = Rdc × Ks, where Ks is a factor attributed to skin effect that depends on the ratio of conductor thickness, d, to skin depth, δ. Table 11.6 shows Ks on both bands for several wire sizes.
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11.5.5 Loading Inductor Placement

Top-loading is not the only means for increasing Rr. We can move the tuning inductor or even only a portion of it, from the base up into the vertical. We can also move the feed point higher in the vertical. Multiple inductors can be useful in what referred to as “multiple-tuning,” a technique using multiple inductors in multiple downleads to manipulate the feed point impedance and distribution of current between parallel wires.

In HF mobile verticals it has long been standard practice to move the loading inductor from the base up into the vertical to increase Rr. We can do the same for LF/MF verticals. Traditionally the entire loading inductance is moved up. However, there are advantages to moving only a portion of the loading inductance up into the antenna and retaining the remainder (Lbase) at the base. For a given QL, RL will increase as the inductor is moved up. Despite this increase in RL moving the inductor up generally improves efficiency. The peak efficiency occurs for heights of 40 to 50% of H. How much does this increase our signal? For Lbase = 0, i.e. we move all the inductance up, we can get about 0.74 dB of improvement at a height of ≈35%. By making Lbase=1500 Ω of the total reactance we can pick up another 0.25 dB for a total improvement of almost 1 dB which is probably worth doing.

Even if a modest increase in signal is not compelling there are other reasons for using two inductors. Even when resonated it will still be necessary to match the feed point impedance to the feed line which can be done very simply by tapping the base inductance as shown in Figure 11.63.
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A base inductor is also a convenient point to retune the antenna when necessary. Over the course of the seasons as the soil characteristics change, the tuning often shifts, primarily due to variations in effective loading capacitance as the soil conductivity changes with moisture content. Small heavily loaded verticals typically have very narrow bandwidths. In most cases some arrangement for adjusting the inductance will be needed. This can be readily done by using a variometer (Figure 11.63B) or a separate small roller inductor in series. One additional advantage of not putting all the inductance up high is the reduced weight of the elevated inductor.

TOP-LOADING COMBINED WITH INDUCTOR TOP-LOADING

Moving the inductor higher into a heavily top-loaded vertical has less effect on the current distribution. As a result efficiency improvements are much smaller. For the example of a T antenna with H = 50 feet and a single 100-foot top-wire, as the inductor is moved up there is some improvement in the signal but not a lot, only 0.4 dB even when two inductors are used.

When there is a much larger top-hat (for example, three wires 100 feet long by 20 feet wide) the improvement from elevating the inductor is even smaller, <0.15 dB This small an improvement is not worth the hassle of mounting an inductor high in the antenna.

In heavily top-loaded verticals there appears to be little improvement in efficiency from elevating the loading inductor. On the other hand if the top-loading is less, It/IO ratio <0.4 – 0.5, and more top-loading is not practical then moving the coil up may help. This has to be evaluated on a case-by-case basis using modeling.

11.5.6 Grounded Tower Verticals for LF/MF

A grounded tower with attached HF antennas and associated cabling is sometimes available. For an LF/MF antenna the tower may be simply a support but it can also be a radiator. One way we might do this is shown in Figure 11.64 where the loading inductor and the feed point have been moved to the top of the tower. The top-loading wires are insulated from the tower and connected to one end of the loading inductor. The other end of the inductor is connected to the top of the tower. A coaxial feed line runs up the tower with the shield connected to the top of the tower. The coax center conductor is connected to a tap on the loading inductor to provide a match. Although not shown, it is possible to have a mast with HF Yagis extending above the top of the tower which will add some additional capacitive loading. The downside of this scheme is that all the adjustments must be made at the top of the tower.
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Shunt feeding a grounded tower is often used on 80 and 160 meters as described in the section on Shunt Feeding Towers earlier in this chapter. Unfortunately, this scheme works only if H >0.7 λ/4 at the operating frequency. At 475 kHz that would mean H >350 feet, much taller than most amateur towers. See the online notes for an extended discussion of this situation including creating and tuning a folded monopole.

11.5.7 Loop Antennas at MF

Ground systems are a nuisance and sometimes impractical. We might consider using a transmitting loop like that shown in Figure 11.65. In this example the horizontal wires are 100 feet long and the vertical wires 50 feet, all #12 AWG copper wire. The bottom wire is 8 feet above average ground (0.005/13) and f = 475 kHz. The antenna is resonated with a capacitive load at the center of the upper wire (point 3) where XC = 537 Ω. As is typical for small loops the current amplitude around the loop varies only ±5% with very little phase difference and for the values given, the radiation efficiency will be ≈1.8%. John Andrews, W1TAG and WE2XGR/3, has used a similar loop made with RG-8 coax (diameter ≈ 0.3 inch). This increases the efficiency to ≈ 3.1%. Not great but if 100 W of input power is available then the maximum EIRP can be reached. Even if we used superconducting wire the efficiency would still be limited to ≈ 4.2% due to near-field ground losses, a factor often overlooked in transmitting loops. Poorer soil would mean even lower efficiency. These efficiencies are not very encouraging but then transmitting loop antennas are not known for their efficiency! Inductive and capacitive loading can also be used, increasing efficiency to 9 to 12%.
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11.5.8 LF/MF Ground Systems

The discussion of efficiency focused on loss introduced by the tuning inductor which is reasonable given that RL often represents a major loss in short antennas. While much can done to reduce Xi and increase Rr, there are practical limits and at some point we have to start thinking about reducing other losses. A substantial portion of the power supplied to the antenna may be absorbed in the soil near the base. To reduce this loss we install a ground system:

• what type of ground system?

• how many radials?

• radial lengths?

• what performance can we expect?

• optimum use of a fixed amount of wire?

A range of examples have been chosen to provide general guidance but none should be taken as exact numerical descriptions for all cases. You will have to do some measurements, modeling and/or calculations to arrive at the best solution for your unique situation.

CHOICES FOR GROUND SYSTEMS

Ground systems can take several forms:

1. A radial wire fan lying on the ground surface or buried a few inches.

2. A rectangular grid of wires

3. Single or multiple ground rods.

4. Elevated wires in the form of a counterpoise or “capacitive” ground.

5. Combinations of the above. Limited only by imagination!

The choice of ground system will be dictated by the operating wavelength, available space, soil mechanical characteristics (i.e. sandy loam or tree stumps and boulders), available resources, etc. Because of the much longer wavelengths at LF/MF and significant differences in soil electrical characteristics between LF/MF and HF, the ground systems may be significantly different from what we are accustomed to at HF.

The instructions for an adequate ground system can be stated as:

1) Use at least 50 radials. Most backyards will only have room for 30 to 40-foot radials. Where possible the radials should be somewhat longer than the height of the vertical

2) In the case of a very large top-hat, the radials should extend out to 1.25 times the top-hat radius if possible.

3) When a large number of radials are used the wire size is not important. The wire needs to be strong enough to be installed and survive in its environment.

4) Almost any metal can be used for the radials but the usual choice is insulated copper house wiring because it is usually cheaper than the same wire bare. For an elevated system #17 AWG aluminum electric fence wire can be used. However, lying on the surface or buried, aluminum wire may degrade quickly

5) If the radials are lying on the surface, use lots of staples to keep them close to the ground so mowing or other traffic will not damage them.

6) Use at least one ground stake at the base for safety.

Consider three ground systems with an inductor QL of 400: a single 8-foot × 5⁄8-inch ground rod or stake, 32 10-foot radials and 32 25-foot radials. With the single ground rod the ground loss (Rg) is so large that RL doesn’t matter very much. As soon as we add even the small radial system (32 × 10 feet) the efficiency increases by almost an order of magnitude and expanding the radial lengths to 25 feet yields another factor of ≈3× in efficiency. This is due to reductions in Rg with longer radials.

Increasing the number of radials is very helpful. In fact, we could have gone to 64 radials and still have had some useful improvement over 32. Second, the efficiency improves rapidly up to lengths of 60 to 70 feet before the point of decreasing returns is reached. By 150 feet there isn’t much point in making the radials longer. Independent of radial number, that point in this example corresponds to a radial length of approximately 65 to 70 feet which is a bit more than H (50 feet).

Once you have greatly reduced the losses near the base of the antenna, adding more close-in copper doesn’t buy much. At some point it’s more useful to put the copper further out and reduce more distant losses, which may be smaller but still significant. The difference in break point (in terms of radial number) stems from differences in the field intensities around the two antennas. For the same power, the fields near the base of a short vertical will be much higher than those for the 1⁄4-wave vertical so we need to put more effort into reducing the close-in power losses.

ELEVATED GROUND SYSTEMS

In many cases the ground under and near the antenna may not be suitable for a buried radial system. Systems with elevated wires are well known at HF, i.e. ground-plane verticals, but these systems typically use radials with lengths close to λ/4. For amateur installations this will not be possible but all is not lost. In the early days of radio it was recognized that an elevated system called a “counterpoise” or “capacitive ground,” with dimensions significantly smaller than λ /4, could be very effective.

If you have reasonable heights for the vertical and lots of capacitive top-loading but very restricted room for the ground system, then a counterpoise may be the best option. But we have to be careful in drawing general conclusions. There are many variables: ground characteristics, height of the top of the vertical, height of the bottom of the vertical, the amount of top-loading, the number of wires in the counterpoise, the radius, etc. The choice between buried wire and counterpoise ground systems is not obvious! The considerable mechanical complexity, vulnerability to ice damage and visual impact of a counterpoise may also militate against it. This choice has to be made on a case-by-case basis and will probably require modeling with NEC4 software.
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Chapter 12

Multiband HF Antennas

For operation on a number of bands below 30 MHz, it would be impractical for most amateurs to put up a separate antenna for each band. But this is not necessary — for example, a dipole one half-wavelength long on the lowest frequency band to be used can be operated readily on higher frequencies. In fact, most common antennas can be used on multiple bands through the use of antenna tuners and other techniques. What is usually referred to as a “multiband antenna,” however, is one for which a method has been devised that allows the antenna to operate on a number of bands while still offering a good match to a transmission line, usually coaxial cable.

When a single physical antenna is used on different bands, one must be aware that the changing electrical heights and lengths lead to changes in the feed point impedance and the azimuth and the elevation patterns of the antenna as described in the chapters Antenna Fundamentals and Dipoles and Monopoles. For example, a horizontal wire antenna at an electrical height of λ/2 on 20 meters is 2λ/3 high on 15 meters and λ/4 on 40 meters, leading to very different elevation patterns than if the antenna were at the same electrical height on all bands. Similarly, the elevation pattern and feed point impedance of a single vertical antenna will also change dramatically on different bands.

In fact, it is usually more effective to consider the installation as a “multiband antenna system” in which the antenna, feed line, and any impedance matching devices are considered together — as a package. By thinking about the performance of the antenna on different bands you can select a combination of system elements that result in good performance on all bands and not just one.

This chapter describes a number of antennas and antenna systems that are designed to be used on two or more of the HF bands. Separate chapters cover nonresonant Long-Wire and Traveling Wave Antennas as well as the popular HF Beam Antennas. See the Transmission Line System Techniques chapter for more information on using feed lines and impedance matching circuits.

HARMONIC RADIATION FROM MULTIBAND ANTENNAS

Since a multiband antenna is intentionally designed for operation on a number of different frequencies, any harmonics or spurious emissions with frequencies that happen to coincide with one of the antenna resonant frequencies will be radiated with very little, if any, attenuation. Particular care should be exercised, therefore, to prevent such harmonics from reaching the antenna. While output signals from properly operating commercial equipment are typically quite “clean,” they can be misadjusted or defective, or another piece of equipment in the antenna system could be acting to create unwanted signals. As a consequence, amateurs need to remain vigilant about signal quality and harmonic content.

If there is any concern about whether harmonics or spurious emissions are being generated, it is advisable to conduct tests with other nearby amateur stations. If harmonics of the transmitting frequency or spurious emissions can be heard at a distance of, say, a mile or so, more selectivity should be added to the system since a harmonic that is heard locally, even if weak, may be quite strong at a distance because of propagation conditions. In addition, the source of spurious emissions should be identified and the unwanted signals removed.

12.1 Simple Wire Antennas

12.1.1 End-Fed Random Wire Antennas

The simplest multiband antenna is a random length of wire, attached directly to the output of a transmitter or antenna tuner. Power can be fed to the wire on practically any frequency using one or the other of the methods shown in Figure 12.1. If the wire is approximately 67 or 137 feet long (λ/4 or λ/2 on 80 meters) the end impedance will be high on the bands that are harmonics of 80 meters and it can be fed through a tuned circuit, as in Figure 12.2. Many antenna tuners have the option to feed an end-fed random wire in this way. Use an SWR meter between the transmitter and the matching network to adjust for minimum SWR. (This is a variation of the End-Fed Half-Wave (EFHW) antenna popular for portable use and discussed later in this chapter and in the Portable Antennas chapter.)
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It is also possible to use an antenna’s feed line as part of the antenna (also see the Inverted-L and T Antennas section in the General Purpose MF and HF Antennas chapter). Short the feed line conductors together and feed them directly as a random wire as shown in Figure 10.1. This technique may be useful in situations requiring improvisation, such as after a natural disaster when antenna systems have been damaged.

The primary disadvantage of all such directly-fed systems is that the antenna system is composed of the random wire plus all of the station equipment enclosures and the station ground system. The point at which the antenna is connected can be thought of as a randomly chosen feed point in an antenna that has one end tied to ground. As such, there is a good chance that you will have “RF hot spots” in your station because of the RF current in the antenna system. RF voltages and current from such an antenna system can also create high RF fields in the station as discussed in the RF Safety section of the Safe Practices chapter.

RF voltages within the station can often be minimized by choosing an antenna and ground wire length so that the low feed point impedance at a current maximum occurs at or near the transmitter. A short connection (several feet or less) with heavy wire or strap to a ground rod or metallic water pipe that runs through ground may be sufficient on the lower bands but most ground connections are not short enough to minimize RF voltage by themselves. Regardless of how you address this issue, begin by connecting all equipment enclosures together (bonding) to prevent significant voltages from existing between pieces of equipment. See the ARRL Handbook’s chapter on Assembling a Station for more information on managing the RF in your station.

Using an antenna wire length close to λ/4 (65 feet at 3.6 MHz, 33 feet at 7.1 MHz), or an odd multiple of λ/4 (3⁄4 λ is 195 feet at 3.6 MHz, 100 feet at 7.1 MHz, 50 feet at 14 MHz, etc) may be helpful. The goal is to place the antenna system’s connection to the transmitter or antenna tuner at a point of low voltage. Obviously, this can be done for only one band even in the case of harmonically related bands, since the wire length that presents a current maximum at the transmitter will present a voltage maximum at two (or four) times that frequency.

Another possibility is to attach a counterpoise wire to the transmitter or antenna tuner enclosure. The counterpoise length is adjusted so that RF voltage on the station equipment is minimized. The length may or may not be λ/4 at the operating frequency since the impedance at the end of the antenna wire is unknown. Be prepared to experiment with different lengths. Different wires can be attached at different frequencies.

Another option is to use an “artificial ground” such as the MFJ-931 (mfjenterprises.com) as in Figure 12.3 that tunes the counterpoise on different frequencies. It is also possible in many cases to use an ordinary 100-W antenna tuner to accomplish the same thing — tuning the random-length counterpoise to present a low impedance at the transmitter or antenna tuner enclosure.
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If you do use a counterpoise, be sure to insulate the unattached end because like all unconnected ends of antennas, there will likely be enough RF voltage to cause an RF burn, particularly at 100 W or higher.

12.1.2 End-Fed Half-Wave Antennas

FEED LINE RADIATION

Feed lines pick up the antenna’s radiated signal when they are not symmetrically oriented with respect to the antenna and its radiated field. For example, a feed line that approaches a center-fed dipole at an angle other than 90° will couple more strongly to the closer leg of the antenna. The closer the feed line is to one leg, the more energy it will pick up. Feed lines to an end-fed antenna almost always carry common-mode current because they are connected at one end and not the middle. Common-mode feed line current and techniques for minimizing it are addressed in the chapter Transmission Line System Techniques.

It should be emphasized that any radiation from a feed line is not “lost” energy and is not necessarily harmful. Whether or not feed line radiation is important depends entirely on the antenna system being used. In the case of a multiband antenna where general coverage is desired, if the feed line happens to radiate, such energy could actually have a desirable effect. From a practical standpoint where you are not concerned with a directive pattern, much time and labor can be saved by ignoring possible feed line radiation.

ZEPP ANTENNA

The Zepp antenna is shown in Figure 12.4. The antenna length is l/2 long at the operating frequency. (This name came about because the antenna’s first documented use was on Zeppelin airships. The antenna was hung from one end and trailed below the airship.) The Zepp was originally designed to be used on one frequency and often employed tuned feeders as described in the “Quarter-Wave Transformer” section of the Transmission Line System Techniques chapter.
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An antenna tuner with a balanced output can provide multiband coverage with a Zepp antenna using any length of open-wire feed line, as shown in Figure 12.4. This may or may not result in a tunable impedance. When the tuner has difficulty obtaining a match, try inserting or removing a λ/8 section of feed line, to change the impedance at the end of the feed line.

END-FED HALF-WAVE (EFHW)

Figure 12.5 shows the EFHW antenna, a half-wavelength dipole fed at one end. The open end is supported by a tree, mast, or other convenient support and the feed point can be close to the ground or elevated. The EFHW is popular for portable and temporary operation in the sloping configuration shown. It can also be installed horizontally with the feed point elevated. Both ends of the antenna will be high voltage points and should be kept clear of tree branches and leaves, and away from where they can be touched accidentally.
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The EFHW can be used on any band for which it is an integer number of half-wavelengths long. It may also present an acceptable impedance on non-resonant bands. For example, an EFHW for 80 meters will also be useable on 40, 20, 15, and 10 meters, as well as 30, 17, and 12 meters with a somewhat higher SWR.

The feed point’s high impedance must be transformed to a lower value so that coaxial feed line can be used. A 49:1 impedance transformer (7:1 turns ratio) as shown in Figure 12.6 is a popular choice, although ratios from 9:1 to 64:1 may work acceptably. Placing the feed point a few feet from one end will also lower the impedance somewhat.
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The EFHW requires a counterpoise to stabilize the feed point impedance. The outer surface of the coaxial feed line often serves as the counterpoise, so do not use a feed point choke balun without a counterpoise wire. If it is necessary to reduce common-mode RF current on the feed line, a choke balun or “line isolator” can be added 10 feet or more from the feed point, or where the feed line reaches ground level if the feed point is elevated. In the common configuration with the feed point near the ground, a few feet of wire connected to the feed line shield will supplement the feed line shield in stabilizing the feed point impedance. If installed with the feed point elevated, the feed line shield serves as a counterpoise and a separate wire is not used. A ground rod is not necessary for temporary installations.

The EFHW is also λ/4 long on the band that is one-half its lowest design frequency, i.e., an 80 meter EFHW is also λ/4 long on 160 meters. This creates a “bonus” use of the EFHW as a ground-plane antenna without reconfiguring the wire. Disconnect the antenna from the feed point transformer, add a ground system such as radial wires or rolls of wire mesh, and drive the antenna directly from the feed line. An antenna tuner or matching network at the antenna can be used to remove any impedance mismatch.

The EFHW antenna is explained in more detail in a presentation from Steve Dick, K1RF, at gnarc.org/wp-content/uploads/The-End-Fed-Half-Wave-Antenna.pdf and on the website of Steve Yates, AA5TB, at aa5tb.com/efha.html.

12.1.3 Center-Fed Antennas

A center-fed single-wire antenna can be made to accept power and radiate it with high efficiency on any frequency higher than its fundamental resonant frequency and, with a reduction in efficiency and bandwidth, on frequencies as low as one-half the fundamental.

In fact, it is not necessary for an antenna to be a full half-wavelength long at the lowest frequency. An antenna can be considerably shorter than 1⁄2 λ, even as short as 1⁄4 λ, and still be a very efficient radiator. The use of electrically short antennas creates high feed point impedances that can result in high voltages and currents in antenna tuners and feed lines. Losses may also be higher as discussed in the Transmission Line System Techniques chapter.

The simplest and most flexible (and also least expensive) all-band antennas are those using parallel-wire feed lines to the center of the antenna, as in Figure 12.7. Because each half of the flattop is the same length, the feed line currents will be balanced at all frequencies unless, of course, imbalance is introduced by one half of the antenna being closer to ground (or a grounded object) than the other. To maintain balance of the current in each antenna leg and minimize common-mode current on the feed line, the feed line should be run at right angles to the antenna, preferably for a distance of at least λ/4 from the feed point.
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Center-feed creates a better feed line balance and generally results in a lower SWR on parallel-wire line having a characteristic impedance of 300 to 600 Ω. Ladder or window line is satisfactory for all but possibly high power installations (over 500 W), where heavier wire and wider spacing are desirable to handle the larger currents and voltages that may be present at high SWR.

The best type of antenna tuner to use in such an installation is a balanced type designed for coaxial feed line on the input and parallel-wire line on the output. An unbalanced tuner can also be used but because one wire of the output feed line is connected to the enclosure, RF current and voltages are more likely to be present in the station.

Use of a balun at the output of an unbalanced antenna tuner to allow the use of balanced feed line is a common technique. The balun is usually an impedance transformer (voltage balun) with a 4:1 ratio in anticipation of higher impedances on balanced feed lines. This is not always the case as discussed in the chapters on Transmission Lines and Transmission Line System Techniques. The electrical length of the feed line and SWR at the antenna determine what impedance appears at the transmitter end of the feed line. Expect a wide range of impedance values and be careful not to overstress the balun.

It is not recommended that coaxial feed line be used between the antenna tuner and antenna. At frequencies where the SWR is high, feed line loss in coaxial cable runs of more than 50 feet at HF can quickly become very high. (See the Transmission Line System Techniques chapter).

The length of the antenna is not critical, nor is the length of the line. As mentioned earlier, the length of the antenna can be considerably less than λ/2 and still be very effective. If the overall length is at least λ/4 at the lowest frequency, a quite usable system will result. Some experimentation will likely be necessary to find the length that works best at a specific location on the bands required.

Several nonresonant lengths of center-fed doublets have become popular in recent years for their consistent radiation patterns on several bands. For example, L.B. Cebik, W4RNL recommended the following lengths because the pattern remains at peak gain broadside to the antennas:

• 44 feet covers 10, 12, 15, 17, 20, 30, 40 meters

• 66 feet covers 15, 17, 20, 30, 40, 60 meters

• 88 feet covers 20, 30, 40, 60, 80 meters

Cebik’s article “My Top Five Backyard Multi-Band Wire HF Antennas” explains why these simple antennas are such good performers (see the References and Bibliography).

The impedance of the antenna varies broadly from band to band, requiring the use of a wide-range tuner, but that is an acceptable tradeoff. Gain drops with frequency but not a great deal below that of a λ/2 dipole. Height above ground also influences the elevation pattern of the antenna as it does for a dipole, so install the antenna as high as you can for best performance at long distances.

PROJECT: 135-FOOT, 80 TO 10 METER DIPOLE

As mentioned previously, one of the most versatile antennas around is a simple 80 meter dipole, center-fed with open-wire transmission line and used with an antenna tuner in the station. A 135-foot long dipole hung horizontally between two trees or towers at a height of 50 feet or higher works very well on 80 through 10 meters. Such an antenna system has significant gain at the higher frequencies. The antenna can also be used on 1.8 MHz as a λ/4 antenna with some reduction in efficiency. (See the previous section for non-resonant dipole lengths that work well.)

Flattop or Inverted V Configuration?

There is no denying that the inverted V mounting configuration is very convenient, since it requires only a single support. The flattop configuration, however, where the dipole is mounted horizontally, gives more gain at the higher frequencies. Figure 12.8 shows the 80 meter azimuth and elevation patterns for two 135-foot long dipoles. The first is mounted as a flattop at a height of 50 feet over flat ground with a conductivity of 5 mS/m and a dielectric constant of 13, typical for average soil. The second dipole uses the same length of wire, with the center apex at 50 feet and the ends drooped down to be suspended 10 feet off the ground. This height is sufficient so that there is no danger to passersby from RF burns.
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At 3.8 MHz, the flattop dipole has about 4 dB more peak gain than its drooping cousin. On the other hand, the inverted V configuration gives a pattern that is more omnidirectional than the flattop dipole, which has nulls off the ends of the wire. Omnidirectional coverage may be more important to net operators, for example, than maximum gain.

Figure 12.9 shows the azimuth and elevation patterns for the same two antenna configurations, but this time at 14.2 MHz. The flattop dipole has developed four distinct lobes at a 10° elevation angle, an angle typical for 20 meter skywave communication. The peak elevation angle gain of 9.4 dBi occurs at about 17° for a height of 50 feet above flat ground for the flattop dipole. The inverted V configuration is again nominally more omnidirectional, but the peak gain is down some 6 dB from the flattop.
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The antenna's peak is reduced even more at 28.4 MHz for the inverted V configuration. Here the peak gain is down about 8 dB from that produced by the flattop dipole, which exhibits eight lobes at this frequency with a maximum gain of 12.5 dBi at about 7° elevation. See the comparisons in Figure 12.10.
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Whatever configuration you choose to mount the 135-foot dipole, you will want to feed it with some sort of low-loss open-wire feed line. For example, 450-Ω window line is popular for this application. Be sure to twist the line once or twice per foot to keep it from twisting excessively in the wind. (Do not twist it so much that the wire spacing is reduced.) Make sure also that you provide some mechanical support for the line at the junction with the dipole wires. This will prevent flexing of the transmission-line wire, since excessive flexing will result in breakage. (See the Antenna Materials and Construction chapter)

12.1.4 Dual-Band Dipoles

Dipoles have harmonic resonances near odd multiples of their fundamental resonances. Because 21 MHz is the third harmonic of 7 MHz, 7-MHz dipoles are harmonically resonant in the popular ham band at 21 MHz. This is attractive because it allows you to install a 40 meter dipole, feed it with coax, and use it without an antenna tuner on both 40 and 15 meters. This scheme can also be used to build a dipole that can be used on 80 and 30 meters and on 75 and 10 meters.

But there’s a catch: The third harmonic resonance is actually higher than three times the fundamental resonant frequency. This is because there is no end effect in the center portion of the antenna where there are no insulators. The online article “End Effect and Harmonic Antenna Design” by Bob Glorioso, W1IS, and Bob Rose, KC1DSQ analyzes and models the 40/15-meter dipole, including a discussion of end effect, at batteryeliminatorstore.com/blogs/ocf-masters-articles/end-effect-and-harmonic-antenna-design.

An easy fix for this, as shown in Figure 12.11, is to add capacitive loading to the antenna about l/4 wavelength (at the third harmonic) away from the feed point in both legs of the dipole. These capacitance hats (see the Dipoles and Monopoles chapter) lower the antenna’s resonant frequency on the third harmonic without substantially affecting resonance on the fundamental.
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Measure, cut, and adjust the dipole to resonance at the desired fundamental frequency. Then, cut two 2-foot-long pieces of solid #12 or #14 AWG wire and solder the ends of each one together to form loops. Twist the loops in the middle to form figure eights, and strip and solder the wires where they cross. Move the hats back and forth along the antenna until the desired SWR is achieved on the third harmonic (about a third of the way out from the feed point — placement isn’t critical), then strip the antenna wire and solder or clamp the hats to the antenna. Adjusting the shape of the loops, making their area larger or smaller will also change the SWR.

12.1.5 The G5RV and Related Multiband Antennas

A variation on the center-fed antenna that does not require a lot of space, is simple to construct and low in cost is the G5RV. Designed in England by Louis Varney, G5RV, some years ago, it has become quite popular in the US. (The original article by G5RV in the RSGB Bulletin is included with this book’s online material.) The G5RV design is shown in Figure 12.12. The antenna may be used from 3.5 through 30 MHz, although the use of an antenna tuner should be expected on any band except 14 MHz as Varney himself recommended. Low SWR with coax feed and no matching network on bands other than 14 MHz probably indicates excessive losses in the coax. In fact, an analysis of the G5RV feed point impedance shows there is no length of balanced line of any characteristic impedance that will transform the terminal impedance to the 50 to 75-Ω range on all bands.
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Compared to a standard λ/2 20 meter dipole at 50 feet and a 132-foot long center-fed doublet at 50 feet (also discussed in the next section on Windom-style antennas), on 20 meters the G5RV is within 1 dB of peak gain of either antenna. The G5RV has a four-lobed pattern that is somewhat more omnidirectional than either dipole or doublet. This is somewhat of an advantage for a wire antenna which cannot be rotated. The G5RV patterns for other frequencies are similar to those shown for the 135-foot dipole in the previous section.

The portion of the G5RV antenna shown as horizontal in Figure 12.9 may also be installed in an inverted V dipole arrangement, subject to the same loss of peak gain mentioned above for the 135-foot dipole. Or instead, up to 1⁄6 of the total length of the antenna at each end may be dropped vertically or semi-vertically, or bent at a convenient angle to the main axis of the antenna, to cut down on the requirements for real estate.

A useful variation on the G5RV theme was designed by Brian Austin, ZS6BKW (now GØGSF — see the References and Bibliography). It is shown in Figure 12.13 and has a very similar radiation pattern to the G5RV. It is almost 10 feet shorter than the G5RV and uses a slightly longer length of 450-Ω window line to create the 50-Ω impedance point. The antenna is usable without a tuner in some portion of the 7, 14, 18, 24, and 28 MHz bands. The SWR is high on 3.5 MHz but within range of a tuner.
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All of the G5RV/ZS6BKW and other variations that use a section of balanced transmission line to create a 50-Ω point require the use of a 1:1 choke balun as described in the chapter on Transmission Line System Techniques. Without the isolation between the balanced and unbalanced feed lines, the coaxial feed line will pick up significant common-mode RF current and allow noise picked up on the coax to enter the feed line.

The weight of the balun should be supported by sturdy construction and strain relief for the parallel conductor feed line. For this antenna, window line using stranded conductors is preferable to copper-plated steel since the repeated flexing will eventually cause the conductors to break. The window line matching section should be oriented at right angles to the top section (or symmetrically in an inverted V configuration) to avoid unbalancing the antenna system which would exacerbate common-mode current problems and distort the pattern unpredictably.

PROJECT: TRIBAND DIPOLE FOR 30, 17, AND 12 METERS

(This antenna was originally described in the article “A Triband Dipole for 30, 17, and 12 Meters” by Zack Lau, W1VT in the Mar/Apr 2015 issue of QEX. A similar design by W1VT for 10, 20, and 40 meters described in the article “A Compact Multiband Dipole” from the March 2016 issue of QST. Both articles are available in this chapter’s online material.)

The triband dipole in Figure 12.14 is a 58-foot doublet made out of #14 THHN solid house wire fed with a 35.5-foot matching section of 600-Ω ladder line having a velocity factor of 0.91. It has modest gain over a dipole on all three of the design bands and SWR at the balun input is approximately 1.5 on 17 meters and 2.4 on 12 meters and 30 meters. These values of SWR are all easily matched to 1:1 with the auto-tuner built into many transceivers or with an external impedance matching unit.
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If the antenna will be installed at a significantly different height, the length of the doublet and the open-wire feed line may have to be adjusted to obtain resonances in all three bands. The length of the 50 Ω cable feed line isn’t critical.

The #14 THHN house wire has two layers of insulation: 15 mils of PVC and another 4 mils of nylon. While the nylon typically flakes off in less than a year, the antenna was modeled in EZNEC using an insulation thickness of 19 mils and a dielectric constant of 3.5. Changing the insulation thickness to 15 mils doesn’t appreciably change the resonance points.

The somewhat low velocity factor of the open-wire line assumes it is constructed using the same insulated wire as the doublet. A spacing of 3 inches is recommended for constructing the 600 Ω open-wire line. If other wire types are used to construct the open-wire line, an accurate approximation for the impedance of air-insulated open-wire line is Z0 = 276 log10 (2S/d) where S is the center-to-center distance between the conductors and d is the diameter of the conductors in the same units as S. (Z0 for open-wire line is discussed in detail in the Transmission Lines chapter.)

A 1:1 choke balun is required between the open-wire feed line and the coax to prevent the outside of the coax shield from becoming a radiating antenna element and affecting feed point impedance. W1VT recommends 11 turns of solid dielectric RG-58 on an FT-140-43 core as working well from 10 to 30 MHz. Other ferrite-core choke designs can be found in the Transmission Line System Techniques chapter.

Assuming a height of 42 feet, on 17 meters the antenna has a clean, bidirectional pattern, with maximum gain of 8.9 dBi broadside to the wires. (All antenna patterns are included in the full article.) On 30 meters, the antenna also has gain broadside to the wires of 6.9 dBi. On 12 meters the antenna has an azimuthal radiation pattern with four main lobes having 8.2 dBi gain, 50° off broadside. The broadside lobes are 3.5 dB weaker than the main lobes.

12.1.6 The Windom and Carolina Windom

An antenna that enjoyed popularity in the 1930s and into the 1940s was what we now call the Windom. It was known at the time as a “single-feeder Hertz” antenna, after being described in the September 1929 QST by Loren G. Windom, W8GZ (see References and Bibliography).

The Windom antenna, shown in Figure 12.15, is fed with a single wire, attached approximately 14% off center. In theory, this location provides a match for the single-wire transmission line, which is driven against an earth ground. Because the single-wire feed line is not inherently well balanced and because it is brought to the operating position, “RF in the shack” is a likely result of using this antenna. For that reason, the true single-feed-wire Windom antenna is rarely used although the name is often given to wires with non-centered feed points as described in the next section.
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A recent variation is called the “Carolina Windom,” apparently because two of the designers, Edgar Lambert, WA4LVB, and Joe Wright, W4UEB, lived in coastal North Carolina (the third, Jim Wilkie, WY4R, lived in nearby Norfolk, Virginia). One of the interesting parts about the Carolina Windom is that it turns a potential disadvantage — feed line radiation — into a potential advantage.

Figure 12.16 is a diagram of a flattop Carolina Windom, which uses a 50-foot wire joined with an 83-foot wire at the feed point insulator. This resembles the layout shown in Figure 12.12 for the original W8GZ Windom. The “Vertical Radiator” for the Carolina Windom is a 22-foot piece of RG-8X coax, with a “line isolator” (feed line choke) at the bottom end and a 4:1 “matching unit” (impedance transformer) at the top. The system takes advantage of the asymmetry of the horizontal wires to purposely induce current onto the outer shield surface of the vertical coax section. Note that the matching unit is a voltage balun transformer, which purposely does not act like a common-mode choke balun. You must use an antenna tuner with this system to present a 1:1 SWR to the transmitter on the amateur bands from 80 through 10 meters.
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The radiation resulting from current induced onto the 22-foot vertical coax section tends to fill in the deep nulls that would be present if the 132 feet of horizontal wire were center fed. Over saltwater, the vertical radiator can give significant gain at the low elevation angles needed for DX work. Indeed, field reports for the Carolina Windom are most impressive for stations located near or on saltwater. Over average soil the advantage of the additional vertically polarized component is not quite so evident. Figure 12.17A compares a 50-foot high Carolina Windom on 14 MHz over saltwater to a 50-foot high, 132-foot long, flattop center-fed dipole. The Carolina Windom has a more omnidirectional azimuthal pattern, a desirable characteristic in a 132-foot long wire antenna that is not normally rotated to favor different directions.
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Another advantage of the Carolina Windom over a traditional Windom is that the coax feed line between the transmitter and common-mode choke balun does not radiate. Since the feed line is not always operating at a low SWR on various ham bands, use the minimum length of feed coax possible to reduce losses in the coax.

Figure 12.14B shows the azimuth responses for a 50-foot high flattop Carolina Windom on 28.4 MHz over saltwater and over average soil. The pattern for a 50-foot high, flattop 20 meter dipole operated on 28.4 MHz is also shown, since this 20 meter dipole can also be used as a multiband antenna, when fed with open-wire transmission line rather than with coax. Again, the Carolina Windom exhibits a more omnidirectional pattern, even if the pattern is somewhat lopsided at the bottom.

12.1.7 Off-Center-Fed (OCF) Dipoles

The usual practice is to feed a λ/2 dipole in the center where the feed point impedance is low and makes a suitable match to coaxial cables. The dipole will accept energy from a feed point anywhere along its length, however, assuming that the source is matched to the higher impedance that is presented away from the center point. (As discussed in the Dipoles and Monopoles chapter, if the feed point is moved away from the center of the dipole, the impedance rises because current is dropping while voltage is rising.)

The off-center-fed dipole takes advantage of placing the feed point in a location along the dipole at which the impedance is similar on more than one band, generally in the neighborhood of 150 – 300 Ω. A suitable impedance transformer is then used to reduce the feed point impedance to something closer to 50 Ω. As with all horizontal antennas above ground, changes in height will affect feed point impedance and SWR. The article “Off-Center-Fed Dipoles — Theory and Practice” by Jackson R. Richter, WBØUSA, analyzes the OCF in detail (see the References and Bibliography).

Figure 12.18 shows an off-center-fed or OCF dipole. Because it is similar in appearance to the Windom of Figure 12.15, this antenna is often mistakenly called a “Windom,” or sometimes a “coax-fed Windom.” The two antennas are not the same, since the Windom is driven against an earth ground, while the OCF dipole is fed like a regular dipole — just not at its center. The extreme case of an OCF is the end-fed Zepp. where the feed point is moved all the way to the end of the antenna. (See the previous sections.)
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The OCF dipole of Figure 12.18, fed 1⁄3 of its length from one end, may be used on its fundamental and even harmonics. Its free-space antenna-terminal impedance at 3.5, 7, and 14 MHz is on the order of 150 to 200 Ω. At the 6th harmonic, 21 MHz, the antenna is three wavelengths long and fed at a voltage maximum instead of a current maximum. The feed point impedance at this frequency is high, a few thousand ohms, so the antenna is unsuitable for use on this band.

An alternate design that works on 40, 20, 10, and 6 meters is also described in the article “A No Compromise Off-Center Fed Dipole for Four Bands” by Rick Littlefield, K1BQT. An 8-band model that operates on the HF bands from 80 through 10 meters (except 60 meters) is described in the paper “The J78 Antenna: An Eight-band Off-Center-Fed HF Dipole” by Brian Machesney, K1LI/J75Y. Both articles are included in the online material for this chapter.

All OCF dipole antennas require an impedance transformer at the feed point. A 4:1 or 6:1 ratio typically provides good results. A choke balun on the feed line is also required to reduce coupling between the antenna and feed line, which can affect feed point impedance. Height above ground also affects feed point impedance — be prepared to adjust the dipole length to achieve an acceptable match on the bands to be used.

COMMON-MODE CURRENT

Because the OCF dipole is not fed at the center of the radiator, the feed line is not placed symmetrically with respect to the antenna’s radiated field. As a result, common-mode current will flow on the feed line, usually a coaxial cable. How much current flows depends on the impedance of the coaxial cable’s outer surface which, in turn, depends on the orientation of the cable, how long it is, height above ground, and so forth. (Some of the common-mode current results from the slightly unequal impedances presented by the OCF legs but most of the shield current is induced by the asymmetric location in the antenna’s field.)

Regardless of how the common-mode current is caused to flow on the feed line, it is generally viewed as undesirable and a choke balun is used to increase the impedance of coaxial cable’s outer surface. Radiation from the feed line may not be a problem in your installation and may even improve the antenna’s radiation pattern by filling in nulls. (See “Feed Line Radiation” above.) In that case, no balun is required. (Choke baluns are discussed in the chapter Transmission Line System Techniques.)

PROJECT: OFF-CENTER END FED (OCEF) DIPOLE FOR 40 TO 6 METERS

In this project’s design, Kai Siwiak, KE4PT, describes a dipole antenna that is physically connected to the feed line at one end of the main antenna wire. Electrically, though, it is off-center fed including the desired section of the feed line’s shield and an additional “droop” wire, becoming the “OCEF” dipole. The antenna is designed to roll up into a compact and convenient package for travel. (The full article is available with this book’s online material.)

As shown in Figure 12.19, the OCEF consists of two dipole legs and an optional droop wire. For the wire-only portion, use 30 feet of Teflon insulated #20 AWG stranded copper wire, beginning at the egg insulator at A. The wire is then soldered to the center conductor of miniature RG-174 coax, forming the physical feed point at B. The second radiating section is the outer shield of the 11.5-foot-long section of RG-174 coax extending from the electrical feed point to the ferrite chokes at C.
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A 2-foot droop wire can be attached at C to extend the lower frequency range of the antenna and lower the impedance of the antenna near the chokes. This combination of lengths results in impedances that are relatively easy for the antenna tuning unit to match even though the antenna is not self-resonant in any of the ham bands.

The OCEF can be held away from a vertical structure with a nonconductive fishing pole or other support in either a horizontal or vertical orientation. Alternately, the antenna can be tied to a support structure such as a tree and stretched out back toward the operating position. In either arrangement, the antenna tuning unit should be able to create a 50 Ω match on any band from 40 to 6 meters. If 80 meter operation is desired and an antenna tuner will not create the required match, additional lengths of wire can be clipped onto the droop wire until a match can be obtained. This extra piece of wire must be removed to operate on the higher bands, however.

The OCEF dipole allows all sorts of portable operation but pay attention to RF exposure — with 50 W of RF input power, the minimum safe distance rises from about 1 foot on 80 meters to 10 feet on 10 and 6 meters.

12.1.8 Fan Dipole Antennas

The antenna system shown in Figure 12.20A consists of a group of center-fed dipoles, all connected in parallel at the point where the transmission line joins them. Each of the dipole elements is individually constructed to be an electrical λ/2 at different frequencies. This is often referred to as a “fan dipole,” although that term is also applied to a dipole constructed as a bow-tie to increase operating bandwidth. (See the section “Broadband Dipoles” in the chapter General Purpose MF and HF Antennas.) The general idea is that the feed point impedance of the dipoles far from resonance will be high enough that nearly all of the signal power is radiated by the resonant dipole and not by the nonresonant dipoles.

[image: ]

In theory, the 4-wire antenna of Figure 12.20A can be used with a coaxial feed line on five bands. The four wires are prepared as parallel-fed dipoles for 3.5, 7, 14, and 28 MHz. The 7-MHz dipole is intended to be used on its 3rd harmonic for 21-MHz operation to cover a fifth band. However, in practice it has been found difficult to get a good match to coaxial line on all bands.

The λ/2 resonant length of any one dipole in the presence of the others is not the same as for a dipole by itself due to interaction and attempts to optimize all four lengths can become a frustrating procedure. The problem is compounded because the optimum tuning changes in a different antenna environment, so what works for one amateur may not work for another. The builder should start with a single dipole longer than resonance as discussed in the Dipoles and Monopoles chapter and be prepared to make repeated adjustments to the dipole lengths as more dipoles are added to the antenna.

Even if a perfect match cannot be obtained on all bands, many amateurs with limited antenna space are willing to accept the mismatch on some bands just so they can operate on those frequencies using a single coax feed line. The fewer dipoles that are used in parallel, the easier it will be to adjust them for the desired performance.

If an attempt is made to model the multi-wire dipole, take extra care to define the feed point construction carefully. As noted in the Antenna Modeling chapter, wires that are very close to each other or that join at small angles are hard to model so that the results reflect actual performance.

The multiple-dipole antenna can be fed with parallel-wire feed line and an antenna tuner but that negates the intended advantage of the design over a conventional single-wire nonresonant dipole — the use of a single coaxial feed line. The usual feed method is to use a coaxial feed line and a choke balun at the feed point as described in the chapter Transmission Line System Techniques.

The separation between the dipoles for the various frequencies does not seem to be especially critical. One set of wires can be suspended from the next larger set, using insulating spreaders (of the type used for feed line spreaders) to give a separation of a few inches. Users of this antenna often run some of the dipoles at right angles to each other to help reduce interaction. Some operators use inverted V-mounted dipoles as guy wires for the mast that supports the antenna system. The top (and longest) dipole must support the weight of the rest of the antenna plus the feed line, so use heavy wire (copper-clad steel is the strongest) for the top antenna.

While the separation between dipoles does not seem to be especially critical to final performance, it does affect the amount of interaction between them that makes tuning each dipole difficult. A method of construction and tuning reported by Don Butler, N4UJW (hamuniverse.com/multidipole.html) is shown is Figure 12.16B. For dipoles in the 2-18 MHz range, separating the dipoles at the feed point by at least 51⁄2 inches vertically and at the ends by 38 inches results in a final length closer than ±2% of a single dipole.

An interesting method of construction used successfully by Louis Richard, ON4UF, is shown in Figure 12.21. The antenna has four dipoles (for 7, 14, 21 and 28 MHz) constructed from 300-Ω twin lead. A single length of twin lead makes two dipoles. Thus, two lengths, as shown in the sketch, serve to make dipoles for four bands. Be sure to use twin lead with copper-clad steel conductors because all of the weight, including that of the feed line, must be supported by the uppermost wire (450-Ω window line could also be used).
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Two pieces of twin lead are first cut to a length suitable for the two halves of the longest dipole. Then one of the conductors in each piece is cut to proper length for the next band higher in frequency. The excess wire and insulation is stripped away. A second pair of lengths is prepared in the same manner, except that the lengths are appropriate for the next two higher frequency bands. (Note the potential for interaction between higher and lower-frequency dipoles that may alter the tuning of previously adjusted dipoles.)

A piece of thick plastic sheet (plexiglass, polycarbonate, or high-density polyethylene) drilled with holes for anchoring each wire serves as the central insulator. The shorter pair of dipoles is suspended the width of the ribbon below the longer pair by clamps also made of poly sheet. Intermediate spacers are made by sawing slots in pieces of plastic sheet so they will fit the ribbon snugly.

The multiple-dipole principle can also be applied to vertical antennas. Parallel or fanned λ/4 elements of wire or tubing can be driven against ground or tuned radials from a common feed point.

PROJECT: DOUBLE-L ANTENNA

The Double-L antenna by Don Toman, K2KQ is a variation of the multi-wire dipole. (www.yccc.org/Articles/double_l.htm) Shown in Figure 12.22, the antenna is basically a vertical dipole with its ends bent to run horizontally over ground. It can be constructed as a single antenna for one band or a second dipole can be added to use the antenna on two bands.
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Construction is not critical. The bottom wires should be at least 10 feet above ground and no radial system is required. If you do construct the dual-band version, the vertical wires are connected together at the feed point and separated by about 3 feet where they bend to become horizontal. The two horizontal sections are separated by about 30°. If the antennas are supported by a metal tower, the vertical section should be at least 3 feet from the tower.

The antenna is inherently unbalanced and may be tuned by removing or adding wire to the lower legs without dramatically affecting performance or feed point impedance. The dimensions given result in an SWR minimum near 1.83 MHz and 3.75 MHz.

12.2 Trap Dipoles

By using tuned circuits of appropriate design strategically placed in a dipole, the antenna can be made to show what is essentially fundamental resonance at a number of different frequencies. The general principle is illustrated by Figure 12.23. The tuned circuits are also referred to as “traps” and so an antenna that uses tuned circuits to change its electrical configuration at different frequencies is called a “trap antenna” or a “trapped antenna.”
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Even though a trap antenna arrangement is a simple one, an explanation of how a trap antenna works can be elusive. For some designs, traps are resonated in our amateur bands, and for others (especially commercially made antennas) the traps are resonant far outside any amateur band.

A trap in an antenna system can perform either of two functions, depending on whether or not it is resonant at the operating frequency. A familiar case is where the trap is parallel-resonant in an amateur band. For the moment, let us assume that dimension A in Figure 12.23 is 32 feet and that each L/C combination is resonant in the 7-MHz band. Because of its parallel resonance, the trap presents a high impedance at that point in the antenna system. The electrical effect at 7 MHz is that the trap behaves as an open circuit. It serves to separate the outside ends, the B sections, from the inner sections of the antenna. The result is easy to visualize — we now have an antenna system that is resonant in the 7-MHz band. Each 33-foot section (labeled A in the drawing) represents λ/4 with the trap acting as an open circuit. We therefore have a full-size 7-MHz antenna.

The second function of a trap, obtained when the frequency of operation is not the resonant frequency of the trap, is one of electrical loading. If the operating frequency is below the trap’s resonant frequency, the trap behaves as an inductor; if above, as a capacitor. Inductive loading will electrically lengthen the antenna, and capacitive loading will electrically shorten the antenna.

Let’s carry our assumption a bit further and try using the antenna we just considered at 3.5 MHz. With the traps resonant in the 7-MHz band, they will behave as inductors when operation takes place at 3.5 MHz, electrically lengthening the antenna. This means that the total length of sections A and B (plus the length of the inductor) may be something less than a physical λ/4 for resonance at 3.5 MHz. Thus, we have a two-band antenna that is shorter than full size on the lower frequency band. But with the electrical loading provided by the traps, the overall electrical length is λ/2. The total antenna length needed for resonance in the 3.5-MHz band will depend on the L/C ratio of the trap elements.

The key to trap operation away from resonance is its L/C ratio, the ratio of the value of L to the value of C. At resonance, however, within practical limitations the L/C ratio is immaterial as far as electrical operation goes. For example, in the antenna we’ve been discussing, it would make no difference for 7-MHz operation whether the inductor were 1 µH and the capacitor were 500 pF (the reactances would be just below 45 Ω at 7.1 MHz), or whether the inductor were 5 µH and the capacitor 100 pF (reactances of approximately 224 Ω at 7.1 MHz). But the choice of these values will make a significant difference in the antenna size for resonance at 3.5 MHz. In the first case, where the L/C ratio is 2000, the necessary length of section B of the antenna for resonance at 3.75 MHz would be approximately 28.25 feet. In the second case, where the L/C ratio is 50,000, this length need be only 24.0 feet, a difference of more than 15%.

The above example concerns a two-band antenna with trap resonance at one of the two frequencies of operation. On each of the two bands, each half of the dipole operates as an electrical λ/4. However, the same band coverage can be obtained with a trap resonant at, say, 5 MHz, a frequency quite removed from either amateur band. With proper selection of the L/C ratio and the dimensions for A and B, the trap will act to shorten the antenna electrically at 7 MHz and lengthen it electrically at 3.5 MHz. Thus, an antenna that is intermediate in physical length between being full size on 3.5 MHz and full size on 7 MHz can cover both bands, even though the trap is not resonant at either frequency. Again, the antenna operates with electrical λ/4 sections. Note that such nonresonant traps have less RF current flowing in the trap components, and hence trap losses are less than for resonant traps.

Additional traps may be added in an antenna section to cover three or more bands. Or a judicious choice of dimensions and the L/C ratio may permit operation on three or more bands with just a pair of identical traps in the dipole.

An important point to remember about traps is this. If the operating frequency is below that of trap resonance, the trap behaves as an inductor; if above, as a capacitor. The above discussion is based on dipoles that operate electrically as λ/2 antennas. This is not a requirement, however. Elements may be operated as electrical 3⁄2 λ, or even 5⁄2 λ, and still present a reasonable impedance to a coaxial feed line. In trap antennas covering several HF bands, using electrical lengths that are odd multiples of λ/2 is often done at the higher frequencies.

To further aid in understanding trap operation, let’s now choose trap L and C components that each have a reactance of 20 Ω at 7 MHz. Inductive reactance is directly proportional to frequency, and capacitive reactance is inversely proportional. When we shift operation to the 3.5-MHz band, the inductive reactance becomes 10 Ω, and the capacitive reactance becomes 40 Ω. At first thought, it may seem that the trap would become capacitive at 3.5 MHz with a higher capacitive reactance, and that the extra capacitive reactance would make the antenna electrically shorter yet. Fortunately, this is not the case. The inductor and the capacitor are connected in parallel with each other.
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where j indicates a reactive impedance component, rather than resistive. A positive result indicates inductive reactance, and a negative result indicates capacitive. In this 3.5-MHz case, with 40 Ω of capacitive reactance and 10 Ω of inductive, the equivalent series reactance is 13.3 Ω inductive. This inductive loading lengthens the antenna to an electrical λ/2 overall at 3.5 MHz, assuming the B end sections in Figure 12.23 are of the proper length.

With the above reactance values providing resonance at 7 MHz, XL equals XC, and the theoretical series equivalent is infinity. This provides the open-switch effect, disconnecting the antenna ends.

At 14 MHz, where XL = 40 Ω and XC = 10 Ω, the resultant series equivalent trap reactance is 13.3 Ω capacitive. If the total physical antenna length is slightly longer than 3⁄2 λ at 14 MHz, this trap reactance at 14 MHz can be used to shorten the antenna to an electrical 3⁄2 λ. In this way, three-band operation is obtained for 3.5, 7, and 14 MHz with just one pair of identical traps. The design of such a system is not straightforward, however, because any chosen L/C ratio for a given total length affects the resonant frequency of the antenna on both the 3.5 and 14-MHz bands.

12.2.1 Trap Losses

Since the tuned circuits have some inherent losses, the efficiency of a trap system depends on the unloaded Q values of the tuned circuits. Low-loss (high-Q) coils should be used, and the capacitor losses likewise should be kept as low as possible. With tuned circuits that are good in this respect — comparable with the low-loss components used in transmitter tank circuits, for example — the reduction in efficiency compared with the efficiency of a simple dipole is small, but tuned circuits of low unloaded Q can lose an appreciable portion of the power supplied to the antenna.

The commentary above applies to traps assembled from conventional components. The important function of a trap that is resonant in an amateur band is to provide a high isolating impedance, and this impedance is directly proportional to Q. Unfortunately, high Q restricts the antenna bandwidth, because the traps provide maximum isolation only at trap resonance.

12.2.2 Five-Band W3DZZ Trap Antenna

C. L. Buchanan, W3DZZ, created one of the first trap antennas for the five pre-1979 WARC amateur bands from 3.5 to 30 MHz. Dimensions are given in Figure 12.24. Only one set of traps is used, resonant at 7 MHz to isolate the inner (7-MHz) dipole from the outer sections. This causes the overall system to be resonant in the 3.5-MHz band. On 14, 21 and 28 MHz the antenna works on the capacitive-reactance principle just outlined. With a 75-Ω feed line, the SWR with this antenna is under 2:1 throughout the three highest frequency bands, and the SWR is comparable with that obtained with similarly fed simple dipoles on 3.5 and 7 MHz. (The complete article is included with this book’s online material.)
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TRAP CONSTRUCTION

Traps frequently are built with concentric coaxial aluminum tubes (usually with plastic tubing in-between them for insulation) for the capacitor, with the coil either self-supporting or wound on a form of larger diameter than the tubular capacitor. The coil is then mounted coaxially with the capacitor to form a unit assembly that can be supported at each end by the antenna wires. In another type of trap devised by William J. Lattin, W4JRW (see References and Bibliography), the coil is supported inside an aluminum tube and the trap capacitor is obtained in the form of capacitance between the coil and the outer tube. This type of trap is inherently weatherproof.

A simpler type of trap can be easily assembled from readily available components. A small transmitting-type ceramic “doorknob” capacitor is used, together with a length of commercially available coil material, these being supported by an ordinary ceramic or plastic antenna strain insulator 41⁄4 inches long. The circuit constants and antenna dimensions differ slightly from those of Figure 12.24, in order to bring the antenna resonance points closer to the centers of the various phone bands. Construction data are given in Figure 12.25. If a 10-turn length of inductor is used, a half turn from each end may be used to slip through the anchor holes in the insulator to act as leads.
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The components used in these traps are sufficiently weatherproof in themselves so that no additional weatherproofing has been found necessary. However, if it is desired to protect them from the accumulation of snow or ice, a plastic cover can be made by cutting two discs of plastic slightly larger in diameter than the coil, drilling at the center to pass the antenna wires, and cementing a plastic cylinder on the edges of the discs. The cylinder can be made by wrapping two turns or so of 0.02-inch plastic sheet around the discs, if no suitable ready-made tubing is available. Plastic soft-drink bottles or food jars are easily adaptable for use as impromptu trap covers if protected from solar UV.

For low-power use, John Portune, W6NBC, designed a printed-circuit board trap (see References and Bibliography). The trap consists of a pair of rectangular spiral inductors, one on each side of the PCB. The inductor traces mirror each other so they exactly overlap. The two traces and the PCB material make up the trap’s capacitance. The trap is tuned by moving a jumper along the inductor.

The common FR-4 glass-epoxy PCB material is somewhat lossy with a dissipation factor of 2% but is adequate for intermittent transmitting at 100 W or less. If polyimide or Teflon (PTFE) are available, those materials are a less-lossy dielectric.

12.2.3 W8NX Multiband, Coax-Trap Dipoles

Over the last 60 or 70 years, amateurs have used many kinds of multiband antennas to cover the traditional HF bands. The availability of the 30, 17 and 12 meter bands has expanded our need for multiband antenna coverage. This section is based on the August 1994 QST article “Two New Multiband Trap Dipoles” by Al Buxton, W8NX. This article and two others by the same author are included with this book’s online material, providing designs for trap dipoles operating on all of the amateur bands below 30 MHz.

Two different antennas are described here. The first covers the traditional 80, 40, 20, 15, and 10 meter bands, and the second covers 80, 40, 17, and 12 meters. Each uses the same type of W8NX trap — connected for different modes of operation — and a pair of short capacitive stubs to enhance coverage. The W8NX coaxial-cable traps have two different modes: a high- and a low-impedance mode. The inner-conductor windings and shield windings of the traps are connected in series for both modes. However, either the low- or high-impedance point can be used as the trap’s output terminal. For low-impedance trap operation, only the center conductor turns of the trap windings are used. For high-impedance operation, all turns are used, in the conventional manner for a trap. The short stubs on each antenna are strategically sized and located to permit more flexibility in adjusting the resonant frequencies of the antenna.

PROJECT: 80, 40, 20, 15, AND 10 METER DIPOLE

Figure 12.26 shows the configuration of the 80, 40, 20, 15, and 10 meter antenna. The radiating elements are made of #14 AWG stranded copper wire. The element lengths are the wire span lengths in feet. These lengths do not include the lengths of the pigtails at the balun, traps and insulators. The 32.3-foot-long inner 40 meter segments are measured from the eyelet of the input balun to the tension-relief hole in the trap coil form. The 4.9-foot segment length is measured from the tension-relief hole in the trap to the 6-foot stub. The 16.l-foot outer-segment span is measured from the stub to the eyelet of the end insulator.
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The coaxial-cable traps are wound on PVC pipe coil forms and use the low-impedance output connection. The stubs are 6-foot lengths of 1⁄8-inch stiffened aluminum or copper rod hanging perpendicular to the radiating elements. The first inch of their length is bent 90° to permit attachment to the radiating elements by large-diameter copper crimp connectors. Ordinary #14 AWG wire may be used for the stubs, but it has a tendency to curl up and may tangle unless weighed down at the end. You should feed the antenna with 75-Ω coaxial cable using a choke balun.

This antenna may be thought of as a modified W3DZZ antenna due to the addition of the capacitive stubs. The length and location of the stub give the antenna designer two extra degrees of freedom to place the resonant frequencies within the amateur bands. This additional flexibility is particularly helpful to bring the 15 and 10 meter resonant frequencies to more desirable locations in these bands. The actual 10 meter resonant frequency of the original W3DZZ antenna is somewhat above 30 MHz, pretty remote from the more desirable low frequency end of 10 meters.

PROJECT: 80, 40, 17, AND 12 METER DIPOLE

Figure 12.27 shows the configuration of the 80, 40, 17, and 12 meter antenna. Notice that the capacitive stubs are attached immediately outboard after the traps and are 6.5 feet long, 1⁄2 foot longer than those used in the other antenna. The traps are connected for the high-impedance parallel-resonant output mode. Since only four bands are covered by this antenna, it is easier to fine tune it to precisely the desired frequency on all bands. The 12.4-foot tips can be pruned to a particular 17 meter frequency with little effect on the 12 meter frequency. The stub lengths can be pruned to a particular 12 meter frequency with little effect on the 17 meter frequency. Both such pruning adjustments slightly alter the 80 meter resonant frequency. However, the bandwidths of the antennas are so broad on 17 and 12 meters that little need for such pruning exists. The 40 meter frequency is nearly independent of adjustments to the capacitive stubs and outer radiating tip elements. Like the first antennas, this dipole is fed with a balun and 75-Ω feed line.
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Figure 12.28 shows the schematic diagram of the traps. It explains the difference between the low and high-impedance modes of the traps. Notice that the high-impedance terminal is the output configuration used in most conventional trap applications. The low-impedance connection is made across only the inner conductor turns, corresponding to one-half of the total turns of the trap. This mode steps the trap’s impedance down to approximately one-fourth of that of the high-impedance level. This is what allows a single trap design to be used for two different multiband antennas.
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Figure 12.29 is a drawing of a cross-section of the coax trap shown broadside to the long axis of the trap. Notice that the traps are conventional coaxial-cable traps, except for the added low-impedance output terminal. The traps are 83⁄4 closespaced turns of RG-59 (Belden 8241) on a 23⁄8-inch-OD PVC pipe (schedule 40 pipe with a 2-inch ID) coil form. The forms are 41⁄8 inches long. Trap resonant frequency is very sensitive to the outer diameter of the coil form, so check it carefully. Unfortunately, not all PVC pipe is made with the same wall thickness. The trap frequencies should be checked with a dip meter and general-coverage receiver and adjusted to within 50 kHz of the 7150 kHz resonant frequency before installation. One inch is left over at each end of the coil forms to allow for the coax feed-through holes and holes for tension-relief attachment of the antenna radiating elements to the traps. Be sure to seal the ends of the trap coax cable to prevent moisture from entering the coaxial cable. (See the discussion on waterproofing in the Building Antenna Systems and Towers chapter.)
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Also, be sure that you connect the 32.3-foot wire element at the start of the inner conductor winding of the trap. This avoids detuning the antenna by the stray capacitance of the coaxial-cable shield. The trap output terminal (which has the shield stray capacitance) should be at the outboard side of the trap. Reversing the input and output terminals of the trap will lower the 40 meter frequency by approximately 50 kHz, but there will be negligible effect on the other bands.

Figure 12.30 shows a coaxial-cable trap. Further details of the trap installation are shown in Figure 12.31. This drawing applies specifically to the 80, 40, 20, 15, and l0 meter antenna, which uses the low-impedance trap connections. Notice the lengths of the trap pigtails: 3 to 4 inches at each terminal of the trap. If you use a different arrangement, you must modify the span lengths accordingly. All connections can be made using crimp connectors rather than by soldering.
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PERFORMANCE

The performance of both antennas has been very satisfactory. W8NX uses the 80, 40, 17, and 12 meter version because it covers 17 and 12 meters. (He has a tribander for 20, 15, and 10 meters.) The radiation pattern on 17 meters is that of a 3⁄2-wave dipole. On 12 meters, the pattern is that of a 5⁄2-wave dipole. At his location in Ohio, the antenna runs essentially east and west. It is installed as an inverted V, 40 feet high at the center, with a 120° included angle between the legs. Since the stubs are very short, they radiate little power and make only minor contributions to the radiation patterns. In theory, the pattern has four major lobes on 17 meters, with maxima to the northeast, southeast, southwest and northwest. These provide low-angle radiation into Europe, Africa, South Pacific, Japan and Alaska. A narrow pair of minor broadside lobes provides north and south coverage into Central America, South America and the polar regions.

There are four major lobes on 12 meters, giving nearly end-fire radiation and good low-angle east and west coverage. There are also three pairs of very narrow, nearly broadside, minor lobes on 12 meters, down about 6 dB from the major end-fire lobes. On 80 and 40 meters, the antenna has the usual figure-8 patterns of a half-wave-length dipole.

Both antennas function as electrical half-wave dipoles on 80 and 40 meters with a low SWR. They both function as odd-harmonic current-fed dipoles on their other operating frequencies, with higher, but still acceptable, SWR. The presence of the stubs can either raise or lower the input impedance of the antenna from those of the usual third and fifth harmonic dipoles. Again W8NX recommends that 75-Ω, rather than 50-Ω, feed line be used because of the generally higher input impedances at the harmonic operating frequencies of the antennas.

The SWR curves of both antennas were carefully measured using a 75 to 50-Ω transformer from Palomar Engineers inserted at the junction of the 75-Ω coax feed line and a 50-Ω SWR bridge. The transformer is required for accurate SWR measurement if a 50-Ω SWR bridge is used with a 75-Ω line. Most 50-Ω radios operate satisfactorily with a 75-Ω line, although this requires different tuning and load settings in the final output stage of a vacuum tube amplifier or antenna tuner. The 75 to 50-Ω transformer is used only when making SWR measurements and at low power levels.

Figure 12.32 gives the SWR curves of the 80, 40, 20, 15, and 10 meter antenna. Minimum SWR is nearly 1:1 on 80 meters, 1.5:1 on 40 meters, 1.6:1 on 20 meters, and 1.5:1 on 10 meters. The minimum SWR is slightly below 3:1 on 15 meters. On 15 meters, the stub capacitive reactance combines with the inductive reactance of the outer segment of the antenna to produce a resonant rise that raises the antenna input resistance to about 220 Ω, higher than that of the usual 3⁄2-wavelength dipole. An antenna tuner may be required on this band to keep a solid-state final output stage happy under these load conditions.
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Figure 12.33 shows the SWR curves of the 80, 40, 17, and 12 meter antenna. Notice the excellent 80 meter performance with a nearly unity minimum SWR in the middle of the band. The performance approaches that of a full-size 80 meter wire dipole. The short stubs and the low-inductance traps shorten the antenna somewhat on 80 meters. Also observe the good 17 meter performance, with the SWR being only a little above 2:1 across the band.
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But notice the 12 meter SWR curve of this antenna, which shows 4:1 SWR across the band. The antenna input resistance approaches 300 Ω on this band because the capacitive reactance of the stubs combines with the inductive reactance of the outer antenna segments to give resonant rises in impedance. These are reflected back to the input terminals. These stub-induced resonant impedance rises are similar to those on the other antenna on 15 meters, but are even more pronounced.

High SWR in coaxial cables longer than about 100 feet can lead to high feed line losses as shown in the Transmission Lines chapter. If you plan on operating this antenna with an SWR of greater than 3:1, make sure the amount of feed line loss is acceptable.

High voltages in the feed line should not cause too much concern. Even if the SWR is as high as 9:1 no destructively high voltages will exist on the transmission line. Recall that transmission-line voltages increase as the square root of the SWR in the line. Thus, 1 kW of RF power in 75-Ω line corresponds to 274 V line voltage for a 1:1 SWR. Raising the SWR to 9:1 merely triples the maximum voltage that the line must withstand to 822 V. This voltage is well below the 3700-V rating of RG-11, or the 1700-V rating of RG-59, the two most popular 75-Ω coax lines. Voltage breakdown in the traps is also very unlikely. As will be pointed out later, the operating power levels of these antennas are limited by RF power dissipation in the traps, not trap voltage breakdown or feed line SWR.

TRAP LOSSES AND POWER RATING

Table 12.1 presents the results of trap Q measurements and extrapolation by a two-frequency method to higher frequencies above resonance. W8NX employed a Boonton Q meter for the measurements. Extrapolation to higher-frequency bands assumes that trap resistance losses rise with skin effect according to the square root of frequency, and that trap dielectric loses rise directly with frequency. Systematic measurement errors are not increased by frequency extrapolation. However, random measurement errors increase in magnitude with upward frequency extrapolation. Results are believed to be accurate within 4% on 80 and 40 meters, but only within l0 to 15% at 10 meters. Trap Q is shown at both the high- and low-impedance trap terminals. The Q at the low-impedance output terminals is 15 to 20% lower than the Q at the high-impedance output terminals.
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W8NX computer-analyzed trap losses for both antennas in free space. Antenna-input resistances at resonance were first calculated, assuming lossless, infinite-Q traps. They were again calculated using the Q values in Table 12.1. The radiation efficiencies were also converted into equivalent trap losses in decibels. Table 12.2 summarizes the trap-loss analysis for the 80, 40, 20, 15, and 10 meter antenna and Table 12.3 for the 80, 40, 17, and 12 meter antenna.
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The loss analysis shows radiation efficiencies of 90% or more for both antennas on all bands except for the 80, 40, 20, 15, and 10 meter antenna when used on 40 meters. Here, the radiation efficiency falls to 70.8%. A 1-kW power level at 90% radiation efficiency corresponds to 50 W dissipation per trap. In W8NX’s experience, this is the trap’s survival limit for extended key-down operation. SSB power levels of 1 kW PEP would dissipate 25 W or less in each trap. This is well within the dissipation capability of the traps.

When the 80, 40, 20, 15, and 10 meter antenna is operated on 40 meters, the radiation efficiency of 70.8% corresponds to a dissipation of 146 W in each trap when 1 kW is delivered to the antenna. This is sure to burn out the traps — even if sustained for only a short time. Thus, the power should be limited to less than 300 W when this antenna is operated on 40 meters under prolonged key-down conditions such as RTTY. A 50% CW duty cycle would correspond to a 600-W power limit for normal 40 meter CW operation. Likewise, a 50% duty cycle for 40 meter SSB corresponds to a 600-W PEP power limit for the antenna.

W8NX knows of no analysis where the burnout wattage rating of traps has been rigorously determined. Operating experience seems to be the best way to determine trap burn-out ratings. In his own experience with these antennas, he’s had no traps burn out, even though he operated the 80, 40, 20, 15 and 10 meter antenna on the critical 40 meter band using his AL-80A linear amplifier at the 600-W PEP output level. He did not make a continuous, key-down, CW operating test at full power purposely trying to destroy the traps!

Some hams may suggest using a different type of coaxial cable for the traps. The dc resistance of 40.7 Ω per 1000 feet of RG-59 coax seems rather high. However, W8NX has found no coax other than RG-59 that has the necessary inductance-to-capacitance ratio to create the trap characteristic reactance required for the 80, 40, 20, 15, and 10 meter antenna. Conventional traps with wide-spaced, open-air inductors and appropriate fixed-value capacitors could be substituted for the coax traps, but the convenience, weatherproof configuration and ease of fabrication of coaxial-cable traps is hard to beat.

12.3 The Terminated Folded Dipole

Originally described in the Junee 1949 QST by G. L. Countryman, W3HH, the terminated folded dipole (TFD) is often used by amateurs as a wide-band antenna that operates over the HF range without a tuner. (A tilted version is abbreviated as the T2FD. The original article is included with this book’s online material.) The antenna, shown in Figure 12.34 looks like a folded dipole but acts as a traveling wave antenna. It is generally useful over a 5:1 or 6:1 range with its lower frequency, fL, used to calculate dimensions.
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Two common approximations of the antenna dimensions are used:
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and
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The Narrow-Short configuration is closest to commercial models sold today. Figure 12.34 also provides two sets of dimensions for different HF frequency ranges.

The termination resistor directly opposite the feed point acts as a swamping load to dampen swings in feed point impedance, particularly toward the lower end of the antenna’s range. A value of around 600 Ω is required and must be non-inductive. (The resistance value can vary ±10% and still obtain good results.) The resistor can dissipate an appreciable fraction of the applied power and is usually rated at 1⁄3 of the transmitter output power. If a single resistor is not available, strings of resistors in series-parallel combinations will work.

The feed point resistance of the antenna requires a 12:1 matching transformer to provide a match to 50-Ω coaxial cable. Designs using an 800-Ω terminating resistor and 16:1 transformer also work well.

The antenna wire chosen must be capable of supporting the antenna’s weight, which with the balun and terminating resistor, plus any spacers used to keep the antenna wires separated, can be significantly higher than for a single-wire dipole. A common choice is #12 AWG hard-drawn copper. An analysis by L.B. Cebik, W4RNL, of models of the antennas provides an alternate set of guidelines for the terminating resistor (see References and Bibliography).

As the operating frequency approaches the lower end of the antenna’s range, efficiency and gain will begin to fall off rapidly. An analysis of the TFD by Belrose (see References and Bibliography) shows that the antenna’s gain is approximately 0 dBi over most of its range (see Figure 12.35A) and is significantly less effective than a dipole with a tuner by as much as 10 dB (see Figure 12.35B).
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However, at heights of 50 feet or less, the antenna will provide a relatively high-angle, nearly omnidirectional pattern useful for NVIS-like coverage. Tilting the antenna, as described in the original article by W3HH, enhances high-angle radiation even further. This is the TFD’s most common application, as a regional coverage antenna over a wide range of HF when only a single, fixed antenna without tuners can be installed, such as for an EOC or station providing temporary public service or disaster relief communications.

12.4 Multiband Vertical Antennas

There are two basic types of vertical antennas; either type can be used in multiband configurations. The first is the ground-mounted vertical and the second, the ground plane. These antennas are described in detail in the chapter Dipoles and Monopoles.

The efficiency of any ground-mounted vertical depends a great deal on near-field earth losses. As pointed out in the chapter Effects of Ground, these near-field losses can be reduced or eliminated with an adequate radial system. Considerable experimentation has been conducted on this subject by Jerry Sevick, W2FMI, and several important results were obtained. It was determined that a radial system consisting of 40 to 50 radials, 0.2 λ long, would reduce the earth losses to about 2 Ω when a λ/4 radiator was being used. These radials should be on the earth’s surface, or if buried, placed not more than an inch or so below ground. Otherwise, the RF current would have to travel through the lossy earth before reaching the radials. In a multiband vertical system, the radials should be 0.2 λ long for the lowest band, that is, 55 feet long for 3.5-MHz operation. Any wire size may be used for the radials. The radials should fan out in a circle, radiating from the base of the antenna. A metal plate, such as a piece of sheet copper, can be used at the center connection. Sevick also contributed a great deal of information about short vertical that are much less than λ/4. This subject is covered in the General Purpose MF and HF Antennas chapter.

The other common type of vertical is the ground-plane antenna. Normally, this antenna is mounted above ground with the radials fanning out from the base of the antenna. The vertical portion of the antenna is usually an electrical λ/4, as is each of the radials. In this type of antenna, the system of radials acts somewhat like an RF choke, to prevent RF currents from flowing in the supporting structure, so the number of radials is not as important a factor as it is with a ground- mounted vertical system. From a practical standpoint, the customary number of radials is four or five. In a multiband configuration, λ/4 radials are required for each band of operation with the ground-plane antenna.

This is not so with the ground-mounted vertical antenna, where the ground plane is relied upon to provide an image of the radiating section. Note that even quarter-wave-long radials are greatly detuned by their proximity to ground — radial resonance is not necessary or even possible. In the ground-mounted case, so long as the ground-screen radials are approximately 0.2 λ long at the lowest frequency, the length will be more than adequate for the higher frequency bands.

12.4.1 Full-Size Vertical Antennas

A vertical antenna should not be longer than about 3⁄4 λ at the highest frequency to be used, however, if low-angle radiation is wanted. You can see why from reviewing the radiation patterns for dipoles in the chapter Dipoles and Monopoles. As the antenna lengthens, the pattern breaks up into lobes that are at high elevation angles for a vertical antenna. Nevertheless, an antenna that is λ/4 on the lower frequency of operation can still be useful over a 3:1 frequency range or even more if the high-angle radiation can be tolerated. For example, an 80 meter λ/4 vertical around 66 feet high is useful through the 30 meter band and a 25-foot vertical would be useful from about 10 MHz through the 28 MHz band.

The 43-foot vertical monopole shown in Figure 12.36 has become increasingly popular. While not resonant on any of the amateur bands except 60 meters where it approximates a quarter-wave vertical, with a series inductor at the feed point it has an easily-matched base impedance and is an efficient radiator. In fact, it is very similar to an Extended Double Zepp. (EDZ) for 20 meters which is 86 feet long. (See the Broadside and End-Fire Dipole Arrays chapter for more information on the EDZ.) If the EDZ is cut in half and placed over a ground plane, it becomes a 5⁄8 λ vertical for 20 meters and the 43-foot monopole results.
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While this antenna is not resonant on 20 meters, and by itself has a high SWR, its base impedance is largely capacitive reactance. Adding a simple inductor in series (about 320 Ω of inductive reactance, or 3.6 µH at 14.15 MHz) will reduce SWR to below 2:1. On other bands, the SWR is more extreme.

There are basically two options to feed the antenna on other bands:

• Install a manual or automatic antenna tuner at the antenna base, with switchable loading coils for some bands if needed, and use that arrangement to provide a match to 50 Ω coax. Then run the matched coax to the station with low losses.

• Accept the mismatch and feed mismatched coax to an antenna tuner at the station end. While this is simple, the high SWR creates extra loss in the feed line as explained in the Transmission Line System Techniques chapter.

The antenna can also be used on 80 and 160 meters although the high feed point impedance requires special matching techniques. Phil Salas, AD5X, and Steve Masticola, WX2S have designed tunable matching networks for these bands that make the vertical work on all of the HF bands plus the MF band of 160 meters (see References and Bibliography section).

One caveat about this vertical is that on the higher-frequency bands, the radiation pattern breaks up into lobes which radiate a lot of signal at high angles that are not necessarily effective for DX. On 60 through 20 meters, the elevation pattern is similar to that in Figure 12.37A. On higher frequency bands, the pattern begins to look more like that in Figure 12.37B. This may be perfectly acceptable, and the antenna’s minimal visual impact makes it a feasible choice in many circumstances where a trap vertical or horizontally polarized antenna might not be possible.
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12.4.2 Trap Verticals

The trap principle described in Figure 12.23 for center-fed dipoles also can be used for vertical antennas. There are two principal differences. Only one half of the dipole is used, the ground connection taking the place of the missing half, and the feed point impedance is one half the feed point impedance of a dipole. Thus it is in the vicinity of 30 Ω (plus the ground-connection resistance), so 50 Ω cable should be used since it is the commonly available type that comes closest to matching.

Most amateurs prefer to purchase multiband trap verticals because of the mechanical complexities and requirements to be self-supporting. Commercial multiband trap verticals such as the Hustler 4/5/6BTV series and the Hy-Gain AVQ series have been widely used for many years. The Butternut HF-series is another time-tested design with a different approach than traps to multiband design. All of these antenna families provide effective performance as ground-mounted antennas when used with a good radial system.

Verticals advertised as “ground-independent” are intended to be mounted above ground. Models such as the Cushcraft R9 and R6000 and the Hy-Gain AV-680 are end-fed systems that are electrically longer than λ/4 at the frequency of operation. They have a high feed point impedance that is reduced to 50 Ω with a matching network at the base of the antenna. These are particularly useful antennas for temporary stations and when restrictions prevent the installation of ground systems.

Amateurs interested in designing their own trap vertical may find a dual-band antenna a great way to experiment. Antenna modeling software and trap design utilities can be used to capture the antenna’s basic elements. Once built, some adjustment fine-tunes the design. For example, Steve Sutterer, AKØM, started with W1JR’s 3⁄8-wavelength vertical design (see the General Purpose MF and HF Antennas chapter) and inserted a 20 meter coax trap about 25 feet up from the feed point. Steve designed the trap using VE6YP’s online utility at www.qsl.net/ve6yp/CoaxTrap.html. Another 25 feet or so of wire above the trap and an auto-tuner at the base resulted in a 50-foot high, tree-supported, wire vertical that works quite well on 80, 40, 30, and 20 meters. If you choose to build this antenna, its final dimensions will depend on the materials you use and the environment in which it is operated — expect to make some adjustments along the way. This kind of simple antenna project is a great way to learn about antenna and trap design.

12.4.3 A Five-Band Vertical Dipole

This antenna, shown in Figure 12.38, is a short version of the 135-foot dipole described earlier, except that it is oriented vertically. The antenna gives good performance on the HF bands from 20 through 10 meters and can be used at a fixed station or for portable or temporary operation. Like the longer horizontal “flat-top,” it is fed with 450 Ω window line and a balanced tuner. The antenna can be installed at an angle as long as the feed line is oriented symmetrically at right angles to the antenna. Feed line lengths of more than 33 feet are recommended to help minimize RF common-mode current on the feed line from coupling to the tuner enclosure.
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12.4.4 A Fan Vertical

Just like the fan dipole described earlier, the fan vertical shown in Figure 12.39 connects multiple elements to a single feed point. In the case of the fan vertical, each element is λ/4 long instead of λ/2 and a set of radials is used to provide a ground plane. The same cautions apply regarding interaction between the verticals as for the fan dipoles. Getting a full set tuned on each band can be frustrating! Nevertheless, whether used for a fixed station or for portable operation, being able to use multiple bands with a single feed line is very convenient. A similar design was described by Mark Weaver, WB3BJF that places the vertical wires near a tree trunk with radials surrounding the base (see References and Bibliography section).
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12.4.5 PROJECT: A Dual-Band Vertical for 80 and 160

When stationed on Guam, Dave Mueller, N2NL, needed a vertical antenna for contesting on 80 and 160 meters but had only one tall vertical support. Based on the idea of a fan vertical, he used homemade open-wire line as a pair of vertical radiators as shown in Figure 12.40. The vertical wires are held apart with commercially available spacers for 600 Ω line or homemade spacers of PVC tubing, such as for irrigation systems, that are from 4 to 6 inches long. Initial versions of the antenna used 450 Ω window line as the parallel vertical elements. This proved to be prone to arcing at full power when there was moisture or vegetation on the window line.
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If the vertical support is high enough, the 80 meter section can be kept straight. Otherwise, the open-wire line is bent horizontal, and the 80 meter conductor is tuned as an inverted L. To create the 160 meter section, wire is then attached to the end of the other open-wire line conductor and to the point at which open-wire line makes a right-angle bend. These form top loading wires for a 160 meter T or “flat-top” vertical. There can be more than two top-loading wires for the 160 meter section.

At the feed point, both open-wire line conductors are shorted together and connected to the coax center conductor. A set of ground radials is connected to the shield of the coax.

Tune the 80 meter L first, then adjust the length of the 160 meter, top-loading wire connected at its junction with the window line — this results in the least interaction during tuning. You will probably have to adjust each of the conductor lengths to get the resonant point of the system to the desired frequencies.

To raise the base impedance of the vertical, a shunt inductor is connected across the feed point. A vacuum relay or manual switch can be used to change the tap or switch the coil in and out of circuit for different bands.

If you have the equipment, measure the feed point impedance to determine the resistive component. The instructions for hairpin matching in the chapter on Transmission Line System Techniques provide a chart of required inductive reactances. Another effective technique is to wind a coil with about 100 Ω of reactance (about 9 µH at 1.8 MHz) and adjust a tap on the coil until a match is obtained.

A similar approach was taken by Kai Jørgensen, OZ4KG, for his dual-band vertical shown in Figure 12.41. A single vertical support with a metal bottom section and nonconductive top section is used. Nonconductive sidearms hold the vertical elements. A short extension of the vertical mast holds the 160 meter section, if necessary. He uses a nearby tower as the second support for the 160 meter horizontal section. The tuning process is approximately the same.
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12.5 The Coupled-Resonator Dipole

The coupled-resonator or (C-R) system is described by Gary Breed, K9AY, in an article in The ARRL Antenna Compendium, Vol 5, entitled “The Coupled-Resonator Principle: A Flexible Method for Multiband Antennas.” The following is condensed from that article which is included in the online material.

In 1995, QST published two antenna designs that use an interesting technique to get multiband coverage in one antenna. Although a C-R antenna requires more complicated construction, its main attraction is in making a multiband antenna that can be built with no compromise in matching or efficiency. Rudy Severns, N6LF, described a wideband 80- and 75 meter dipole using this technique (see the General Purpose MF and HF Antennas chapter), and Robert Wilson, AL7KK, showed us how to make a three-band vertical. (See the References and Bibliography.) Both of these antennas achieve multifrequency operation by placing resonant conductors very close to a driven dipole or vertical — with no direct electrical connection.

12.5.1 The Coupled-Resonator Principle

The first step toward the C-R antenna was the coaxial sleeve antenna (Figure 12.42) which covered two frequencies by surrounding a dipole or monopole with a cylindrical tube resonant at the higher of the desired frequencies. It was soon determined that two conductors at the second frequency, placed on either side of the main dipole or monopole, would make a skeleton representation of a cylinder (Figure 12.42B). This is called the open-sleeve antenna. Later it was discovered these extra conductors did not need to be added in pairs, and that a single conductor at each frequency could add the extra resonances (Figure 12.42C). This is the method used by several manufacturers to offer multiband Yagis that only require a single feed line or Yagis with broad operating bandwidths.
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Figure 12.43 illustrates the general behavior of a C-R antenna. Each figure shows the SWR at the feed point of a dipole, over a range of frequencies. When this dipole is all alone, it will have a very low SWR at its half-wave resonant frequency (Figure 12.43A). Next, if we take another wire or tubing conductor and gradually bring it close to the dipole, we will see a “dip” in the dipole’s SWR at the resonant frequency of this new wire. See Figure 12.43B. We are beginning to the see the effects of interaction between the two conductors. As we bring this new conductor closer, we reach a point where the SWR “dip” has become very deep. There is now a good match at both the original dipole’s resonant frequency and the frequency of the new conductor, as illustrated in Figure 12.43C.
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We can repeat this process for several more conductors at other frequencies to get a dipole with three, four, five, six, or more resonant frequencies. The principle also applies to verticals, so any reference to a dipole can be considered to be valid for a vertical, as well.

The C-R principle is defined this way: Given a dipole (or vertical) at one frequency and an additional conductor resonant at another frequency, there is an optimum distance between them that results in the resonance of the additional conductor being imposed upon the original dipole, resulting in a low SWR at both resonant frequencies.

C-R Element Spacing
K9AY's equations in the original article do indeed yield a good “first-cut” value for the spacing between coupled-resonator elements. Figure 12.A shows the spacing, in inches, plotted against the ratio of frequencies, for two coupled resonator elements with different diameters, again expressed in inches. This is for an upper frequency of 28.4 MHz. Beyond a frequency ratio of about 1.5:1 (28.4:18.1 MHz), the spacing flattens out to a fixed distance between elements for each element diameter. For example, if 1⁄2-inch elements are used at 28.4 and 18.1 MHz, the spacing between the elements is about 3.75 inches.
[image: ]
EZNEC verifies the computations. Note that a large number of segments are necessary for each element when they are closely spaced from each other, and the segments on the elements must be closely aligned with each other. Be sure to run the Average Gain test, as well as Segmentation tests. The modeler should also be aware that if mutually coupled resonators are placed along a horizontal boom (as they would be on multiband Yagis using coupled resonators), the higher-frequency elements will act like retrograde directors, producing some gain (or lack of gain, depending on the azimuth being investigated).
For example, in the EZNEC file K9AY C-R 28-21-14 MHz 1 In.EZ, using 1-inch diameter elements spaced 6 inches apart, if the 28-MHz element is placed 6 inches behind the 14-MHz driven element (with the 21-MHz element placed 6 inches ahead), on 28 MHz the system will have a F/B of 2.6 dB, favoring the rearward direction. On 21 MHz, the system will exhibit a F/B of 1.6 dB, favoring the forward direction. Of course, there are systems where gain and F/B due to the C-R configuration may be put to good use, such as the multiband Yagis mentioned above. However, if the elements are spaced above/below the 14-MHz driven element there is no distortion of the dipole patterns.


12.5.2 Characteristics of C-R Dipoles

There are three primary variables for designing the coupled resonator: (1) the diameter of the conductor, (2) its length, and (3) the position of the resonator relative to the main element. Having the freedom to control these factors gives us the advantage of flexibility; we have a wide range of control over the impedance at each added frequency. Another advantage is that the behavior at each frequency is quite independent, once the basic design is in place. In other words, making fine-tuning adjustments at one frequency doesn’t change the resonance or impedance at the other frequencies. A final advantage is efficiency. With conductors close together, and with a resonant target conductor, coupling is very efficient. This avoids traps, stubs, and compensating networks found on other multiband antennas that introduce lossy reactive components.

There are two main disadvantages of C-R antennas. The first is the relative complexity of construction. Several conductors are needed, installed with some type of insulating spacers to maintain distance between the conductors. Other multiband antennas have their complexities as well (such as traps that need to be mounted and tuned), but C-R antennas will usually be bulkier. The larger size generally means greater wind load, which is a disadvantage in some circumstances.

The other significant disadvantage is narrower bandwidth, particularly at the highest of the operating frequencies. We can partially overcome this problem with large conductors that are naturally broad in bandwidth, and in some cases we might even use an extra conductor to put two resonances in one band. It is interesting to note that the pattern is opposite to that of trap antennas. The C-R bandwidth gets narrower at the highest frequencies of operation, while trap antennas generally have narrowest bandwidth at their lowest frequencies.

There are two special situations that should be noted. First, when the antenna has a resonance near the frequency where the driven dipole is 3/2 λ long (3/4 λ for a vertical), the dipole has a fairly low impedance. The spacing of the C-R element needs to be increased to raise its impedance so that the parallel combination of the main element and C-R element equals the desired impedance (usually 50 Ω). There is also significant antenna current in the part of the main dipole extending beyond the C-R section, contributing to the total radiation pattern. As a result, this particular arrangement radiates as three λ/2 sections in phase and has about 3 dB gain and a narrower directional pattern compared to a dipole (Figure 12.44). This might be an advantage for antennas covering bands with a frequency ratio of about three, such as 3.5 and 10.1 MHz, 7 and 21 MHz, or 144 and 430 MHz.
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The other special situation is when we want to add a new frequency very close to the resonant frequency of the main dipole. An antenna for 80 and 75 meters would be an example of this. Again, the driven dipole has a fairly low impedance at the new frequency. Add the fact that coupling is very strong between these similar conductors and we find that a wide spacing is required to make the antenna work. A dipole resonant at 3.5 MHz and another wire resonant at 3.8 MHz will need to be 3 or 4 feet apart, while a 3.5 MHz and 7 MHz combination might only need to be spaced 4 or 5 inches.

Another useful characteristic of C-R antennas is that they are easily and accurately modeled by computer programs based on either MININEC or NEC, as long as you stay within each program’s limitations. With ease of computer modeling, an approximate solution will provide a starting point that can quickly be adjusted for optimum dimensions.

The added resonators influence the lengths of all conductors, due to the capacitance between the conductors. Capacitance causes antennas to look electrically shorter, so each element needs to be about 1% or 2% longer than a simple dipole at the same frequency. As a rule of thumb, use 477/f (in feet) instead of the usual 468/f when calculating dipole length, and 239/f instead of 234/f for a λ/4 vertical.

PROJECT: A C-R DIPOLE FOR 30/17/12 METERS

The C-R principle is used here to build a dipole covering 30, 17 and 12 meters with a 50 Ω feed point impedance. (See the full article for a 75 Ω feed point impedance.) #12 AWG wire with a diameter of 0.08 inches is used and the main dipole is cut for the 10.1 MHz band. The spacing between the main dipole and the resonators should be 2 inches. Since the antenna will be installed over real ground, these spacing distances may not be exact. Use these initial values into your favorite antenna-modeling program to optimize the dimensions for installation at the height you choose. The predicted spacing is accurate enough to build an antenna with minimum trial-and-error. Like all dipoles, the impedance varies with height above ground, but the 2-inch spacing results in an excellent match on the two additional bands, at heights of more than 25 feet.

The final dimensions of the dipole for 10.1, 18.068 and 24.89 MHz are shown in Figure 12.45. These are the final pruned lengths for a straight dipole installed at a height of about 40 feet. If the antenna is installed as an inverted V, you will need each wire to be a bit longer. Pruning this type of antenna is just like a dipole — if it’s resonant too low in frequency, it’s too long and the appropriate wire needs to be shortened. So, you can cut the wires just a little long to start with and easily prune them to resonance.
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A final note: if you want to duplicate this antenna design, remember that the 2-inch spacing is just for #12 AWG wire! The required spacing for a C-R antenna is related to the conductor diameter. This same antenna built with #14 AWG wire needs under 1-1/2-inch spacing, while a 1-inch aluminum-tubing version requires about 7-inch spacing.
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Chapter 13

HF Beam Antennas

13.1 Yagi Antennas

Along with the dipole and the quarter-wave vertical, radio amateurs throughout the world make extensive use of the Yagi antenna, more accurately referred to as a Yagi array. Hidetsugu Yagi and Shintaro Uda, two Japanese university professors, invented the Yagi in the 1920s. Uda did much of the developmental work while Yagi introduced the array to the world outside Japan through his writings in English. Although the antenna should properly be called a Yagi-Uda array, it is commonly referred to simply as a Yagi.

The Yagi is a type of end-fire multielement array as described in the Phased Arrays chapter. At the minimum, it consists of a single driven element and a single parasitic element. These elements are placed parallel to each other on a supporting boom some distance apart. This arrangement is known as a 2-element Yagi. The parasitic element is termed a reflector when it is placed behind the driven element, opposite to the direction of maximum radiation, and is called a director when it is placed ahead of the driven element. See Figure 13.1. In the VHF and UHF spectrum, Yagis employing 30 or more elements are not uncommon, with a single reflector and multiple directors. See the VHF and UHF Antenna Systems chapter for details on VHF and UHF Yagis. Large HF arrays may employ 10 or more elements and will be covered in this chapter.
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13.1.1 How A Yagi Works — An Overview

The gain and directional pattern of a Yagi array is determined by the relative amplitudes and phases of the currents induced into all the parasitic elements. Unlike directly driven multielement arrays in which the designer must compensate for mutual coupling between elements, proper Yagi operation relies on mutual coupling. The current in each parasitic element is determined by its spacing from both the driven element and other parasitic elements, and by the tuning of the element itself. Both length and diameter affect element tuning.

The following discussion is quite over-simplified but serves to illustrate the basic process by which the Yagi antenna creates its radiation pattern. Begin with a dipole driven element resonant at the operating frequency and a single parasitic element configured as a reflector, slightly longer than the driven element. Current in the driven element creates a radiated electromagnetic field (the direct field) that induces a current in the parasitic element. That induced current causes a re-radiated field just as if the current was caused by a transmitter connected to the element. The re-radiated field combines with the direct field from the driven element to create the antenna’s radiation pattern.

Three things determine the phase relationship between the current in the reflector and in the driven element. First, the direct field at the reflector slightly lags the field at the driven element because the direct field must travel from the driven element to the reflector. Second, the induced current is 180° out of phase with the direct field at the location of the reflector. Third, the reflector element is slightly longer than a resonant length and so its self-impedance is inductive, creating additional phase lag in the induced current relative to the direct field.

The combination of phase lags due to the direct field’s travel time, the 180° phase inversion for induced current, and the reflector’s inductance cause the re-radiated field to partially cancel with the direct field from the driven element along a line from the driven element through the reflector. (Imagine the boom extending beyond the reflector — that is the line being referred to.) This creates the rear null in the Yagi radiation pattern. Similarly, the fields reinforce each other in the opposite direction to the forward direction as shown in Figure 13.1.

The situation is reversed in the case of a director element. The phase lag from travel time and the inversion in the induced current act the same as for the reflector. The director element is slightly shorter than resonant however and so has a capacitive self-impedance, creating a phase lead. The combination results in the fields reinforcing in the forward direction and cancelling in the opposite direction.

Two-element Yagis are useful antennas but even more directivity (gain) can be obtained by adding additional parasitic elements. Additional reflectors are rarely used because field cancellation to the rear of the antenna leaves too little field for them to improve directivity. Thus, multiple directors are used to increase directivity as you will see in practical Yagi designs later in the chapter.

The actual situation is of course far more complicated than this simplistic view of Yagi operation. In a real Yagi, the mutual coupling between all elements must be considered, including between the parasitic elements. This makes determining the optimum spacing and element length for a desired radiation pattern quite involved mathematically and best left to software modeling programs.

13.1.2 Yagi Modeling

For about 50 years amateurs and professionals created Yagi array designs largely by “cut and try” experimental techniques. In the early 1980s, Jim Lawson, W2PV, described in detail for the amateur audience the fundamental mathematics involved in modeling Yagis. His book Yagi Antenna Design (now out of print) is highly recommended for serious antenna designers as is his series of articles in Ham Radio (see References and Bibliography). The advent of powerful microcomputers and sophisticated computer antenna modeling software in the mid 1980s revolutionized the field of Yagi design for the radio amateur. In a matter of minutes, a computer can try 100,000 or more different combinations of element lengths and spacings to create a Yagi design tailored to meet a particular set of high-performance parameters. To explore this number of combinations experimentally, a human experimenter would take an unimaginable amount of time and dedication and the process would no doubt suffer from considerable measurement errors. With the computer tools available today, an antenna can be designed, constructed and then put up in the air, with little or no tuning or pruning required.

A very popular modeling program is EZNEC by Roy Lewallen, W7EL (eznec.com). EZNEC is well-suited to model Yagi antennas. There are several Yagi antenna models included with this book’s online material, and EZNEC is discussed in more detail in the Antenna Modeling chapter.

THE YW MODELING PROGRAM

Included with this book’s online material, the YW modeling program developed by Dean Straw, N6BV, is designed to evaluate monoband Yagi antennas. (YW stands for Yagi for Windows.) YW results compare very closely with Brian Beezley’s YO or YA programs (no longer sold in the amateur market) and with NEC-based programs, such as EZNEC, NEC-Win Plus or NEC-4. YW is a special-purpose program, designed strictly for monoband Yagis. It has the advantage of running many times more quickly than general-purpose programs such as NEC but it has some attendant limitations.

YW evaluations over ground are done over flat “perfect” ground. Mutual impedances between Yagi elements and the ground are not specifically taken into account in YW, so calculations for antennas mounted less than approximately λ/8 above ground are likely to be inaccurate. Antennas mounted in the presence of other nearby antennas or mounted very low to the ground are the specialties of method-of-moment programs like EZNEC. Despite these caveats, YW will get you very close to a final design — one where you can simply cut the elements and expect that your Yagi will work as advertised.

13.2 Yagi Performance Parameters

There are three main parameters used to characterize the performance of a particular Yagi — forward gain, pattern and drive impedance/SWR. Another important consideration is mechanical strength. It is very important to recognize that each of the three electrical parameters should be characterized over the frequency band of interest in order to be meaningful. Neither the gain, the SWR nor the pattern measured at a single frequency gives very much insight into the overall performance of a particular Yagi.

Poor designs have even been known to reverse their directionality over a frequency band, while other designs have excessively narrow SWR bandwidths, or gain that peaks excessively in the band. Finally, an antenna’s ability to survive the wind and ice conditions expected in one’s geographical location is an important consideration in any design. Much of this chapter will be devoted to describing detailed Yagi designs that are optimized for a good balance between gain, pattern and SWR over various amateur bands, and that are designed to survive strong winds and icing.

13.2.1 Yagi Gain

Like any other antenna, the gain of a Yagi must be stated in comparison to some standard of reference. Designers of phased vertical arrays often state gain referenced to a single, isolated vertical element. See the section on “Phased Array Techniques” in the chapter Phased Arrays.

Many antenna designers prefer to compare gain to that of an isotropic radiator in free space. This is a theoretical antenna that radiates equally well in all directions, and by definition, it has a gain of 0 dBi (dB isotropic). Many radio amateurs, however, are comfortable using a dipole as a standard reference antenna, mainly because it is not a theoretical antenna.

In free space, a dipole does not radiate equally well in all directions — it has a figure-eight azimuth pattern, with deep nulls off the ends of the wire. In its favored directions, a free-space dipole has 2.15 dB gain compared to the isotropic radiator. You may see the term dBd, meaning gain referenced to a dipole in free space. Subtract 2.15 dB from gain in dBi to convert to gain in dBd.

Assume for a moment that we take a dipole out of “free space,” and place it one wavelength above the ocean, whose saltwater makes an almost perfect ground. At an elevation angle of 15°, where sea water-reflected radiation adds in phase with direct radiation, the dipole has a gain of about 6 dB, compared to its gain when it was in free space, isolated from any reflections. This and other related effects are addressed in the chapter Effects of Ground.

It is perfectly legitimate to say that this dipole has a gain of 6 dBd, although the term “dBd” (meaning “dB dipole”) makes it sound as though the dipole somehow has gain over itself! Always remember that gain expressed in dBd (or dBi) refers to the counterpart antenna in free space. The gain of the dipole over saltwater in this example can be rated at either 6 dBd (over a dipole in free space), or as 8.15 dBi (over an isotropic radiator in free space). Each frame of reference is valid, as long as it is used consistently and clearly. In this chapter we will often switch between Yagis in free space and Yagis over ground. To prevent any confusion, gains will be stated in dBi.

Yagi free-space gain ranges from about 5 dBi for a small 2-element design to about 20 dBi for a 31-element long-boom UHF design. The length of the boom is the main factor determining the gain a Yagi can deliver. Gain as a function of boom length will be discussed in detail after the sections below defining antenna response patterns and SWR characteristics.

13.2.2 Radiation Pattern Measurements

Figure 13.2 compares the E-plane and H-plane pattern of a 3-element Yagi in free space to those of a dipole and an isotropic radiator. (See the Antenna Fundamentals chapter for definitions and conventions associated with measurement of radiation patterns.) These patterns were generated using NEC-2 modeling software. Figure 13.2A shows that this 3-element Yagi in free space exhibits 7.28 dBi of gain (referenced to isotropic), and has 5.13 dB gain over a free-space dipole. For this particular antenna, the half-power beamwidth is about 66°.
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FRONT-TO-BACK RATIO

Again as seen in Figure 13.2A, this antenna’s front-to-back ratio is 34 dB comparing response at 180° to that in the forward direction at 0°. (The ratio of the forward response to the averaged response over the entire 180° rearward section is called the front-to-rear ratio.) In Figure 13.2A there are two sidelobes, at 120° and at 240°, which are about 24 dB below the peak response at 0°. Since interference can come from any direction, not only directly off the back of an antenna, these kinds of sidelobes limit the ability to discriminate against rearward signals. The term worst-case front-to-rear ratio is used to describe the worst-case rearward lobe in the 180°-wide sector behind the antenna’s main lobe. In this case, the worst-case front-to-rear ratio is 24 dB.

In the rest of this chapter the worst-case front-to-rear ratio will be used as a performance parameter, and will be abbreviated as “F/R.” For a dipole or an isotropic radiator, Figure 13.2A demonstrates that F/R is 0 dB. Figure 13.2B depicts the H-field response for the same 3-element Yagi in free space, again compared to a dipole and an isotropic radiator in free space. Unlike the E-field pattern, the H-field pattern for a Yagi does not have a null at 90°, directly over the top of the Yagi. For this 3-element design, the H-field half-power beamwidth is approximately 120°.

Figure 13.3 compares the azimuth and elevation patterns for a horizontally polarized 6-element 14-MHz Yagi with a 60-foot boom mounted one wavelength over ground to a dipole at the same height. As with any horizontally polarized antenna, the height above ground is the main factor determining the peaks and nulls in the elevation pattern of each antenna. Figure 13.3A shows the E-field pattern, which has now been labeled as the azimuth pattern. This antenna has a half-power azimu-thal beamwidth of about 50°, and at an elevation angle of 12° it exhibits a forward gain of 16.02 dBi, including about 5 dB of ground reflection gain over relatively poor ground, with a dielectric constant of 13 and conductivity of 5 mS/m. In free space this Yagi has a gain of 10.97 dBi.
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The H-field elevation response of the 6-element Yagi has a half-power beamwidth of about 60° in free space, but as shown in Figure 13.3B, the first lobe (centered at 12° in elevation) has a half-power beamwidth of only 13° when the antenna is mounted one wavelength over ground. The dipole at the same height has a very slightly larger first-lobe half-power elevation beamwidth of 14°, since its free-space H-field response is omnidirectional.

Note that the free-space H-field directivity of the Yagi suppresses its second lobe over ground (at an elevation angle of about 40°) to 8 dBi, while the dipole’s response at its second lobe peak (at about 48°) is at a level of 9 dBi.

The shape of the azimuthal pattern for a Yagi operated over real ground will change slightly as the Yagi is placed closer and closer to ground. Generally, however, the azimuth pattern doesn’t depart significantly from the free-space pattern until the antenna is less than 0.5 l high. This is just over 17 feet high at 28.4 MHz and just below 35 feet at 14.2 MHz — heights that are not difficult to achieve for most amateurs. Some advanced modeling programs can optimize Yagis at the exact installation height.

13.2.3 Feed Point Impedance and SWR

The impedance at the feed point of the driven element in a Yagi is affected not only by the tuning of the driven element itself, but also by the spacing and tuning of nearby parasitic elements, and to a lesser extent by the presence of ground. In some designs that have been tuned solely for maximum gain, the driven-element impedance can fall to very low levels, sometimes less than 5 W. This can lead to excessive losses due to conductor resistance, especially at VHF and UHF. In a Yagi that has been optimized solely for gain, conductor losses are usually compounded by large excursions in impedance levels with relatively small changes in frequency. The SWR can thus change dramatically over a band and can create additional losses in the feed line. Figure 13.4 illustrates the SWR over the 28 to 28.8 MHz portion of the 10 meter amateur band for a 5-element Yagi on a 24-foot boom, tuned for maximum forward gain at a spot frequency of 28.4 MHz. Its SWR curve is contrasted to that of a Yagi designed for a good compromise of gain, SWR and F/R.
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Even professional antenna designers have difficulty accurately measuring forward gain. On the other hand, SWR can easily be measured by professional and amateur alike. Few manufacturers would want to advertise an antenna with the narrow-band SWR curve shown in Figure 13.4!

DIRECT FEED YAGIS

By carefully adjusting the position and tuning of the Yagi elements by using modeling software it is possible to create an antenna design for which the feed point impedance is close to 50 W and can be fed directly with coaxial cable. The tradeoff is usually a small amount of gain, but such direct feed designs are becoming increasingly common with no compromise in performance. Direct feed designs are somewhat more complex mechanically as the driven element must be insulated from the boom. This includes designs that require beta or hairpin matching.

CHOKE BALUNS

The use of a choke or current balun is good practice for any Yagi with a balanced driven element, regardless of feed point impedance. To be sure, many Yagi antennas provide adequate performance without a balun at the feed point but obtaining top performance from the antenna requires decoupling or isolation of the feed line from the antenna. If a choke balun is not used, interaction between the outer surface of the coaxial cable shield and the antenna can affect feed point impedance and result in significant common-mode current on the shield. Re-radiation from the common-mode current can fill in the radiation pattern nulls, degrading front-to-side and front-to-back performance. Common-mode current on the feed line can also result in RF-related problems in the station. (See “Common-Mode Transmission Line Currents” in the Transmission Line System Techniques chapter.)

13.3 Monoband Yagi Performance Optimization

13.3.1 Yagi Design Goals

The previous section discussing driven-element impedance and SWR hinted at possible design trade-offs among gain, pattern and SWR, especially when each parameter is considered over a frequency band rather than at a spot frequency. Trade-offs in Yagi design parameters can be a matter of personal taste and operating style. For example, one operator might exclusively operate the CW portions of the HF bands, while another might only be interested in the Phone portions. Another operator may want a good pattern in order to discriminate against signals coming from a particular direction; someone else may want the most forward gain possible, and may not care about responses in other directions.

There are only a few variables available to adjust when one is designing a Yagi to meet certain design goals. The variables are:

1) The physical length of the boom

2) The number of elements on the boom

3) The spacing of each element along the boom

4) The tuning of each element

5) The type of matching network used to feed the array.

For elements that are created from telescoping tubing sections, the lengths of individual sections (called the taper schedule) affects antenna performance as well. Taper schedule is usually varied in order to provide mechanical strength and is not considered a primary electrical design variable.

Extensive computer modeling of Yagis indicates that the parameter that must be compromised most to achieve wide bandwidths for front-to-rear ratio and SWR is forward gain. However, not much gain must be sacrificed for good F/R and SWR coverage, especially on long-boom Yagis. Although 10 and 7-MHz Yagis are not rare, the HF bands from 14 to 30 MHz are where Yagis are most often found, mainly due to the mechanical difficulties involved with making sturdy antennas for lower frequencies. The highest HF band, 28.0 to 29.7 MHz, represents the largest percentage bandwidth of the upper HF bands, at almost 6%. It is difficult to try to optimize in one design the main performance parameters of gain, worst-case F/R ratio and SWR over this large a band. Many commercial designs thus split up their 10 meter designs into antennas covering one of two bands: 28.0 to 28.8 MHz, and 28.8 to 29.7 MHz. For the amateur bands below 10 meters, optimal designs that cover the entire band are more easily achieved.

The performance requirements for Yagis used at VHF and UHF are similar to those of HF Yagis but place more emphasis on reduction of side lobes due to the importance of lowering received noise above 30 MHz. In addition, there are differences in feed point matching and considerations of losses are handled differently. These topics are addressed in the VHF, UHF, and Microwave Antenna Systems chapter. The remainder of this chapter will focus on HF designs unless specifically noted otherwise.

13.3.2 Gain and Boom Length

As pointed out earlier, the gain of a Yagi is largely a function of the length of the boom. As the boom is made longer, the maximum gain potential rises. For a given boom length, the number of elements populating that boom can be varied, while still maintaining the antenna’s gain, provided of course that the elements are tuned properly. In general, putting more elements on a boom gives the designer added flexibility to achieve desired design goals, especially to broaden the response across a frequency band.

Figure 13.5A is an example illustrating gain versus frequency for three different types of 3-element Yagis on 8-foot booms. The three antennas were designed for the lower end of the 10 meter band, 28.0 to 28.8 MHz, based on the following different design goals:
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Antenna 1: Maximum mid-band gain, regardless of F/R or SWR across the band

Antenna 2: SWR less than 2:1 over the frequency band; best compromise gain, with no special consideration for F/R over the band.

Antenna 3: “Optimal” case: F/R greater than 20 dB, SWR less than 2:1 over the frequency band; best compromise gain.

Figure 13.5B shows the F/R over the frequency band for these three designs, and Figure 13.5C shows the SWR curves over the frequency band. Antenna 1, the design that strives strictly for maximum gain, has a poor SWR response over the band, as might be expected after the previous section discussing SWR. The SWR is 10:1 at 28.8 MHz and rises to 22:1 at 29 MHz. At 28 MHz, at the low end of the band, the SWR of the maximum-gain design is more than 6:1. Clearly, designing for maximum gain alone produces an unacceptable design in terms of SWR bandwidth. The F/R for Antenna 1 reaches a high point of about 20 dB at the low-frequency end of the band, but falls to only 3 dB at the high-frequency end.

Antenna 2, designed for the best compromise of gain while the SWR across the band is held to less than 2:1, achieves this goal, but at an average gain sacrifice of 0.7 dB compared to the maximum gain case. The F/R for this design is just under 15 dB over the band. This design is fairly typical of many amateur Yagi designs before the advent of computer modeling and optimization programs. SWR can easily be measured, and experimental optimization for forward gain is a fairly straightforward procedure. By contrast, overall pattern optimization is not a trivial thing to achieve experimentally, particularly for antennas with more than four or five elements.

Antenna 3, designed for an optimum combination of F/R, SWR and gain, compromises forward gain an average of 1.0 dB compared to the maximum gain case, and about 0.4 dB compared to the compromise gain/SWR case. It achieves its design objectives of more than 20 dB F/R over the 28.0 to 28.8 MHz portion of the band, with an SWR less than 2:1 over that range.

Figure 13.6A shows the free-space gain versus frequency for the same three types of designs, but for a bigger 5-element 10 meter Yagi on a 20-foot boom. Figure 13.6B shows the variation in F/R, and Figure 13.6C shows the SWR curves versus frequency. Once again, the design that concentrates solely on maximum gain has a poor SWR curve over the band, reaching just over 6:1 toward the high end of the band. The difference in gain between the maximum gain case and the optimum design case has narrowed for this size of boom to an average of under 0.5 dB. This comes about because the designer has access to more variables in a 5-element design than in a 3-element design, and can stagger-tune the various elements to spread the response out over the whole band.

[image: ]

Figure 13.7A, B and C show the same three types of designs, but for a 6-element Yagi on a 36-foot boom. The SWR bandwidth of the antenna designed for maximum gain has improved compared to the previous two shorter-boom examples, but the SWR still rises to more than 4:1 at 28.8 MHz, while the F/R ratio is pretty constant over the band, at a mediocre 11 dB average level. While the antenna designed for gain and SWR does hold the SWR below 2:1 over the band, it also has the same mediocre level of F/R performance as does the maximum-gain design.
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The optimized 36-foot boom antenna achieves an excellent F/R of more than 22 dB over the whole 28.0 to 28.8 MHz band. Again, the availability of more elements and more space on the 36-foot long boom gives the designer more flexibility in broad-banding the response over the whole band, while sacrificing only 0.3 dB of gain compared to the maximum-gain design.

Figure 13.8A, B, and C show the same three types of 10 meter designs, but now for a 60-foot boom, populated with eight elements. With eight elements and a very long boom on which to space them out, the antenna designed solely for maximum gain can achieve a much better SWR response across the band, although the SWR does rise to more than 7:1 at the very high end of the band. The SWR remains less than 2:1 from 28.0 to 28.7 MHz, much better than for shorter-boom, maximum-gain designs. The worst-case F/R ratio is never better than 19 dB, however, and remains around 10 dB over much of the band. The antenna designed for the best compromise gain and SWR loses only about 0.1 dB of gain compared to the maximum-gain design, but does little better in terms of F/R across the band.
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Contrasted to these two designs, the antenna optimized for F/R, SWR and gain has an outstanding pattern, exhibiting an F/R of more than 24 dB across the entire band, while keeping the SWR below 2:1 from 28.0 to 28.9 MHz. It must sacrifice an average of only 0.4 dB compared to the maximum gain design at the low end of the band, and actually has more gain than the maximum gain and gain/SWR designs at the high-frequency end of the band.

The conclusion drawn from these and many other detailed comparisons is that designing strictly for maximum mid-band gain yields an inferior design when the antenna is examined over an entire frequency band, especially in terms of SWR. Designing a Yagi for both gain and SWR will yield antennas that have mediocre rearward patterns, but that lose relatively little gain compared to the maximum gain case, at least for designs with more than three elements.

However, designing a Yagi for an optimal combination of F/R, SWR and gain results in a loss of gain less than 0.5 dB compared to designs designed only for gain and SWR. Figure 13.9 summarizes the forward gain achieved for the three different design types versus boom length, as expressed in wavelength.
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Except for the 2-element designs, the Yagis described in the rest of this chapter have the following design goals over a desired frequency band:

1) Front-to-rear ratio over the frequency band of more than 20 dB

2) SWR over the frequency band less than 2:1

3) Maximum gain consistent with points 1 and 2 above

Just for fun and to illustrate what an imaginative antenna designer can do with modeling software, Figure 13.10 shows the gain versus boom length for theoretical 20 meter Yagis that have been designed to meet the three design goals above. The 31-element design for 14 MHz would be wondrous to behold. Sadly, it is unlikely that anyone will build one, considering that the boom would be 724 feet long! However, such a design does become practical when scaled to 432 MHz. In fact, a K1FO 22-element and a K1FO 31-element Yagi described in the VHF, UHF, and Microwave Antenna Systems chapter are the prototypes for the theoretical 14-MHz long-boom designs.
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13.3.3 Optimized Designs and Element Spacing

TWO-ELEMENT YAGIS

Many hams consider a 2-element Yagi to give “the most bang for the buck” among various Yagi designs, particularly for portable operations such as ARRL Field Day. A 2-element Yagi has about 4 dB of gain over a simple dipole (sometimes jokingly called a “one-element Yagi”) and gives a modest F/R of about 10 dB to help with rejection of interference on receive. By comparison, going from a 2-element to a 3-element Yagi increases the boom length by about 50% and adds another element, a 50% increase in the number of elements — for a gain increase of about 1 dB and another 10 dB in F/R.

ELEMENT SPACING IN LARGER YAGIS

One of the more interesting results of computer modeling and optimization of high-performance Yagis with four or more elements is that a distinct pattern in the element spacings along the boom shows up consistently. This pattern is relatively independent of boom length, once the boom is longer than about 0.3 l.

The reflector, driven element and first director of these optimal designs are typically bunched rather closely together, occupying together only about 0.15 to 0.20 l of the boom. This pattern contrasts sharply with older designs, where the amount of boom taken up by the reflector, driven element and first director was typically more than 0.3 l. Figure 13.11 shows the element spacings for an optimized 6-element, 36-foot boom, 10 meter design, compared to a W2PV 6-element design with constant spacing of 0.15 l between all elements.
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A problem arises with such a bunching of elements toward the reflector end of the boom — the wind loading of the antenna is not equal along the boom. Unless properly compensated, such new-generation Yagis will act like wind vanes, punishing and often breaking, the rotators trying to turn, or hold, them in the wind. One successful solution to wind-vaning has been to employ “dummy elements” made of PVC pipe. These non-conducting elements — called torque compensators — are placed on the boom close to the last director so the wind load is equalized at the mast-to-boom bracket. Flat plates can also be installed on the boom to oppose the turning force from the elements.

Along with an unbalanced wind load, the weight balance point is likely to be different than wind load balance point. The solution is generally to place a small amount of lead or iron inside one end of the boom in order to balance the antenna weight.

Despite the relatively close spacing of the reflector, driven element and first director, modern optimal Yagi designs are not overly sensitive to small changes in either element length or spacing. In fact, these antennas can be constructed from design tables without excessive concern about close dimensional tolerances. In the HF range up to 30 MHz, building the antennas to the nearest 1⁄8-inch results in performance remarkably consistent with the computations, without any “tweaking” or fine-tuning when the Yagi is on the tower.

13.3.4 Element Tuning

Element tuning (or self-impedance) is a complex function of the effective electrical length of each element and the effective diameter of the element. In turn, the effective length and diameter of each element is related to the taper schedule (if telescoping aluminum tubing is used, the most common method of construction), the length of each telescoping section, the type and size of mounting bracket used to secure the element to or through the boom, and the size of the Yagi boom itself. Note especially that Yagis constructed using wire elements will perform very differently compared to the same antenna constructed with elements made of telescoping aluminum tubing.

The process by which a modern Yagi is designed usually starts out with the selection of the longest boom possible for a given installation. A suitable number of elements of a given taper schedule are then placed on this boom, and the gain, pattern and SWR are calculated over the entire frequency band of interest to the designer. Once an electrical design is chosen, the designer must then ensure the mechanical integrity of the antenna design. This involves verifying the integrity of the boom and each element in the face of the wind and ice loading expected for a particular location. The chapter Antenna Materials and Construction discusses the details of tapered telescoping aluminum elements for the upper HF bands. In addition, the ARRL book Physical Design of Yagi Antennas, by Dave Leeson, W6NL, describes the mechanical design process for all portions of a Yagi antenna very thoroughly, and is highly recommended for serious Yagi builders. (This book is now out of print.)

13.3.5 The Optimized Wideband Antenna (OWA) Yagi

Jim Breakall, WA3FET, developed the Optimized Wideband Antenna (OWA) in the early 1990s. The goal was to increase the bandwidth of monopole and dipole antennas by placing one or more parasitic elements close to the driven dipole or monopole, in a manner similar to the well-known sleeve antenna. (See the “Coupled Resonator” section of the Multiband HF Antennas chapter.) The lengths and spacings of these extra parasitic wires are then optimized to minimize peak SWR in a range of frequencies over a selected band. By applying this method to Yagis, it is possible to cover complete amateur bands with very low SWR, high peak gain, and high front-to-back ratio with this technique.

In a Yagi, the goals of the OWA method are to achieve a direct 50 Ω feed point impedance with a minimum peak SWR, maximize minimum gain, and maximize minimum front-to-back ratio in some three-dimensional angular region of the spatial pattern. The optimization is applied to the entire range of frequency desired. Various weightings can be applied to the goals if one of them is considered more important than the others. For example, lowering peak SWR in a band might be more important than the gain or front-to-back ratio. By tailoring the weighting factors on each of the goals, one can produce many optimum designs with the best characteristics achievable over a desired frequency range band.

The OWA is implemented in a Yagi antenna by placing the first director very close (< .05 λ) in front of the driven element. Because the feed point impedance is raised to 50 Ω, a simple 1:1 current or choke balun is all that is needed to connect a coaxial feed line. This replaces the more complex gamma or beta matching systems used to match the low impedance of most Yagi antennas.

The OWA Yagi design gives up a slight amount of peak forward gain (typically less than 0.5 dB) from a conventional Yagi. This small degradation is impossible to notice in operation and is well worth the simplicity of the direct feed and the excellent bandwidth of the other characteristics.

A set of HF OWA Yagi designs from WA3FET and Justin Johnson, GØKSC, is presented later in this chapter. EZNEC models are included for each antenna. Additional discussion of the OWA and other methods of optimization may be found in the “High-Performance Yagi Antennas” section of the VHF, UHF, and Microwave Antennas chapter. See the Antenna Modeling chapter for a discussion of optimizer software.

13.4 Monoband Yagi Designs

The detailed Yagi design tables that follow are for two taper schedules for HF Yagis covering the 14 through 30-MHz amateur bands. These designs were developed by Dean Straw, N6BV, using the program YW (Yagi for Windows) that is included with this book's online material. The heavy-duty elements are designed to survive at least 120-mph winds without icing, or 85-mph winds with 1⁄4-inch radial ice. The medium-duty elements are designed to survive winds greater than 80 mph, or 60-mph winds with 1⁄4-inch radial ice.

For 10.1 MHz, the elements shown are capable of surviving 105-mph winds, or 93-mph winds with 1⁄4-inch radial ice. For 7.1 MHz the elements shown can survive 93-mph winds, or 69-mph winds with 1⁄4-inch radial ice. For these two lower frequency bands, the elements and the booms needed are very large and heavy. Mounting, turning and keeping such antennas in the air is not a trivial task.

Each element is mounted above the boom with a heavy rectangular aluminum plate by means of U-bolts with saddles, as shown in Figure 13.12A. Stauff clamps (stauffusa.com) can also be used to hold the elements on the boom as discussed in the VHF, UHF, and Microwave Antennas chapter. This method of element mounting is rugged and stable, and because the element is mounted away from the boom, the amount of element detuning due to the presence of the boom is minimal. The element dimensions given in each table already take into account any element detuning due to the boom-to-element mounting plate. For each element, the length of the tip determines the tuning, since the inner tubes are fixed in diameter and length.
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The element-to-boom mounting plates are modeled as a short section of element equivalent to a cylinder with an effective diameter given for each antenna. These dimensions to simulate the effect of the mounting plate are incorporated in the model files for the YW modeling software with this book’s online material.

The second column in each design table shows the spacing of each element relative to the next element in line on the boom, starting at the reflector, which itself is defined as being at the 0.000-inch reference point on the boom. The boom for antennas less than 30 feet long can be constructed of 2-inch OD tubing with 0.065-inch wall thickness. Designs larger than 30 feet long should use 3-inch OD heavy-wall tubing for the boom. Because each boom has extra space at each end, the reflector is actually placed 3 inches from the end of the boom. For example, in the 310-08H.YW design (a 10 meter Yagi with 3 elements on an 8-foot boom), the driven element is placed 36 inches ahead of the reflector, and the director is placed 54 inches ahead of the driven element.

The next columns give the lengths for the variable tips for the heavy-duty and then the medium-duty elements. In the example above for the 310-08H.YW Yagi, the heavy-duty reflector tip, made out of 1⁄2-inch OD tubing, sticks out 66.750 inches from the 5⁄8-inch OD tubing. Note that each telescoping piece of tubing overlaps 3 inches inside the piece into which it fits, so the overall length of 1⁄8-inch OD tubing is 69.750 inches long for the reflector. The medium-duty reflector tip has 71.875 inches protruding from the 5⁄8-inch OD tube, and is 74.875 inches long overall. As previously stated, the dimensions are not extremely critical, although measurement accuracy to 1⁄8 inch is desirable.

The last row in each variable tip column shows the length of one-half of the “dummy element” torque compensator used to correct for uneven wind loading along the boom. This compensator is made from 2.5 inches OD PVC water pipe mounted to an element-to-boom plate like those used for each element. The compensator is mounted 12 inches behind the last director, the first director in the case of the 3-element 310-08H.YW antenna. Note that the heavy-duty elements require a correspondingly longer torque compensator than do the medium-duty elements.

HALF ELEMENTS

Each design shows the dimensions for one-half of each element, mounted on one side of the boom. The other half of each element is symmetrical, mounted on the other side of the boom. The use of a tubing sleeve inside the center portion of the element is recommended, so that the element is not crushed by the mounting U-bolts. Unless otherwise noted, each section of tubing is made of 6061-T6 aluminum tubing, with a 0.058-inch wall thickness. This wall thickness ensures that the next standard size of tubing can telescope with it. Each telescoping section is inserted 3 inches into the larger tubing, and is secured by one of the methods shown in the Antenna Materials and Construction chapter, which also includes generic half-element designs rated for specific wind- and ice-loading conditions.

DIRECT FEED HAIRPIN MATCH

Each antenna is designed with a driven-element length appropriate for a hairpin or beta match network. The driven element’s length may require slight readjustment for best match, particularly if a different matching network is used. Do not change either the lengths or the telescoping tubing schedule of the parasitic elements — they have been optimized for best performance and will not be affected by tuning of the driven element!

Note that the center of the hairpin is connected to the boom using a grounding lug. The center of the hairpin inductor is electrically neutral and may be connected to the boom for dc grounding and mechanical stability. The hairpin match requires a choke balun, described in the Transmission Line System Techniques chapter. Hairpin dimensions are included at the end of each YW file and in the following tables.

Figure 13.12B shows the driven element for a 2-element 17 meter Yagi built by Chuck Hutchinson, K8CH. The aluminum tubing on each side of the boom is 1-inch OD, and the two pieces were mechanically joined together with a 3⁄4-inch OD fiberglass rod insulator. Electrical tape over the insulator protects the fiberglass from UV. Three-inch lengths of 1-inch UV-resistant PVC conduit, split lengthwise, make the grey outer insulators for the driven element. Aluminum plates were obtained commercially. Stainless steel saddle clamps ensure that the elements don’t rotate on the boom in heavy winds. Bolts are used to pin the center fiberglass rod to the aluminum tubing, while also providing an electrical connection for the #12 AWG hairpin inductor wire and the feed line coax.

13.4.1 10 Meter Yagis

Figure 13.13 describes the electrical performance of eight optimized 10 meter Yagis with boom lengths between 6 to 60 feet. The end of each boom includes 3 inches of space for the reflector and last-director (or driven element for the 2-element designs) mounting plates. Figure 13.13A shows the free-space gain versus frequency for each antenna; Figure 13.13B shows the front-to-rear ratio, and Figure 13.13C shows the SWR versus frequency. Each antenna with three or more elements was designed to cover the lower half of the 10 meter band from 28.0 to 28.8 MHz, with SWR less than 2:1 and F/R better than 20 dB over that range.
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Figure 13.13D shows the taper schedule for two types of 10 meter elements. The heavy-duty design can survive 125-mph winds with no icing, and 88-mph winds with 1⁄4-inch of radial ice. The medium-duty design can handle 96-mph winds with no icing, and 68-mph winds with 1⁄4-inch of radial ice.

The element-to-boom mounting plate for these Yagis is a 0.250-inch thick flat aluminum plate, 4 inches wide by 4 inches long. Each element except for the insulated driven element, is centered on the plate, held by two stainless-steel U-bolts with saddles. Another set of U-bolts with saddles is used to secure the mounting plate to the boom. The mounting plate has an effective diameter of 2.405 inches for the heavy-duty element and 2.310 inches for the medium-duty element. The equivalent length on each side of the boom is 2 inches.

13.4.2 12 Meter Yagis

Figure 13.14 describes the electrical performance of seven optimized 12 meter Yagis with boom lengths between 6 to 54 feet. The end of each boom includes 3 inches of space for the reflector and last director (or driven element) mounting plates. The narrow frequency range of the 12 meter band allows the performance to be optimized easily. Figure 13.14A shows the free-space gain versus frequency for each antenna; Figure 13.14B shows the front-to-rear ratio, and Figure 13.14C shows the SWR versus frequency. Each antenna with three or more elements was designed to cover the narrow 12 meter band from 24.89 to 24.99 MHz, with SWR less than 2:1 and F/R better than 20 dB over that range.
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Figure 13.14D shows the taper schedule for two types of 12 meter elements. The heavy-duty design can survive 123-mph winds with no icing, and 87-mph winds with 1⁄4 inch of radial ice. The medium-duty design can handle 85-mph winds with no icing, and 61-mph winds with 1⁄4 inch of radial ice.

The element-to-boom mounting plate for these Yagis is a 0.375 inch thick flat aluminum plate, 5 inches wide by 6 inches long. The mounting plate has an effective diameter of 2.945 inches for the heavy-duty element, and 2.857 inches for the medium-duty element. The equivalent length on each side of the boom is 3 inches. As usual, the torque compensator is mounted 12 inches behind the last director.

13.4.3 15 Meter Yagis

Figure 13.15 describes the electrical performance of eight optimized 15 meter Yagis with boom lengths between 6 feet to a spectacular 80 feet. The end of each boom includes 3 inches of space for the reflector and last director (or driven element) mounting plates. Figure 13.15A shows the free-space gain versus frequency for each antenna; Figure 13.15B shows the worst-case front-to-rear ratio, and Figure 13.15C shows the SWR versus frequency. Each antenna with three or more elements was designed to cover the full 15 meter band from 21.000 to 21.450 MHz, with SWR less than 2:1 and F/R ratio better than 20 dB over that range.
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Figure 13.15D shows the taper schedule for two types of 15 meter elements. The heavy-duty design can survive 124-mph winds with no icing, and 90-mph winds with 1⁄4 inch of radial ice. The medium-duty design can handle 86-mph winds with no icing, and 61-mph winds with 1⁄4 inch of radial ice.

The element-to-boom mounting plate for these Yagis is a 0.375-inch thick flat aluminum plate, 5 inches wide by 6 inches long. The mounting plate has an effective diameter of 3.0362 inches for the heavy-duty element, and 2.9447 inches for the medium-duty element. The equivalent length on each side of the boom is 3 inches. As usual, the torque compensator is mounted 12 inches behind the last director.

13.4.4 17 Meter Yagis

Figure 13.16 describes the electrical performance of six optimized 17 meter Yagis with boom lengths between 6 to a heroic 60 feet. As usual, the end of each boom includes 3 inches of space for the reflector and last director (or driven element) mounting plates. Figure 13.16A shows the free-space gain versus frequency for each antenna; Figure 13.16B shows the worst-case front-to-rear ratio, and Figure 13.16C shows the SWR versus frequency. Each antenna with three or more elements was designed to cover the narrow 17 meter band from 18.068 to 18.168 MHz, with SWR less than 2:1 and F/R ratio better than 20 dB over that range.
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Figure 13.16D shows the taper schedule for two types of 17 meter elements. The heavy-duty design can survive 123-mph winds with no icing, and 83-mph winds with 1⁄4-inch of radial ice. The medium-duty design can handle 83-mph winds with no icing, and 59-mph winds with 1⁄4 inch of radial ice.

The element-to-boom mounting plate for these Yagis is a 0.375-inch thick flat aluminum plate, 6 inches wide by 8 inches long. The mounting plate has an effective diameter of 3.5122 inches for the heavy-duty element, and 3.3299 inches for the medium-duty element. The equivalent length on each side of the boom is 4 inches. As usual, the torque compensator is mounted 12 inches behind the last director.

13.4.5 20 Meter Yagis

Figure 13.17 describes the electrical performance of eight optimized 20 meter Yagis with boom lengths between 8 to a giant 80 feet. As usual, the end of each boom includes 3 inches of space for the reflector and last director (driven element) mounting plates. Figure 13.17A shows the free-space gain versus frequency for each antenna; Figure 13.17B shows the front-to-rear ratio, and Figure 13.17C shows the SWR versus frequency. Each antenna with three or more elements was designed to cover the complete 20 meter band from 14.000 to 14.350 MHz, with SWR less than 2:1 and F/R ratio better than 20 dB over that range.
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Figure 13.17D shows the taper schedule for two types of 20 meter elements. The heavy-duty design can survive 122-mph winds with no icing, and 89-mph winds with 1⁄4 inch of radial ice. The medium-duty design can handle 82-mph winds with no icing, and 60-mph winds with 1⁄4 inch of radial ice.

The element-to-boom mounting plate for these Yagis is a 0.375-inch thick flat aluminum plate, 6 inches wide by 8 inches long. The mounting plate has an effective diameter of 3.7063 inches for the heavy-duty element, and 3.4194 inches for the medium-duty element. The equivalent length on each side of the boom is 4 inches. As usual, the torque compensator is mounted 12 inches behind the last director.

13.4.6 30 Meter Yagis

Figure 13.18 describes the electrical performance of three optimized 30 meter Yagis with boom lengths between 15 to 34 feet. Because of the size and weight of the elements alone for Yagis on this band, only 2-element and 3-element designs are described. The front-to-rear ratio requirement for the 2-element antenna is relaxed to be greater than 10 dB over the band from 10.100 to 10.150 MHz, while that for the 3-element designs is kept at greater than 20 dB over that frequency range.
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As usual, the end of each boom includes 3 inches of space for the reflector and last director mounting plates. Figure 13.18A shows the free-space gain versus frequency for each antenna; Figure 13.18B shows the worst-case front-to-rear ratio, and Figure 13.18C shows the SWR versus frequency.

Figure 13.18D shows the taper schedule for the 30 meter elements. Note that the wall thickness of the first two sections of tubing is 0.083 inches, rather than 0.058 inches. This heavy-duty element design can survive 107-mph winds with no icing, and 93-mph winds with 1⁄4 inch of radial ice.

The element-to-boom mounting plate for these Yagis is a 0.500-inch thick flat aluminum plate, 6 inches wide by 24 inches long. The mounting plate has an effective diameter of 4.684 inches. The equivalent length on each side of the boom is 12 inches. These designs require no torque compensator.

13.4.7 40 Meter Yagis

Figure 13.19 describes the electrical performance of three optimized 40 meter Yagis with boom lengths between 20 to 48 feet. Like the 30 meter antennas, because of the size and weight of the elements for a 40 meter Yagi, only 2-element and 3-element designs are described. The front-to-rear ratio requirement for the 2-element antenna is relaxed to be greater than 10 dB over the band from 7.000 to 7.300 MHz, while the goal for the 3-element designs is 20 dB over the frequency range of 7.000 to 7.200 MHz. It is exceedingly difficult to hold the F/R greater than 20 dB over the entire =40 meter band without sacrificing excessive gain with a 3-element design.
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As usual, the end of each boom includes 3 inches of space for the reflector and last director mounting plates. Figure 13.19A shows the free-space gain versus frequency for each antenna; Figure 13.19B shows the front-to- rear ratio, and Figure 13.19C shows the SWR versus frequency.

Figure 13.19D shows the taper schedule for the 40 meter elements. Note that the wall thickness of the first two sections of tubing is 0.083 inches, rather than 0.058 inches. This element design can survive 93-mph winds with no icing, and 69-mph winds with 1⁄4 inch of radial ice.

The element-to-boom mounting plate for these Yagis is a 0.500-inch thick flat aluminum plate, 6 inches wide by 24 inches long. The mounting plate has an effective diameter of 4.684 inches. The equivalent length on each side of the boom is 12 inches. These designs require no torque compensator.

13.4.8 Modifying Monoband Hy-Gain Yagis

Enterprising amateurs have long used the Hy-Gain “Long John” series of HF monobanders as a source of top-quality aluminum and hardware for customized Yagis. Often-modified older models include the 105BA for 10 meters, the 155BA for 15 meters, and the 204BA and 205BA for 20 meters. Newer Hy-Gain designs, the 105CA, 155CA and 205CA, have been redesigned by computer for better performance.

Hy-Gain antennas have historically had an excellent reputation for superior mechanical design. In the older designs the elements were purposely spaced along the boom to achieve good weight balance at the mast-to-boom bracket, with electrical performance as a secondary goal. Thus, the electrical performance was not necessarily optimal, particularly over an entire amateur band.

Newer Hy-Gain designs are electrically superior to the older ones, but because of the strong concern for weight balance are still not optimal by the definitions used in this chapter. With the addition of wind torque-compensation dummy elements, and with extra lead weights where necessary at the director end of the boom for weight-balance, the electrical performance can be enhanced, using the same proven mechanical parts.

Note that because the HyGain boom-to-element clamps require several inches of boom, the elements can’t be mounted exactly at the end of the boom. Since the boom length of 34’ is the same as the sum of element spacings, Director 3 cannot have a spacing of 190” and will have to be a few inches less. This does not result in a significant change in the antenna pattern according to designer Dean Straw, N6BV.

Figure 13.20 shows the computed gain, F/R ratio and SWR for a 24-foot boom, 10 meter optimized Yagi (modified 105BA) using Hy-Gain hardware. Figure 13.21 shows the same for a 26-foot boom 15 meter Yagi (modified 155BA), and Figure 13.22 shows the same for a 34-foot boom (modified 205BA) 20 meter Yagi. Tables 13.8 through 13.10 show dimensions for these designs. The original Hy-Gain taper schedule is used for each element. Only the length of the end tip (and the spacing along the boom) is changed for each element.
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13.4.9 4-Element 40-Meter OWA Yagi

This 4-element 40-meter design on a 48-foot boom was installed at the K3LR contest station and designed by WA3FET and Nathan Miller, NW3Z. The antenna is described in more detail at naic.edu/~angel/kp4ao/ham/owa.html.

A simple NEC-4 model shown below was modeled in EZNEC Pro/4+ (EZNEC is now a free program, downloadable at eznec.com) and the optimizer program AutoEZ (ac6la.com) The aluminum tubing elements are not tapered for simplicity, with all elements modeled as constant diameter 1-inch aluminum tubing. The geometry for this Yagi is shown in Figure 13.23 from EZNEC. The element dimensions are shown from EZNEC in Figure 13.24 at a height of 165 ft over average ground conditions. (Radiation patterns can be obtained from the EZNEC models.)
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Figures 13.25 and 26 show the performance of the OWA Yagi. Most important about the performance is the extremely flat SWR (1.1:1) and gain (13 dBi) across the 40-meter band. Front-to-back performance peaks in the center of the band at about 33 dB, dropping to about 18 dB at the band edges. This consistency of performance is very useful as explained in the “High-Performance Yagi Antennas” section of the VHF, UHF, and Microwave Antennas chapter.
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CONSTRUCTION OF THE ELEMENTS AND BOOM

The elements are made of standard .058-inch wall 6061-T6 aluminum tubing. Where the tubing overlaps, the joint is coated with antioxidant and secured with 4 aluminum pop rivets set 90 degrees apart. See the section on element tapers below.

The parasitic elements are mounted to the boom using four U-bolts and a plate is made of 4 x 0.375-inch-thick aluminum bar stock. Because the OWA Yagi uses direct feed, the driven element must be split in the center and insulated from the boom. To insulate the element, the mounting plate is made of 3/8-inch thick Garolite, a phenolic material. A gap of 2 inches is left in the center of the driven element and a 24-inch section of fiberglass rod of appropriate diameter is inserted inside the tubing to provide strength and to prevent crushing. Two U-bolts are used on each half of the driven element for additional support.

It is important to note that when measuring the driven elements, all measurements are made from the center of the gap, not the beginning of the tubing. For example, if the taper schedule calls for 48 inches of 1.000-inch tubing for the inside part of the element half, the tubing on each side must be cut to 47 inches to leave a 2-inch gap in the center.

48-foot booms must be vertically guyed with a truss from the mast to eliminate most of the sag. Stainless steel eyebolts are installed through the boom. Phillystran, a PVC-protected Kevlar rope, is used for the truss support cables. Because Phillystran is non-conductive, interaction is avoided.

ELEMENT TAPER SCHEDULE

To convert the constant diameter design of the models to a tapered stepped-diameter construction for each element, the following procedures could be used. One could choose an appropriate taper, for example, from the K5GO tapers as described in the Antenna Materials and Construction chapter and the online material. One could choose either light duty or heavy duty depending on the wind survivability desired. All the various tapered stepped-diameter sections are given except for the lengths of the tips.

One way to find these tip lengths is to model each constant diameter element by itself and sweep it in frequency to determine its resonance, the frequency where the imaginary part of the impedance will be very close to 0 ohms. Then pick some length for the tapered element tip and run the model with that element at the resonant frequency found from the constant diameter element. Note the value of the imaginary part of the impedance at this resonant frequency for this tapered element with the chosen tip length. Call this tip length L1 and the imaginary impedance value at the resonant frequency X1. Then, pick another tip length not much different than the L1 value, maybe 6 inches longer or shorter or so, appropriately. Call this new tip length L2 and run the model with that element and find the imaginary impedance value at the same resonant frequency and call it X2. Now compute the correct tip length (L) to use by the following formula:

L = (L2-L1)/(X2-X1) × (-X1) + L1

You can then check this by running the model’s tapered element with this tip length (L) and do a sweep like you did for the constant diameter element. It should resonate very close to the same frequency.

Another method is to use optimization in the AutoEZ program with the tip length as a variable and then run it at the resonant frequency and find the tip length that gives the imaginary part of the impedance equal to 0 as a goal. Other pro-grams like 4NEC2 also have optimization built in.

Another method is to use the procedure in the Leeson book Physical Design of Yagis that has a spreadsheet method to work with tapered and equivalent constant diameter elements.

13.4.10 HF OWA Yagis

This set of OWA Yagis was designed by Justin Johnson, GØKSC, of Innovantennas (innovantennas.com) for the Antenna Book. The beams cover 30 meters through 10 meters, with a 9-element, 10-meter beam that will certainly make the most of the band during the peak of Cycle 25.

The set includes the following antennas:

30 Meters: 4 element

20 Meters: 4, 5, and 7 element

17 Meters: 6 element

15 Meters: 6 element

12 Meters: 6 element

10 Meters: 4, 5, 6, 7, 9 element

The elements are made of standard .058-inch wall 6061-T6 aluminum tubing. Where the tubing overlaps, the joint is coated with antioxidant and secured with four aluminum pop rivets set 90 degrees apart. Because the OWA Yagi uses direct feed, the driven element must be split in the center and insulated from the boom using Garolite phenolic or a similar material. Leave a gap of 1 – 2 inches in the center of the driven element and a 12 – 24-inch section of fiberglass rod of appropriate diameter inserted inside the tubing to provide strength and to prevent crushing. Two U-bolts should be used on each half of the driven element for additional support.

When measuring the driven elements, all measurements are made from the center of the gap, not the beginning of the tubing. For example, if the model calls for 48 inches of 1.000-inch tubing for the inside part of the element half, the tubing on each side must be cut to 47 inches to leave a 2-inch gap in the center.

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

13.5 Multiband Yagis

So far, this chapter has discussed monoband Yagis — that is, Yagis designed for a single Amateur Radio frequency band. Because hams have operating privileges on more than one band, multiband coverage has always been very desirable.

INTERLACING ELEMENTS

In the late 1940s, some experimenters tried interlacing Yagi elements for different frequencies on a single boom, mainly to cover the 10 and 20 meter bands (at that time the 15 meter band wasn’t yet available to hams). The experimenters discovered that the mutual interactions between different elements tuned to different frequencies are very difficult to handle.

Adjusting a lower-frequency element usually results in interaction with higher-frequency elements near it. In effect, the lower-frequency element acts like a retrograde reflector, throwing off the effectiveness of the higher-frequency directors nearby. Element lengths and the spacing between elements can be changed to improve performance of the higher-frequency Yagi, but the resulting compromise is rarely equal to that of an optimized monoband Yagi. A reasonable compromise for portable operation was developed by VE7CA and is described in the Portable Antennas chapter.

TRAP MULTIBANDERS

Multiband Yagis using a single boom can also be made using traps. Traps allow an element to have multiple resonances. The Multiband HF Antennas chapter provides details on trap designs. The general function is very similar to trap dipoles in which the traps act as open circuits or reactances that change the electrical length of the element at different frequencies.

Commercial vendors have sold trap antennas to hams since the 1950s and surveys show that after simple wire dipoles and multiband verticals, trap triband Yagis are the most popular antennas in the Amateur Radio Service.

The originator of the trap tribander was Chester Buchanan, W3DZZ, in his March 1955 QST article, “The Multimatch Antenna System.” On 10 meters this rather unusual tribander used two reflectors (one dedicated and one with traps) and two directors (one dedicated and one with traps). On 20 and 15 meters three of the five elements were active using traps. The W3DZZ tribander employed 12 traps overall, made with heavy wire and concentric tubular capacitors to hold down losses in the traps. Each trap was individually fine-tuned after construction before mounting it on an element.

Another example of a homemade tribander was the 26-foot boom 7-element 20/15/10 meter design described by Bob Myers, W1XT (ex-W1FBY) in the December 1970 QST. The W1FBY tribander used only two sets of traps in the driven element, with dedicated reflectors and directors for each frequency band. Again, the traps were quite robust in this design to minimize trap losses, using 7⁄16-inch aluminum tubing for the coils and short pieces of RG-8 coax as high-voltage tuning capacitors.

Relatively few hams actually build tribanders for themselves, mainly because of the mechanical complexity and the close tolerances required for such antennas. The traps themselves must be constructed quite accurately for reproducible results, and they must be carefully weatherproofed for long life in rain, snow, and often polluted or corrosive atmospheres.

Traps, like any lumped-constant circuit, have some amount of loss which can be minimized with careful design. The primary compromise incurred in a trap multiband Yagi is the fixed element spacing on all bands. The usual tribander design is optimized for the middle band while the spacing is a bit too long for the highest band and a bit too short for the lowest band. Nevertheless, trap tribanders provide good performance in a compact package.

CHRISTMAS TREE STACKS

Another possible method for achieving multiband coverage using monoband Yagis is to stack them in a “Christmas tree” arrangement as in Figure 13.27. For an installation covering 20, 15 and 10 meters, you could mount the 20 meter monobander on the rotating mast just at the top of the tower. Then perhaps 9 feet above that you would mount the 15 meter monobander, followed by the 10 meter monoband Yagi 7 feet further up on the mast. Another configuration would be to place the 10 meter Yagi in between the lower 20 meter and upper 15 meter Yagis. Whatever the arrangement, the antenna in the middle of such a Christmas-tree always suffers the most interaction from the lowest-frequency Yagi.
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Dave Leeson, W6NL, mentions that the 10 meter Yagi in a closely stacked Christmas Tree (15 meters at the top, 10 meters in the middle, and 20 meters at the bottom of the rotating mast) loses “substantial gain” because of serious interaction with the 20 meter antenna. (N6BV and K1VR calculated that the free-space gain in the W6NL stack drops to 5 dBi, compared to about 9 dBi with no surrounding antennas.) Monobanders are definitely not universally superior to tribanders in multiband installations.

FORWARD STAGGERING

Some hams have built multiband Yagis on a common boom, using a technique called forward staggering. This means that that most (or all) of the higher-frequency elements are placed in front of any lower-frequency elements — in other words, most of the elements are not interlaced. Richard Fenwick, K5RR, described his triband Yagi design in the September 1996 QEX magazine. This uses forward-stagger and open-sleeve design techniques and was optimized using several sophisticated modeling programs.

Fenwick’s tribander used a 57-foot, 3-inch OD boom to hold 4 elements on 20 meters, 4 elements on 15 meters and 5 elements on 10 meters. Figure 13.28 shows the element placement for the K5RR tribander. Most hams, of course, don’t have the real-estate or the large rotator needed to turn such a large, but elegant solution to the interaction problem!
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FORCE 12 C-3 “MULTI-MONOBAND” TRIBAND YAGI

Antenna manufacturer Force 12 used forward-stagger layouts and patented combinations of open- and closedsleeve drive techniques extensively in their product line of multiband antennas, which they called “multi-monoband Yagis.” Figure 13.29 shows the layout for the popular Force 12 C-3 triband Yagi. The C-3 uses no traps, thereby avoiding any losses due to traps. The C-3 consists of three 2-element Yagis on an 18-foot boom, using full-sized elements designed to withstand high winds. (There is a pair of 10 meter driven elements for coverage of the full band.) Similar multiband Yagis with various band combinations are available from several manufacturers.
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The C-3 feed system employs open-sleeves, where the 20 meter driver element is fed with coax through a common-mode current balun and parasitically couples to the closely spaced 15 meter driver and the two 10 meter driven elements to yield a feed point impedances close to 50 W on all three bands. Open-sleeve dipoles are discussed in the Multiband HF Antennas chapter.

Note the use of the forward-stagger technique in the C-3, especially on 10 meters. To reduce interaction with the lower-frequency elements behind it, the 10 meter portion of the C-3 is mounted on the boom ahead of all the lower-frequency elements with the main 10 meter parasitic element (#7) acting as a director. The lower-frequency elements behind the 10 meter section act as retrograde reflectors, gaining some improvement of the gain and pattern compared to a monoband 2-element Yagi. A simplified EZNEC model of the C-3 is included with this book’s online material.

On 15 meters, the main parasitic element (#2) is a dedicated reflector, but the other elements ahead on the boom act like retrograde directors to improve the gain and pattern somewhat over a typical 2-element Yagi with a reflector. On 20 meters, the C-3 is a 2-element Yagi with a dedicated reflector (#1) at the back end of the boom.

The exact implementation of any Yagi, of course, depends on the way the elements are constructed using telescoping aluminum tubing. The C-3 type of design is no exception.

13.6 Shortening Yagi Elements

Almost any technique that can be used to reduce the physical length of a dipole can also be used to shorten the physical length of a Yagi element. The tradeoffs are additional mechanical complexity and reduced performance with respect to forward gain and SWR bandwidth. As with shortened dipoles and monopoles, placement of the loading structures is critical to obtaining good performance and careful modeling is required. (Caution should be used in modeling wires that are very close to each other, junctions of large-diameter conductors, and other complex mechanical arrangements.)

LINEAR LOADING

The most common size-reducing technique is linear loading and it can be applied to Yagis as well as dipoles and verticals. An example of linear loading for a dipole was presented in the General Purpose MF and HF Antennas chapter. A very similar example of linear loading for a 2-element 20 meter Yagi can be found in a June 1976 QST article by Cole Collings, WØYNF.

Linear loading essentially consists of folding the antenna into a zig-zag pattern. Each back-and-forth folded segment radiates very little because the field from each of the folded conductors partially cancels that of the adjacent conductors. Nevertheless, the folding does extend the electrical length of the antenna. The effective length of the folded antenna is somewhat longer than if the section remained unfolded.

The Hy-Gain 402BA 2-element 40 meter Yagi was a popular linearly-loaded antenna with 46-foot elements. A full-size element on 40 meters is approximately 65 feet long, so linear loading provided a substantial reduction in size.

END LOADING AND INDUCTOR LOADING

The technique of adding capacitance hats near the end of an antenna to lower its resonant frequency is most often encountered in vertical ground-plane antennas for the lower HF bands. The technique can also be put to good use on HF Yagis as seen in the Cushcraft (cushcraftamateur.com) MA5B mini-beam for 20/17/15/12/10 meters. The capacitance hats on this multiband Yagi play a major role in reducing the longest element to a bit over 17 feet long — just over λ/4 on 20 meters.

The elements of the MA5B also use traps and that also helps reduce length by inserting inductance into the element below the trap’s resonant frequency. The Cushcraft XM240 2-element 40 meter Yagi also uses a combination of capacitance hats and coils to reduce element size.

Inductors on large Yagis for 75/80 meters are used similarly to base loading in verticals. The same general concerns apply with the inductance and placement of the coil, as well as losses in the coil.

13.7 The Moxon Rectangle

L.B. Cebik, W4RNL, has written extensively about the Moxon rectangle, an antenna invented by Les Moxon, G6XN, derived from a design by VK2ABQ (see “References and Bibliography” section). The Moxon rectangle beam takes less space horizontally than a conventional 2-element Yagi design, yet it offers nearly the same amount of gain and a superior front-to-back ratio. And as an additional benefit, the drive-point impedance is close to 50 Ω, so that it doesn’t need a matching section. For example, rather than a “wingspan” of 17 feet for the reflector in a conventional 2-element 10-meter Yagi, the Moxon rectangle is 13 feet wide, a saving of almost 25%. The closed rectangular mechanical assembly gives some rigidity to the design, keeping it stable in the wind.

The Moxon rectangle functions by virtue of the mutual coupling between parallel element segments and the coupling between the facing element tips, which are both bent toward each other. See Figure 13.30 which shows the general outline for W4RNL’s 10-meter aluminum Moxon rectangle from his June 2000 QST article (see “References and Bibliography”). The tips of the elements are kept a fixed distance from each other by PVC spacers. If any dimension of the Moxon rectangle is critical, it is the separation of the tips. For VHF/UHF Moxons made from solid wire, be sure to secure the tips so they remain aligned across the gap and a fixed distance apart.
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The calculations for designing a Moxon have been implemented as software calculator in MoxGen by Dan Maguire, AC6LA, which is available at no cost, downloadable from ac6la.com/moxgen1.html.

Two additional HF Moxon designs, one for 10 meters and another for 20 meters, are included in the online material. See the Portable Antennas chapter for Moxon designs on 17 through 10 meters. Moxon rectangles for 6, 2, 11⁄4 meters, and 70 cm are included in the VHF, UHF, and Microwave Antennas chapter. A list of articles about Moxons by W4RNL is online at on5au.be/content/a10/moxon/moxpage.html.

13.7.1 Moxon Design Behavior

DESIGN SENSITIVITIES

• Decreasing or increasing the side-to side dimension (A in Figure 1) raises or lowers the maximum F/B and the resonant feed point frequencies by about 40 kHz. For small changes in dimension A, the resonant feed point impedance does not change.

• Increasing or decreasing only the length of the driver tails (dimension B) by one inch lowers or raises the resonant frequency of the driver by about 70 kHz on 10 meters (proportionally less on other bands). The new resonant feed point impedance will be a few ohms lower (for an increase in driver length) than before the change. The frequency of maximum F/B will not change significantly.

• Increasing or decreasing only the length of the reflector tails (dimension D) by one inch lowers or raises the peak F/B frequency by about 70 kHz (again, on 10 meters). The driver’s resonant frequency will not significantly change, but the impedance will be higher (for an increase in reflector length) than before the change.

BEHAVIOR WITH HEIGHT

As the antenna height increases, the take-off angle (or the elevation angle of maximum radiation) decreases, as do the vertical and horizontal beamwidths between half-power points. These properties are in line with those of any horizontally polarized array. Hence, the gain increases slightly with antenna height increases.

Moreover, the feed point impedance of the antenna undergoes only small changes with changes in heights. Indeed, the excellent F/B performance at the low height of 3⁄8λ holds promise for 40-meter and lower-frequency installations. The conclusion is that a Moxon rectangle falls in the class of “well-behaved” antennas, requiring no finicky field adjustments once the basic design is set and tested.

13.7.2 Wire Moxon Rectangles for 40 – 10 Meters

A table of Moxon rectangle dimensions for the HF amateur bands was published in June 2000 QST and is repeated here as Table 13.11. Dimensions for other bands may be obtained with the MoxGen software. All dimensions are labeled in Figure 13.31.
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A tubing model will have dimensions close to those for a thin wire model. However, it will exhibit a broader SWR bandwidth. The MoxGen software accepts both wire gauge and tubing OD for its calculations.

These antennas have feed point impedances between about 56 and 58 Ω, a close match to the standard amateur 50 Ω coaxial cable. Free space gain and front-to-back ratio are consistent for all the models, averaging 5.8 dBi and greater than 32 dB in free space, respectively, at the design frequency, centered in each band.

13.7.3 40 Meter Moxon Rectangle

Dave Leeson, W6NL, has modified the Cushcraft XM240 2-element 40-meter Yagi to a Moxon rectangle design shown in Figure 13.32. The W6NL Moxon Yagi is a high efficiency design that uses cross elements to provide both loading and the Moxon coupling. The upgrade of the XM240 to the W6NL Moxon consists of replacing the loading coil LCA sections with four new assemblies, each consisting of two new sections and the new T loading element. The remaining parts are original Cushcraft.
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The antenna has a gain of more than 10 dBi (including ground reflections) and a high front-to-back ratio (not specified by the designer). As is usual for Moxon designs, the SWR bandwidth is very good — more than 300 kHz with an SWR of less than 1.5:1.

Modifying the XM240 is described in detail in W6NL’s design article, “Construction of W6NL Moxon on Cushcraft XM240,” included with the online material. The mechanical strength of the antenna is also improved as part of the modification procedure.

13.8 Quad Antennas

The previous section discussed Yagi arrays as systems of approximately half-wave dipole elements that are coupled together mutually. You can also employ other kinds of elements using the same basic principles of analysis. For example, loops of various types may be combined into directive arrays. A popular type of parasitic array using loops is the quad antenna, in which loops having a perimeter of about one wavelength are used in much the same way as half-wave dipole elements in the Yagi antenna.

Clarence Moore, W9LZX, created the quad antenna in the early 1940s while he was at the Missionary Radio Station HCJB in Quito, Ecuador. He developed the quad to combat the effects of corona discharge at high altitudes. The problem at HCJB was that their large Yagi was literally destroying itself by melting its own element tips. This occurred due to the huge balls of corona it generated in the thin atmosphere of the high Andes Mountains. Moore reasoned correctly that closed loop elements would generate less high voltage — and hence less corona — than would the high impedances at the ends of a half-wave dipole element.

Figure 13.33 shows the original version of the two-element quad, with a driven element and a parasitic reflector. The square loops may be mounted either with the corners lying on horizontal and vertical lines, as shown at the left, or with two sides horizontal and two vertical (right). The feed points shown for these two cases will result in horizontal polarization, which is commonly used.
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Quad designers may want to look up a copy of Bill Orr, W6SAI’s All About Cubical Quads (now out of print) for a variety of design notes and ideas. Similarly, R. P. Haviland, W4MB’s series of quad-related articles in Ham Radio and QEX are also worth reading (see References and Bibliography).

13.8.1 Quads Versus Yagis

Since its invention, there has been controversy whether the quad is a better performer than a Yagi. The three main electrical performance parameters of a Yagi are gain, response patterns (front-to-rear ratio, F/R) and feed point impedance/SWR. Proper analysis of a quad also involves checking all these parameters across the entire frequency range over which you intend to use it. Both a quad and a Yagi are classified as “parasitic, end-fire arrays.” Modern antenna modeling by computer shows that monoband Yagis and quads with the same boom lengths and optimized for the same performance parameters have gains within about 1 dB of each other, with the quad slightly ahead of the Yagi.

Figure 13.34 plots the three parameters of gain, front-to-rear ratio (F/R) and SWR over the 14.0 to 14.35-MHz band for two representative antennas — a monoband three-element quad and a monoband four-element Yagi. Both of these have 26-foot booms and both are optimized for the best compromise of gain, F/R and SWR across the whole band.
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While the quad in Figure 13.29 consistently exhibits about 0.5 dB more gain over the whole band, its F/R pattern toward the rear isn’t quite as good as the Yagi’s over that span of frequencies. This quad attains a maximum F/R of 25 dB at 14.1 MHz, but it falls to 17 dB at the bottom end of the band and 15 dB at the top. On the other hand, the Yagi’s F/R stays consistently above 21 dB across the whole 20 meter band. The quad’s SWR rises to just under 3:1 at the top end of the band, but stays below 2:1 from 14.0 to almost 14.3 MHz. The Yagi’s SWR remains lower than 1.5:1 over the whole band.

The reason the Yagi in Figure 13.29 has more consistent responses for gain, F/R and SWR across the whole 20 meter band is that it has an additional parasitic element, giving two additional variables to play with — that is, the length of that additional element and the spacing of that element from the others on the boom.

Yagi advocates point out that it is easier to add extra elements to a Yagi, given the mechanical complexities of adding another element to a quad. Extra parasitic elements give a designer more flexibility to tailor all performance parameters over a wide frequency range. Quad designers have historically opted to optimize strictly for gain and, as stated before, they can achieve as much as 1 dB more gain than a Yagi with the same length boom. But in so doing, a quad designer typically has to settle for front-to-rear patterns that are peaked over more narrow frequency ranges. The 20 meter quad plots in Figure 13.34 actually represent an even-handed approach, where the gain is compromised slightly to obtain a more consistent pattern and SWR across the whole band.

Figure 13.35 plots gain, F/R and SWR for two 10 meter monoband designs: a five-element quad and a five-element Yagi, both placed on 26-foot booms. The quad now has the same degrees of freedom as the Yagi, and as a consequence the pattern and SWR are more consistent across the range from 28.0 to 28.8 MHz. The quad’s F/R remains above about 18.5 dB from 28.0 to 28.8 MHz. Meanwhile, the Yagi maintains an F/R of greater than 22 dB over the same range, but has almost 0.8 dB less gain compared to the quad at the low end of the band, eventually catching up at the high end of the band. The SWR for the quad is just over 2:1 at the bottom of the band, but remains less than 2:1 up to 28.8 MHz. The SWR on the Yagi remains less than 1.6:1 over the whole band.
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Figure 13.36 shows the performance parameters for two 15 meter monoband designs: a five-element quad and a five-element Yagi, both on 26-foot booms. The quad is still the leader in gain, but has a less optimal rearward pattern and a somewhat less flat SWR curve than the Yagi. One thing should be noted in Figures 13.34 – 13.36. The F/R pattern on the Yagi is largely determined by the response at the 180° point, directly in back of the frontal lobe. This point is usually referred to when discussing the “front-to-back ratio.”
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The quad on the other hand has what a sailor might term “quartering lobes” (referring to the direction back toward the “quarterdeck” at the stern of a sailing vessel) in the rearward pattern. These quartering lobes are often worse than the response at 180°, directly in back of the main beam. Figure 13.37 overlays the free-space E-Field responses of the 15 meter quad and Yagi together. At 21.2 MHz, the quad actually has a front-to-back ratio (F/B) of about 24 dB, excellent in anyone’s book. The Yagi at 180° has a F/B of about 25 dB, again excellent.
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However, at an azimuth angle of about 125° (and at 235° azimuth on the other side of the main lobe) the quad’s “quartering lobe” is down only some 17 dB, setting the worst-case F/R at 17 dB also. As explained in the sections on Yagis, the reason F/R is more important than just the F/B is that on receive, signals can come from any direction, not just from directly behind the main beam.

Table 13.12 lists the dimensions for the three computer-optimized monoband quads shown in Figures 13.34, 13.35, and 13.36.
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CUBICAL VERSUS CONCENTRIC QUADS

First — no quad is truly “cubical” in the sense of the distance between the elements being the same as the side of an element. That would place the elements λ/4 apart which is too widely spaced for good performance. The term “cubical quad” generally applies to multiband quads that maintain the same electrical spacing between elements on each band whereas “concentric quad” refers to a set of elements mounted on the spreaders in one plane, concentric to each other. (The two quad antenna projects with this chapter are concentric quads.)

The cubical quad with its consistent electrical spacing has a very slight performance advantage on the higher frequency bands but requires a special spreader mount at the center of the boom to hold the spreaders in the required tilted configuration. In fact, the boom of a true cubical quad is only inches long since the spreaders meet near the center. The cubical quad’s spreaders, being both diagonal and tilted, must be a few percent longer than the planar spreaders of the concentric quad.

QUADS VERSUS YAGIS AT LOW HEIGHTS

Another belief held by some quad enthusiasts is that they need not be mounted very high off the ground to give excellent DX performance. Quads are somehow supposed to be greatly superior to a Yagi at the same height above ground. Unfortunately, this is mainly wishful thinking.

Figure 13.38 compares the same two 10 meter antennas as in Figure 13.35, but this time with each one mounted on a 50-foot tower over flat ground, rather than in theoretical free space. The quad does indeed have slightly more gain than a Yagi with the same boom length, as it has in free space. This is evidenced by the very slight compression of the quad’s main lobe, but is more obvious when you look at the third lobe, which peaks at about 53° elevation. In effect, the quad squeezes some energy out of its second and third lobes and adds that to the first lobe. However, the difference in gain compared to the Yagi is only 0.8 dB for this particular quad design at a 9° elevation angle. And while it’s true that every dB counts, you can also be certain that on the air you wouldn’t be able to tell the difference between the two antennas. After all, a 10- to 20-dB variation in the level of signals is pretty common because of fading at HF.
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13.8.2 Multiband Quads

On the other hand, one of the valid reasons quads have remained popular over the years is that antenna homebrewers can build multiband quads far more easily than they can construct multiband Yagis. In effect, all you have to do with a quad is add more wire to the existing support arms. It’s not quite as simple as that, of course, but the idea of ready expandability for other bands is very appealing to experimenters.

Like the Yagi, the quad does suffer from interactions between wires of different frequencies, but the degree of interaction between bands is usually less for a quad. The higher-frequency bands are the ones that often suffer most from any interaction, for both Yagis and quads. For example, the 10 and 15 meter bands are usually the ones affected most by nearby 20 meter wires in a triband quad, while the 20 meter elements are not affected by the 10 or 15 meter elements.

Modern computer modeling software can help you counteract at least some of the interaction by allowing you to do virtual “retuning” of the quad on the computer screen — rather than clinging precariously to your tower fiddling with wires. However, the programs (such as NEC-2 or EZNEC) that can model three-dimensional wire antennas such as quads typically run far more slowly than those designed for monoband Yagis (such as YW included with this book). This makes optimizing rather tedious, but you use the same considerations for tradeoffs between gain, pattern (F/R) and SWR over the operating bandwidth as you do with monoband Yagis.

Two multiband quad design projects are provided in the online material. The first is a large triband 20-, 15-, 10-meter quad built on a 26-foot boom made of 3-inch irrigation tubing. This antenna has three elements on 20 meters, four elements on 15 meters, and five elements on 10 meters.

The second project is a compact two-element triband quad on an 8-foot boom that covers 20, 17, 15, 12, and 10 meters. This antenna uses five concentric wire loops mounted on each of the two sets of spreaders. Either antenna may be constructed in a diamond or square configuration.

While the same basic construction techniques are employed for both multiband quads, the scale of the larger triband antenna makes it a far more ambitious undertaking! The large quad requires a strong tower and a rugged rotator. It also requires a fair amount of real estate in order to raise the quad to the top of the tower without getting tangled in trees or other antennas.

13.8.3 Building A Quad

The parasitic element shown in Figure 13.28 is tuned in much the same way as the parasitic element in a Yagi antenna. That is, the parasitic loop is tuned to a lower frequency than the driven element when the parasitic is to act as a reflector, and to a higher frequency when it is to act as a director. Figure 13.28 shows the parasitic element with an adjustable tuning stub, a convenient method of tuning since the resonant frequency can be changed simply by changing the position of the shorting bar on the stub. In practice, it has been found that the length around the loop should be approximately 3.5% greater than the self-resonant length if the element is a reflector, and about 3.0% shorter than the self-resonant length if the parasitic element is a director. Approximate formulas for the loop lengths in feet are:
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These are valid for quad antennas intended for operation below 30 MHz and using uninsulated #14 AWG stranded copper wire. At VHF, where the ratio of loop circumference to conductor diameter is usually relatively small, the circumference must be increased in comparison to the wavelength. For example, a one-wavelength loop constructed of 1⁄4-inch tubing for 144 MHz should have a circumference about 2% greater than in the above equation for the driven element.

Element spacings on the order of 0.14 to 0.2 free-space wavelengths are generally used. You would employ the smaller spacings for antennas with more than two elements, where the structural support for elements with larger spacings tends to become challenging. The feed point impedances of antennas having element spacings on this order have been found to be in the 40 to 60 W range, so the driven element can be fed directly with coaxial cable with only a small mismatch.

For spacings on the order of 0.25 wavelength (physically feasible for two elements, or for several elements at 28 MHz) the impedance more closely approximates the impedance of a driven loop alone — that is, 80 to 100 W. The feed methods described in the Transmission Line System Techniques chapter can be used, just as in the case of the Yagi.

FEEDING THE MULTIBAND QUAD

There are two approaches to feeding a multiband quad with several driven elements. If the driven elements are all on one set of spreaders the combined feed ties all of the elements together at a single feed point. This allows the use of a single feed line but creates a great deal of interaction between harmonically-related elements, reducing gain and F/B dramatically as described by L.B. Cebik in “Feeding the 5-Band Quad” (see References and Bibliography). Using separate feed lines to each driven element results in much less interaction and preserves the quad’s performance.

A compromise that allows the use of a single feed line to the station but separate feed lines for each element is to use a remote coax switch such as the Ameritron RCS-4 or RCS-8V (ameritron.com). The coax switch can be mounted on the antenna boom or mast and short feed lines run from the switch to the elements. The editor used just such a configuration for a number of years for a five-band 2-element quad with good results.

The impedance of the multiband quad driven elements varies quite a bit from the free-space value of a single loop. Cebik’s article mentioned above shows that the feed point impedance varies from close to 50 W on 10 meters (the innermost element) to more than 100 W on 20 meters (the outermost element). If multiple feed lines are used, quarter-wave matching sections as described in the Transmission Line System Techniques chapter can be used to provide an acceptable SWR.

MECHANICAL CONSTRUCTION ISSUES

The most obvious problem related to quad antennas is the ability to build a structurally sound system. If high winds or heavy ice are a normal part of the environment, special precautions are necessary if the antenna is to survive a winter season.

Both multiband quad arrays use fiberglass spreaders. Bamboo is a suitable substitute (if economy is of great importance). However, the additional weight of the bamboo spreaders over fiberglass is an important consideration. A typical 12-foot bamboo pole weighs about 2 pounds; the fiberglass type weighs less than a pound. By multiplying the difference times 8 for a two-element array, times 12 for a three-element antenna, and so on, it quickly becomes apparent that fiberglass is worth the investment if weight is an important factor. Properly treated, bamboo has a useful life of three or four years, while fiberglass life is probably 10 times longer.

One step beyond the conventional fiberglass arm is the pole-vaulting arm. For quads designed to be used on 7 MHz, surplus “rejected” pole-vaulting poles are highly recommended. Their ability to withstand large amounts of bending is very desirable. The cost of these poles is high, and they are difficult to obtain.

Spreader supports (sometimes called spiders) described for the multiband quad section below are designed to be less likely to rotate on the boom as a result of wind pressure.

The physical sturdiness of a quad is directly proportional to the quality of the material used and the care with which it is constructed. The size and type of wire selected for use with a quad antenna is important because it will determine the capability of the spreaders to withstand high winds and ice. One of the more common problems confronting the quad owner is that of broken wires. A solid conductor is more apt to break than stranded wire under constant flexing conditions. For this reason, stranded copper wire is recommended. For 14, 21 or 28 MHz operation, #14 or #12 AWG stranded wire is a good choice. Soldering of the stranded wire at points where flexing is likely to occur should be avoided.

You may connect the wires to the spreader arms in many ways. The simplest method is to drill holes through the fiberglass at the appropriate points on the arms and route the wires through the holes. Some amateurs have experienced cracking of fiberglass poles which might be a result of drilling holes through the material. However, this seems to be the exception rather than the rule.

Soldering a wire loop across the spreader is recommended. However, you should take care to prevent solder from flowing to the corner point where flexing could break it. A better method is to clamp a piece of plastic tubing to the spreader with a stainless steel hose clamp and run the wire through the tubing. This allows the wire to slide when the antenna flexes.

Every effort must be placed upon proper construction if you want to have freedom from mechanical problems. Hardware must be secure or vibration created by the wind may cause separation of assemblies. Solder joints should be clamped in place to keep them from flexing, which might fracture a connection point.

While a boom diameter of 2 inches is sufficient for smaller quads using two or even three elements for 14, 21 and 28 MHz, when the boom length reaches 20 feet or longer a 3-inch diameter boom is highly recommended. Wind creates two forces on the boom, vertical and horizontal. The vertical load on the boom can be reduced with a guy-wire truss cable. The horizontal forces on the boom are more difficult to relieve, so 3-inch diameter tubing is desirable.

DIAMOND OR SQUARE?

The question of how to orient the spreader arms has been raised many times over the years. Should you mount the loops in a diamond or a square configuration? Should one set of spreaders be horizontal, giving the loop a diamond shape as shown in Figure 13.33 on the left, or should the wire itself be horizontal to the ground (spreaders mounted diagonally in the fashion of an X) as shown at the right in Figure 13.33? From the electrical point of view, there is not enough difference in performance to worry about.

From the mechanical point of view there is no question which version is better. The diamond quad, with the associated horizontal and vertical spreader arms, is capable of holding an ice load much better than a system where no vertical support exists to hold the wire loops upright. Put another way, the vertical poles of a diamond array, if sufficiently strong, will hold the rest of the system erect. When water droplets are accumulating and forming into ice, it is very reassuring to see water running down the wires to a corner and dripping off, rather than just sitting there on the wires and freezing. The wires of a loop (or several loops, in the case of a multiband antenna) help support the horizontal spreaders under a load of ice. A square quad will droop severely under heavy ice conditions because there is nothing to hold it up straight.

Of course, in climates where icing is not a problem, many amateurs point out that they like the aesthetics of the square configuration. There are thousands of square-configuration quads in temperate areas around the world.

Another consideration will enter into your choice of orientation for a quad. You must mount a diamond quad somewhat higher on the mast or tower than for an equivalent square array, just to keep the bottom spreader away from the tower guys when you rotate the antenna.

GETTING IT UP THE TOWER

The many elements of a Yagi are hard enough to maneuver around guy wires but the quad’s three-dimensional structure can make it a challenge to lift to the top of a tower. If the tower is a crank-up or tilt-over, it is much easier to get a quad mounted on the antenna mast. On a fixed, lattice-style tower with guys, you’ll have to carefully work the antenna around each set of guy wires as it is raised. The tram technique described in the Building Antenna Systems and Towers chapter is highly recommended as the work to rig the tram pays off with a lot easier lift of the antenna over the guys.

Another technique used by builders of the more common concentric quads it to assemble each set of spreaders and elements separately on the ground and lift them one by one to the top of the tower where they are mounted to the boom one after another. This requires some planning but is a lot easier than lifting the entire assembled antenna, particularly when there are guy wires to contend with.
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Chapter 14

HF Antenna System Design

This chapter combines information from previous editions into a condensed discussion of HF antenna system design. An amateur just beginning to build an HF station may be more interested in trying out different types of antennas and gaining experience with selecting, building and installing them. Later on, as experience is gained and specific goals are formed, the process of system design becomes important.

No single book can provide a step-by-step procedure for designing antenna systems — there are too many different needs and operating styles. What can be done, however, is to give an overview of the process by which system-level issues are identified and dealt with. Tools such as propagation prediction and antenna modeling software will be discussed from the antenna system perspective. Methods of using antennas to meet certain goals, such as stacking Yagis and using near vertical incidence skywave propagation (NVIS), will be covered.

By thinking about your “antenna farm” as a system — whether a single antenna in a tree or a multiple-tower contest station — you will be able to make better use of your time and materials and have more success on the air.

We will begin with an overview of the system design process and how to approach it. The next step is a section covering the use of propagation prediction tools as a means of assessing the coverage of an antenna system. Then the effects of local terrain on antenna system planning and performance are covered. The final sections address the use of vertical stacks of Yagi antennas to control elevation angle.

14.1 System Design Basics

The most important time spent in putting together an antenna system is the time spent in planning. Later in this chapter the section on Local Terrain will present steps needed to evaluate how your local terrain can affect HF communications. You will need to compare the patterns resulting from your own terrain to the statistically relevant elevation angles needed for coverage of various geographic areas. (The elevation-angle statistics were discussed in the Radio Wave Propagation chapter and are located with this book’s online material as is the terrain-assessment program HFTA.)

The implicit assumptions in using propagation data and terrain analysis are (1) that you know where you want to talk to, and (2) that you’d like the most effective system possible. At the start of such a theoretical analysis, cost is no object. Practical matters, like cost or the desires of your spouse, can come later! After all, you’re just checking out all the possibilities. If nothing else, you will use the methodology in this chapter to evaluate any property you are considering buying so that you can build your “dream station.”

By using the techniques and tools available in this book, you can rationally and logically plan an antenna system that will be best suited for your own particular conditions. Now, however, you have to get practical. Thinking through and planning the installation can save a lot of time, money and frustration.

One often overlooked part of successful antenna system design (and station design, too) is the keeping of a station notebook. Make sure you save and organize the various computer files and documents associated with your system design. Being able to revisit the steps leading to a decision — successful or unsuccessful — is very important. Important data from measurements or tests should always be clearly labeled and stored so that you can find it later. Think of each page or file as a brick in the grand structure you are building. No one ever regrets having kept good records!

While no one can tell you the exact steps you should take in developing your own master plan, this section, prepared originally by Chuck Hutchinson, K8CH, should help you with some ideas.

14.1.1 Desires and Limitations

Begin planning by spelling out your communications desires and the limitations placed on them. Engineers call these “requirements” and “constraints” — all successful projects begin with clearly understanding and recording them. What bands are you interested in? Who (or where) do you want to talk to? When do you operate? How much time and money are you willing to spend on an antenna system? What physical limitations affect your master plan?

From the answers to the above questions, begin to formulate goals — short, intermediate and long range. Be realistic about those goals. Remember that there are three station effectiveness factors that are under your control. These are: operator skill, equipment in the station, and the antenna system. There is no substitute for developing operating skills. Some tradeoffs are possible between station equipment and antennas. For example, a high-power amplifier can compensate for a less than optimum antenna but only for transmitted signals. By contrast, a better antenna has advantages for receiving as well as for transmitting.

Consider your limitations. Are there regulatory restrictions on antennas in your community? Are there any deed restrictions or covenants that apply to your property? Do other factors (finances, family considerations, other interests, and so forth) limit the type or height of antennas that you can erect? All of these factors must be investigated because they play a major role determining the type of antennas you erect.

Chances are that you won’t be able to immediately do all you desire. Think about how you can budget your resources over a period of time. Your resources are your money, your time available to work, materials you may have on hand, friends that are willing to help, etc. One way to budget is to concentrate your initial efforts on a given band or two. If your major interest is in chasing DX, you might want to start with a very good antenna for the 14-MHz band. A simple multiband antenna could initially serve for other frequencies. Later you can add better antennas for those other bands.

14.1.2 Site Planning

A map of your property or proposed antenna site can be of great help as you begin to consider alternative antennas. You’ll need to know the size and location of buildings, trees and other major objects in the area. Be sure to note compass directions on your map. Graph or quadrille paper (or a simple CAD program) can be very useful for this purpose. See Figure 14.1 for an example. It’s a good idea to make a few photocopies of your site map so you can mark on the copies as you work on your plans. If you create a master map with CAD software, you can create and save lots of alternatives for comparisons and evaluations.
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Use your map to plan antenna layouts and locations of any supporting towers or masts. If your plan calls for more than one tower or mast, think about using them as supports for wire antennas. As you work on a layout, be sure to think in three dimensions even though the map shows only two.

Be sensitive to your neighbors. A 70-foot guyed tower in the front yard of a house in a residential neighborhood is not a good idea (and probably won’t comply with local ordinances!). You probably will want to locate that tower in the back yard.

Be sure to include restrictions and hazards on the map. For example, you may have set-back requirements from property lines for any structure on your property, such as a tower. You may not be allowed to intrude on neighboring “air space” with antenna elements. Power lines and other hazards such as buried utilities should be on your map, as well. It’s just as important to identify where antennas can’t go as where they can.

As discussed in the Building Antenna Systems and Towers chapter, consider access needs when laying out your system. If you will be putting up towers, consider how a backhoe or concrete truck can get to the location of the tower base. You’ll need to allow space for towers that fold over or that are tipped up for installation, too.

14.1.3 Initial Analysis

Use the information in this chapter, antenna modeling software and propagation evaluation tools to analyze antenna patterns in both horizontal and vertical planes toward geographic areas of interest. Consider the azimuthal pattern of fixed antennas. You’ll want to orient any fixed antennas to favor the directions of greatest interest to you.

Use antenna modeling tools to help you evaluate what type of antenna might be suitable to your own particular style of operating. Do you want a Yagi with a lot of rejection of received signals from the rear? Let’s say that terrain analysis shows that you need an antenna at least 50 feet high. Do you really need a steel tower, or would a simple dipole in the trees serve your communication needs just fine? How about a vertical in your backyard? Would that be inconspicuous enough to suit your neighbors and your own family, yet still get you on the air?

If you want to work DX, you’ll want antennas that radiate energy at low as well as intermediate angles. An antenna pattern is greatly affected by the presence of ground and by the local topography of the ground. Therefore, be sure to consider what effect ground will have on the antenna pattern at the height you are considering. A 70-foot high antenna is approximately 1⁄2, 1, 11⁄2 and 2 wavelengths high on 7, 14, 21 and 28 MHz respectively. Those heights are useful for long-distance communications. The same 70-foot height represents only l/4 at 3.5 MHz, however. Most of the radiated energy from a dipole at that height would be concentrated straight up. This condition is not great for long-distance communication, but can still be useful for some DX work and excellent for short-range communications.

Lower antenna heights can be useful for certain types of communications — see the section on NVIS communications later in this chapter, for example. However, for most amateur operation it is generally true that “the higher, the better” as far as communications effectiveness is concerned. This general rule of thumb, of course, should be tempered by an exact analysis of your local terrain. Being located at the top of a steep hill can mean that you can use lower tower heights to achieve good coverage.

There may be cases where it is not possible to install low-frequency dipoles l/4 or more above the ground. A vertical antenna with many radials is a good choice for long-distance communications. You may want to install both a dipole and a vertical for the 3.5- or 7-MHz bands. On the 1.8-MHz band, unless extremely tall supports are available, a vertical antenna is likely to be the most useful for DXing. You can then choose the antenna that performs best for a given set of conditions. A low dipole will generally work better for shorter-range communications, while the vertical will generally be the better performer over longer distances.

The performance of ground-mounted monopole antennas depends strongly on a system of ground radials and the characteristics of the ground. Be sure to review this book’s chapter Effects of Ground when considering how and where to install the antenna. In particular, Al Christman, K3LC’s article on maximizing the effectiveness of ground radials for a fixed amount of wire makes good economic sense for practical system builders.

Jim Brown, K9YC, has published an in-depth analysis of vertical versus horizontal antenna selection in his paper “Planning Antenna Systems For the Little Gun Station” at k9yc.com/publish.htm. There are also several presentations on antenna selection on his website. Regardless of how you approach the problem, designing an antenna system is always an exercise of balancing constraints against desired performance.

14.1.4 Building a System Plan

At this point, you will enter a repeated sequence of “design-model-adjust” as you evaluate the plan. You should start with modeling and then compare the results to those “desires” you wrote down at the beginning. With each round of modeling and comparison, your antenna system will be improved.

As you refine your system design, you can also build the long-term plan for construction of the antenna system. Chances are that you can divide the actual construction of your system into a series of phases or steps. By keeping the long-range plan in mind you will be able to make better decisions at every step of the way toward achieving your goals!

Say, for example, that you have lots of room and that your long-range plan calls for a pair of towers, one 100-feet high, and the other 70-feet high, to support monoband Yagi antennas. The towers will also support a horizontal 3.5-MHz dipole, for DX work. On your map you’ve located them so the 80 meter dipole will be broadside to Europe. You decide to build the 70-foot tower with a triband beam and 80 and 40 meter inverted-V dipoles to begin the project.

In your master plan you design the guys, anchors and all hardware for the 70-foot tower to support the load of stacked 4-element 10 and 15 meter monobanders Yagis. So you make sure you buy a heavy-duty rotator and the stout mast needed for the monoband antennas later because you have a long-range plan for them. Thus you avoid having to buy, and then sell, a medium-duty rotator and lighter weight tower materials later on when you upgrade the station. You could have saved money in the long run by putting up a monoband beam for your favorite band, but you decided that for now it is more important to have a beam on 14, 21 and 28 MHz, so you choose a commercial triband Yagi.

The second step of your plan calls for installing the second tower and stacking a 2-element 40 meter and a 4-element 20 meter monoband Yagi on it. You also plan to replace the tribander on the 70-foot tower with stacked 4-element 10 and 15 meter monoband Yagis. Although this is still a “dream system” you can now apply some of the modeling techniques discussed earlier in this chapter to determine the overall system performance.

14.1.5 Modeling Interactions

In this next step of analysis we’re going to assume that you have sufficient real estate to separate the 70- and 100-foot towers by 150 feet so that you can easily support an 80 meter dipole between them. We’ll also assume that you want the 80 meter dipole to have its maximum response at a heading of 45° into Europe from your location in Newington, Connecticut. The dipole will also have a lobe facing 225° toward the USA and New Zealand, making it a good antenna for both domestic contacts and DX work. Note that it is important to model interactions for the full system even if you don’t plan on building all of it right away. This helps avoid “mid-course corrections.”

Let’s examine the interactions that occur between the rotatable Yagis for 10, 15, 20 and 40 meters. See Figure 14.2, which purposely exaggerates the magnitude of the currents on the 4-element 15 meter Yagi mounted at 70 feet. Here, both sets of Yagis have been rotated so that they are pointing into Europe. There is a small amount of current radiated onto the 10 meter antenna but virtually no current is radiated onto the 40 and 20 meter Yagis. This is good.
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However, significant current is picked up by the 80 meter dipole. This undesired current and the subsequent reradiated signal affects the radiation pattern of the 15 meter antenna, as shown in Figure 14.3, which overlays the pattern of the 4-element 15 meter Yagi by itself with that of the Yagi interacting with the other antennas. You can see “ripples” in the azimuthal response of the 15 meter Yagi due to the effects of the 80 meter dipole’s re-radiation. The magnitude of the ripples is about 1 dB at worst, so they don’t seriously affect the forward pattern (into Europe), but the rearward lobes are degraded somewhat, to just below 20 dB.
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Figure 14.3 also shows the worst-case situation for the 15 meter Yagi. Here, the 15 and 10 meter stack has been turned clockwise 90°, facing the Caribbean, while the 40 and 20 meter Yagis on the 100-foot tower have been turned counter-clockwise 90° (in the direction of Japan) to face the 70-foot tower holding the 10/15 meter Yagis. You can see the layout and the currents in Figure 14.4. Now the 40 and 20 meter Yagis re-radiate some 15 meter energy and reduce the maximum gain by about 1.5 dB. Note that in this direction the 80 meter dipole no longer has 15 meter energy radiated onto it by the 15 meter Yagi.
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The shape of the patterns will change depending on whether you specify “current” or “voltage” sources in the models for the other antennas, since this effectively opens up or shorts the feed points at the other antennas so far as 15 meter energy is concerned. In practice, this means that the interaction between antennas will vary somewhat depending on the length of the feed lines going to each antenna and whether each feed line is open-circuited or short-circuited when it is not in use.

You can now see that interactions between various antennas pointing in different directions can be significant in a real-world antenna system. In general, higher frequency antennas are affected by re-radiation from lower-frequency antennas, rather than the other way around. Thus the presence of a 10 or 15 meter stack does not affect the 20 meter Yagi at all.

Modeling can also help determine the minimum stacking distance required between monoband Yagis on the same rotating mast. In this case, stacking the 10 and 15 meter monobanders 10 feet apart holds down interaction between them so that the pattern and gain of the 10 meter Yagi are not impacted adversely. Figure 14.5 demonstrates this in the European direction, where the patterns for the 10 meter beam by itself looks very clean compared to the same Yagi separated by 10 feet from the 15 meter Yagi below it. The worst-case situation is pointing toward the Caribbean, when the 40 and 20 meter stack is facing the 70-foot tower. This drops the 10 meter gain down about 1.5 dB from maximum, indicating significant interaction is occurring.

[image: ]

In this situation you might find it best to place the 70-foot tower in the direction closest to the Caribbean if this direction is very important to you. Doing so will, however, cause the pattern in the direction of the Far East to be affected on 10 and 15 meters. You have the modeling tools necessary to evaluate various configurations to achieve whatever is most important to you.

14.1.6 Compromises

Because of limitations, most amateurs are never able to build their dream antenna system. This means that some compromises must be made. Do not, under any circumstances, compromise the safety of an antenna installation. Follow the manufacturer’s recommendations for tower assembly, installation and accessories. Make sure that all hardware is being used within its ratings. (The ARRL document “Antenna Height and Communications Effectiveness” by Dean Straw, N6BV, and Jerry Hall, K1TD, may be of use in dealing with local regulatory agencies. It is available for downloading at arrl.org/files/file/antplnr.pdf.)

Guyed towers are frequently used by radio amateurs because they cost less than more complicated unguyed or freestanding towers with similar ratings. (See the chapter Building Antenna Systems and Towers for more informa-tion.) Guyed towers are fine for those who can climb or those with a friend who is willing to climb. But you may want to consider an antenna tower that folds over or one that cranks up (and down). Some towers crank up (and down) and fold over too. See Figure 14.6. That makes for convenient access to antennas for adjustments and maintenance without climbing. Crank-up towers also offer another advantage. They allow antennas to be lowered during periods of no operation, for aesthetic reasons, or during periods of high winds.
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A well-designed monoband Yagi should outperform a multiband Yagi. In a monoband design the best adjustments can be made for gain, front-to-rear ratio (F/R) and matching, but only for a single band. In a multiband design, there are always tradeoffs in these properties for the ability to operate on more than one band. Nevertheless, a multiband antenna has many advantages over two or more single band antennas. A multiband antenna requires less heavy-duty hardware, requires only one feed line, takes up less space and it costs less.

Apartment dwellers face much greater limitations in their choice of antennas. For most, the possibility of a tower is only a dream. (One enterprising ham made arrangements to purchase a top-floor condominium from a developer. The arrangements were made before construction began, and the plans were altered to include a roof-top tower installation.) For apartment and condominium dwellers, the situation is still far from hopeless. The chapters Stealth and Limited Space Antennas and Portable Antennas present ideas for consideration.

14.1.7 System Design Examples

You can plan according to the preceding sections to put together modest or very large antenna systems. The process may sound intimidating but the hardest part is usually just getting started! At this point, some simple examples might be instructive and encourage you to start planning.

ANTENNA SYSTEM EXAMPLE #1

What might a ham put together for antennas to try a little of everything with a modest budget? Let’s suppose that the goals are (1) low cost, (2) no tower, (3) coverage of all HF bands and the repeater portion of one VHF band and (4) the possibility of working some DX.

After studying the pages of this book, the station owner decides to first put up a 135-foot center-fed antenna. High trees in the back yard will serve as supports to about 50 feet. This antenna will cover all the HF bands by using a balanced feeder and an antenna tuner. It should be good for DX contacts on 10 MHz and above and will probably work okay for DX contacts on the lower bands. However, the plan calls for a ground-mounted vertical and radial system for 3.5 and 7 MHz to enhance the DX possibilities on those bands. For VHF, a chimney-mounted vertical is included.

ANTENNA SYSTEM EXAMPLE #2

A club station has bigger ambitions. Goals for their station are (1) a good setup for DX on 14, 21 and 28 MHz, (2) moderate cost, (3) one tower, (4) ability to work some DX on 1.8, 3.5 and 7 MHz, and (5) no need to cover the CW portion of the bands.

After considering the options, the club decides to install a 65-foot guyed tower. A large commercial triband Yagi will be mounted on top of the tower. The center of a trap dipole tuned for the phone portion of the 3.5- and 7-MHz bands will be supported by a wooden yardarm installed at the 60-foot level of the tower, with ends drooping down to form an inverted-V. An inverted-L for 1.8 MHz starts near ground level and goes up to a similar yardarm on the opposite side of the tower. The horizontal portion of the inverted L runs away from the tower at right angles to the trap dipole. Later, they will experiment with sloping antennas for 3.5 MHz. If those experiments are not successful, a l/4 vertical will be used on that band.

14.1.8 Empirical Testing

Part of system design is “closing the loop” and evaluating the performance of what you have designed. If the performance is as expected, that validates your planning and design approach. If the performance isn’t as expected, find out why and use that as a learning experience to improve your skills.

Unfortunately, many amateurs do not know how to evaluate performance scientifically or compare one antenna with another. Typically, they will put up one antenna and try it out on the air to see how it “gets out” in comparison with a previous antenna. This is obviously a very poor evaluation method because there is no way to know if the better or worse reports are caused by changing band conditions, different S meter characteristics or any of several other factors that could influence the reports received.

Many times the difference between two antennas or between two different locations for identical antennas amounts to only a few decibels, a difference that is hard to discern unless instantaneous switching between the two is possible. Those few decibels are not important under strong signal conditions, of course, but when the going gets rough a few dB can make the difference between solid copy and no possibility of real communication.

Very little in the way of test equipment is needed for casual antenna evaluation, other than a communications receiver. You can even do a qualitative comparison by ear, if you can switch antennas instantaneously. Differences of less than 2 dB, however, are still hard to discern. The same is true of S meter readings. Signal strength differences of less than a decibel are usually difficult to see. If you want to measure that last fraction of a decibel, you should use a good ac voltmeter at the receiver audio output (with the AGC turned off).

In order to compare two antennas, switching the coaxial transmission line from one to the other is necessary. No elaborate coaxial switch is needed; even a simple double-throw toggle or slide switch will provide more than 40 dB of isolation at HF. See Figure 14.7. Switching by means of manually connecting and disconnecting coaxial lines is not recommended because that takes too long. Fading can cause signal-strength changes during the changeover interval.
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Whatever difference shows up in the strength of the received signal will be the difference in performance between the two antennas in the direction of that signal. For this test to be valid, both antennas must have nearly the same feed point impedance, a condition that is reasonably well met if the SWR is below 2:1 on both antennas.

On ionospheric propagated signals (sky wave) there will be constant fading, and for a valid comparison it will be necessary to take an average of the difference between the two antennas. Occasionally, the inferior antenna will deliver a stronger signal to the receiver, but in the long run the law of averages will put the better antenna ahead.

Of course with a ground-wave signal, such as that from a station across town, there will be no fading problems. A ground-wave signal will enable the operator to properly evaluate the antenna under test in the direction of the source. The results will be valid for ionospheric-propagated signals at low elevation angles in that direction. On 28 MHz, all sky-wave signals arrive and leave at low angles. But on the lower bands, particularly 3.5 and 7 MHz, we often use signals propagated at high elevation angles, almost up to the zenith. For these angles a ground-wave test between local stations may not provide a proper evaluation of the antenna, and use of sky wave signals becomes necessary.

14.2 Propagation and Coverage

The section “Elevation Angles for HF Communication” in the Radio Wave Propagation chapter is an excellent introduction to the use of propagation prediction software such as IONCAP and VOACAP to assess the coverage of an HF antenna at different frequencies for a wide range of solar conditions. This book’s online material includes a set of elevation angle statistics derived from these tools that you can use when designing your antenna system. This book’s previous editor, Dean Straw, N6BV, compiled the statistics to cover more than 240 locations around the world in all 40 CQ zones and covers the five primary HF amateur bands (80 through 10 meters) for 24 hours at six levels of solar activity. These tables show signal strength in S units for easier use by amateurs.

As you plan your antenna system, it is strongly recommended that you become familiar with at least one propagation prediction tool and undertake a study of propagation at your location to the areas of the world with which you want to communicate. Two descriptions of using propagation information are presented as examples of how understanding propagation can inform your antenna system design choices.

14.2.1 Elevation Angles for Low-Band Dxing

In the chapter Effects of Ground, the importance was noted of matching the elevation response of your antennas as closely as possible to the range of elevation angles needed for communication with desired geographic areas. Figure 14.8 shows the statistical 40 meter elevation angles needed over the entire 11-year solar cycle to cover the path from Boston, Massachusetts, to all of Europe. These angles range from 1° (at 9.6% of the time when the 40 meter band is open to Europe) to 28° (at 0.3% of the time). Creating an antenna system that concentrates the radiated energy at these low elevation angles is crucial to work DX on the bands below 10 MHz.
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Figure 14.8 also overlays the elevation pattern response of a 100-foot high flattop dipole on the elevation-angle statistics, illustrating that even at this height the coverage is hardly optimum to cover all the necessary elevation angles. While Figure 14.8 is dramatic in its own right, the data can be viewed in another way that emphasizes even more the importance of low elevation angles. Figure 14.9 plots the cumulative distribution function, the total percentage of time 40 meters is open from Boston to Europe, at or below each elevation angle. For example, Figure 14.9 says that 40 meters is open to Europe from Boston 50% of the time at an elevation angle of 9° or less. The band is open 90% of the time at an elevation angle of 19° or less.
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Figure 14.10 plots the 40 meter elevation-angle data for six major geographic areas around the world from Boston. In general, the overall range of elevation angles for far-distant locations is smaller, and the angles are lower than for closer-in areas. For example, from Boston to southern Asia (India), 50% of the time the takeoff angles are 4° or less. On the path to Japan from Boston, the takeoff angles is less than or equal to 6° about 70% of the time. These are low angles indeed.

[image: ]

Figure 14.11 shows similar data for the 40 meter band from San Francisco, California, to the rest of the world. The path to southern Africa from the US West Coast is a very long-distance path, open some 65% of the time it is open at angles of 2° or less! The 40 meter path to Japan involves takeoff angles of 10° or less more than 50% of the time. If you are fortunate enough to have a 100-foot high flattop dipole for 40 meters, at a takeoff angle of 10° the response would be down about 3 dB from its peak level at 20°. At an elevation angle of 5° the response would be about 8 dB down from peak. You can see why the California stations located on mountain tops do best on 40 meters for DXing.
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Figure 14.12 shows the same percentage-of-time data for the 80 meter band from Boston to the world. Into Europe from Boston, the 80 meter elevation angle is 13° or less more than 50% of the time. Into Japan from Boston, 90% of the time the band is open is at a takeoff angle of 13° or less. (Note that these elevation statistics are computed for “undisturbed” ionospheric conditions. There are times when the incoming angles are affected by geomagnetic storms, and generally speaking the elevation angles rise under these conditions.)
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Figure 14.13 shows the 80 meter data from San Francisco to the world. Low elevation angles dominate in this graph and high horizontal antennas would be necessary to optimal coverage. In fact, 50% of the time for all paths, the elevation angle is less than 10°.
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14.2.2 NVIS Communication

Not all hams are interested in working stations thousands of miles from them. Traffic handlers and rag chewers may, in fact, only be interested in nearby communications — perhaps out to 600 miles from their location. In such cases, the low elevation angles needed for effective DXing may be completely ineffective in providing the required short-range coverage.

For example, a ham in Boston may want to talk with his brother-in-law in Cleveland, Ohio, a path that is just over 550 miles away. Or an operator in Buffalo, New York, may be the net control station (NCS) for a regional net involving the states of New York and New Jersey. She needs to cover distances up to about 300 miles away.

Depending on the time of day, the most appropriate ham frequencies needed for nearby communications are the 40 and 80/75 meter bands, with 160 meters also a possibility during the night hours, particularly during low portions of the sunspot cycle. The elevation angles involved in such nearby distances are usually high, even almost directly overhead for distances beyond ground-wave coverage (which may be as short as a few miles on 40 meters). For example, the distance between the Massachusetts cities of Boston and Worcester is about 40 miles. On 40 meters, 40 miles is beyond ground-wave coverage. So you will need sky-wave signals that use the ionosphere to communicate between these two cities, where the elevation angle is 83° — very nearly straight up.

Hams using vertical antennas for communications with nearby stations may well find that their signals will be below the noise level typical on the lower bands, especially if they aren’t running maximum legal power. Such relatively short-range paths involve what is called NVIS, “Near Vertical Incidence Skywave,” a fancy name for HF communication systems covering nearby geographic areas. The US military discusses NVIS out to about 500 miles, encompassing the territory a brigade might cover. Elevation angles needed to cover distances from 0 to 500 miles range from about 40° to 90°. This also covers the circumstances involved in amateur communications, particularly in emergency situations. (An Internet group on NVIS, groups.io/g/NVIS, focuses on antenna designs and techniques for NVIS communication.)

For the interested reader, a study of the use of NVIS communication is presented in “Near Vertical Incidence Skywave Propagation: Elevation Angles and Optimum Antenna Height for Horizontal Dipole Antennas” in the February 2015 issue of IEEE Antennas and Propagation Magazine by Ben Witvliet, PA5BW, and other researchers.

The following section is adapted from the article “What’s the Deal About NVIS?” by Dean Straw, N6BV, that appeared in the December 2005 QST. This article used an example of a hypothetical earthquake in San Francisco to analyze HF emergency communication requirements.

HAM RADIO RESPONSE IN NATURAL DISASTERS

One of San Francisco’s somewhat less endearing nicknames is “the city that waits to die.” When the Big Earthquake does come, you can be assured that all the cell phones and the land-line telephones will be totally jammed, making calling in or out of the San Francisco Bay Area virtually impossible. The same thing occurred in Manhattan on September 11, 2001. The Internet will also be severely affected throughout northern California because of its trunking via the facilities of the telephone network. Commercial electricity will be out in wide areas because power lines will be down.

If the repeaters on the hills around the San Francisco Bay Area haven’t been damaged by the shaking itself, there will be some ham VHF/UHF voice coverage in the intermediate area, at least until the backup batteries run down. But connecting to the dysfunctional telephone system will be difficult at best through amateur repeaters.

With little or no telephone coverage, an obvious need for ham radio communications to aid disaster relief would be from San Francisco to Sacramento, the state capital. Sacramento is 75 miles northeast of the Bay Area, well outside VHF/UHF coverage, so amateur HF will be required on this radio circuit. On-the-ground communications directly between emergency personnel (including the armed-forces personnel who will be brought into the rescue and rebuilding effort) will often be difficult on VHF/UHF since San Francisco is a hilly place. So HF will probably be needed even for short distance, operator-to-operator or operator-to-communications center work. Throughout the city, portable HF stations will have to be quickly set up and staffed to provide such communications.

Hams half jokingly call short range HF communications on 40 and 80 meters “cloud warming.” This is an apt description, because the takeoff angles needed to launch HF signals up into the ionosphere and then down again to a nearby station are almost directly upward. Table 14.1 lists the distance and takeoff angles from San Francisco to various cities around the western part of the USA. The distance between San Francisco and Sacramento is about 75 miles, and the optimum takeoff angle is about 78°. Launching such a high-angle signal is best done using horizontally polarized antennas mounted relatively close to the ground, such as low dipoles.
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GEOGRAPHIC COVERAGE FOR NVIS

Figure 14.14A shows the geographic area coverage around San Francisco for a 100-W station on 7.2 MHz using an inverted V dipole. The center of this antenna is 20 feet above flat ground and the ends are 8 feet high. An actual implementation of such an antenna could be as an 80 meter inverted V, fed in parallel with a 40 meter inverted V dipole at a 90° angle. See Figure 14.15. The 8-foot height puts the ends high enough to prevent RF burns to humans (or most animals). The low height of the antenna above ground means that the azimuthal pattern is omnidirectional for high elevation angles.
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Figure 14.14 was generated using the VOAAREA program, part of the VOACAP propagation-prediction suite, for the month of December. This was for 0000 UTC, close to sundown, for a low period of solar activity (Smoothed Sunspot Number, SSN of 20). The receiving stations were also assumed to be using identical inverted-V dipoles.

You can see that almost the whole state of California is covered with S9 signals, minus only a thin slice of land near the Mexican border in the southeast portion of the state, where the signal drops to S7. Signals from Texas are predicted to be only S5 or less in strength. Signals (or thunderstorm static) coming from, say, Louisiana would be several S units weaker than signals from central Texas.

Now take a look at Figure 14.14B. Here, the date, time and solar conditions remain the same, but now the antennas are 100-foot high flattop dipoles. California is still blanketed with S9 signals, save for an interesting crescent-shaped slice near Los Angeles, where the signal drops down to S7. Close investigation of this intriguing drop in signal strength reveals that the necessary elevation angle, 44°, from San Francisco to this part of southern California falls in the first null of the 100-foot high antenna’s elevation pattern. See Figure 14.16, which shows the elevation patterns for five 40 meter antennas at different heights. In the null at a 44° takeoff angle, the 100-foot high dipole is just about equal to a 2-foot high dipole. We’ll discuss 2-foot high dipoles in more detail later.
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For most of California, the problem with 100-foot high 40 meter antennas is that interfering signals from Texas, Colorado or Washington State will also be S9 in San Francisco. So will static crashes coming from thunderstorms all over the West and much of the Gulf Coast. See Figure 14.17, which shows a typical distribution of thunderstorms across the US in the late afternoon, California time, in mid-August. There certainly are a lot of thunderstorms raging around the country in the summer.
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The signal-to-noise and signal-to-interference ratios for a 20-foot high inverted V dipole will be superior for medium-range distances, say out to 500 miles from the center, compared to a 100-foot high antenna. The 20-foot high antenna can discriminate against medium-angle thunderstorm noise in the late afternoon coming from the Arizona desert, although it wouldn’t help much for thunderstorms in the Sierra Nevada in central Nevada, which are arriving in San Francisco at high angles, along with the desired NVIS signals.

This is the essence of what NVIS means. NVIS exploits the difference in elevation pattern responses of low horizontally polarized antennas compared to higher horizontal antennas, or even verticals. Over the years, many hams have been lead to believe that higher is always better. This is not quite so true for consistent coverage of medium or short distance signals!

If NVIS only involved putting up a low horizontally polarized antenna on 40 meters the story would end here. However, real cloud warming is more complicated. It also involves the intelligent choice of more than just one operating frequency to achieve reliable all day, all-night communications coverage.

Figure 14.18 shows the signal strength predicted using VOACAP for the 350-mile path from San Francisco to Los Angeles for the month of December for a period of low solar activity (SSN of 20). The antennas used in this case are 10-foot high dipoles, just for some variety. These act almost like 20-foot high Inverted V dipoles. December at a low SSN was chosen as a worst-case scenario because the winter solstice occurs on December 21. This is the day that has the fewest hours of daylight in the year. (Contrast this with the summer solstice, on June 21, which has the most hours of daylight in the year.) Note that the upper signal limit in Figure 14.18 is “S10” — a fictitious quantity that allows easier graphing. S10 is equivalent to S9+, or at least S9+10 dB.
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The 40 meter curve in Figure 14.18 shows that the MUF (maximum usable frequency) actually drops below the 7.2 MHz amateur band after sunset. The signal becomes quite weak for about 14 hours during the night, from about 0300 to 1700 UTC. In a period of low solar activity the 40 meter band thus becomes strictly a daytime band on this medium-distance path.

The 80 meter curve in Figure 14.18 shows strong signals after dusk, through the night and up until about an hour after sunrise. After sunrise, 80 meters starts to suffer absorption in the D layer of the ionosphere and hence the signal strength drops. Here, 80 meters is a true nighttime band.

Let’s see what happens from San Francisco to Los Angeles during a period of high solar activity (SSN of 120) during the summer solstice in June. Figure 14.19 shows that 40 meters now stays open all hours of the day due to the greater number of hours of sunlight in June and because the ionosphere becomes more highly ionized by higher solar activity. Meanwhile, 80 meters still remains a nighttime band during these conditions on this path.
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Now, let’s look at a shorter-distance path — our 75-mile emergency communications path from San Francisco to Sacramento. We’ll again use June during the summer solstice, at a high level of solar activity (SSN of 120) because this represents another worst-case scenario. Figure 14.20 shows that 40 meters remains open on this path all day, dropping to a lower signal level just before sunrise. At sunrise, the MUF drops close to 7.2 MHz. 80 meters is still mainly a nighttime band to Sacramento, even though it does yield workable signal levels even during the daylight hours. However, 40 meters is better from 1200 to 0400 UTC, so 40 would be still the right daytime band for this path during the day.
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CHOOSING THE RIGHT NVIS FREQUENCY

You can see that a pattern is developing here for efficient NVIS short/medium-distance communications out to 500 miles:

•You should pick a frequency on 40 meters during the day.

•You should pick a frequency on 80 meters during the night.

•You should choose an antenna that emphasizes moderate to high elevation angles, from 40° to almost directly overhead at 90°.

“What about 60 meters?” you might ask. The characteristics on 60 meters fall in between 40 and 80 meters, although it resembles 40 meters more closely. With characteristics close to that of 40, but with only five channels available and a 50-W power limit, the 60 meter band is currently of low utility for serious NVIS use. (Should the FCC allocate hams more 60 meter frequencies, the band's utility would improve.)

What about 160 meters? For 100-W level radios, even at the worst-case month or during low solar activity, the critical frequency doesn’t fall below 3.8 MHz often enough to destroy the ability to communicate, even for short distances. That is a relief, considering that installing a 160 meter half-wave dipole involves a 255-foot length of wire, and it would need to be elevated at least 30 feet in the center. A short loaded vertical such as a 160 meter mobile whip would have poor response at the high elevation angles needed for NVIS. You could probably put a monster 160 meter horizontal dipole up at a permanent location, but hauling such a thing around in the field would not be an easy task.

NVIS STRATEGY

You could pose the question about whether NVIS is an operating mode or whether it is actually an operating strategy. We maintain that NVIS is a strategy. It involves choosing both appropriate frequencies and then appropriate antennas for those frequencies. Figure 14.20 does show that on short-distance paths, such as between San Francisco and Sacramento, you could stay on 80 meters all day and night. But if you have to give a single rule-of-thumb to operators who are not very experienced at operating HF, we would tell them to operate on the higher frequency band during the day and on the lower frequency band at night.

ANTENNA HEIGHT FOR NVIS

Some NVIS users have advocated placing dipoles only a few feet over ground, something akin to saying, “If low is good for NVIS, then lower must be even better.” A very low antenna might work in specific instances — for example, covering a small state such as Rhode Island or even just the San Francisco Bay Area. Such an antenna is very unlikely to cover a large region or state, such as California or Texas, especially on 80 meters. Figure 14.21 shows the computed elevation responses for a number of 80-meter antennas, including a 2-foot-high dipole. Mounting an antenna lower than 10 feet above ground poses safety concerns, as well.
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Figure 14.22B shows the 80-meter geographic coverage plot for 2-foot-high flattop dipoles, compared with the plot in Figure 14.22A for 20-foot-high inverted V dipoles on both ends of the path. The 2-foot-high dipoles produce about two S-units less signal across all of California than the 20-foot-high inverted V dipoles, at 0300 UTC in December, with an SSN of 20. Ground losses increase dramatically as the antenna height is reduced.
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The differential between California signals and possible interfering signals from, say, New Mexico, is predicted to be four S-units, the same as it is for the higher inverted V dipole at 20 feet. Thus there is no real advantage in terms of signal-to-interference ratio or signal-to-noise ratio (for thunderstorm static crashes) for either height. This is because the shape of all the response curves in Figure 14.21 below 20 feet essentially track each other in parallel.

Radials or reflector wires are not recommended, either. The more conductive the ground or ground screen, the less efficient the antenna becomes as the dipole’s horizontal E-field component is “shorted out.” A feed point impedance that drops below 40 Ω is a clue that efficiency is falling. Not until the reflector is λ/4 or higher above ground does efficiency improve but this is not necessary as the coverage plots demonstrate. This is an edge case with very little practical benefit.

NVIS is a very efficient propagation mode, ideal for low power and portable antennas. If you are in an emergency situation operating on batteries, you can reduce power from 100 W to 10 W with a 20-foot high inverted-V antenna and still maintain the same signal strength as a 2-foot-high dipole at 100 W.

LOW NVIS ANTENNAS AND NOISE

Some advocates of really low antennas have stated that the received noise is much lower than that received from higher antennas, and this therefore leads to better signal-to-noise ratios (SNR). How much this is true depends on the source of the noise. If the noise comes from distant thunderstorms, then the SNR advantage going to a 2-foot antenna from a 20-foot-high one is insignificant, as Figure 14.22 indicates.

If noise is from an arcing insulator on a HV power line half a mile away, that noise will arrive at the antenna as a ground-wave signal. We calculate that the 2-foot antenna receives 4.4 dB less noise by ground-wave than a 20-foot-high inverted V dipole. However, at an incoming elevation angle of 45° — suitable for a signal going from Los Angeles to San Francisco — the signal would be down 7.1 dB on the low dipole compared to the higher antenna. The net loss in SNR for the 2-foot-high dipole is thus 7.1 − 4.4 or 2.7 dB. In this case, the SNR is actually worse on the very low antenna.

Remember that any improvement on SNR from a very low antenna is available only on received signals. This may be useful if an efficient transmit antenna is also available but the losses of such a low antenna make it a poor choice as the only antenna, especially when safety risks are considered.

It’s possible that a really low dipole may serve your short-range communication needs just fine. But just as “higher is better” isn’t universally true for NVIS (or even longer range) applications, “lower is better” isn’t a panacea either.

ELEVATION ANGLES FOR MODERATE DISTANCES ON 75/80 METERS

Figure 14.23 shows the elevation angles statistics for a 75 meter, 550-mile path from Boston to Cleveland, together with overlays of the elevation patterns for several different types of antennas. These elevation statistics cover all parts of the 11-year solar cycle for this path. The responses for the popular G5RV antenna (see the Multiband Antennas chapter) are shown for two different heights above flat ground: 50 and 100 feet. An 80 meter half-wave sloper (“full sloper”) and an 80 meter ground-plane antenna are also shown. All antenna patterns are for “average ground” constants of 5 mS/m conductivity and a dielectric constant of 13.
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At the statistically most significant takeoff angles around 50°, the two horizontally polarized G5RV antennas are about equal. At the second-highest elevation peak near 30°, the 100-foot G5RV has about a 4-dB advantage over its lower counterpart. The full sloper has comparable performance to the 100-foot high G5RV from 1° to about 20° and then gradually rises to its peak at angles higher than 70°. The full sloper is superior to the 50-foot horizontal G5RV at low takeoff elevation angles. The 80 meter ground plane has a deep null directly overhead. At an elevation angle of 70° it is down some 16 dB compared to the 50-foot high horizontal G5RV.

The advantage of antennas suitable for high-angle radiation was vividly demonstrated during a 75 meter QSO one fall evening between N6BV/1 in southern New Hampshire and W1WEF in central Connecticut. This involved a distance of about 100 miles and W1WEF was using his Four-Square vertical array. Although W1WEF’s signal was S9 on the Four Square, N6BV/1 suggested an experiment. Instead of connecting the so-called “dump power” connector on his Comtek ACB-4 hybrid phasing coupler to a 50-W dummy load (the normal configuration), W1WEF switched the dump power to his 100-foot high 80 meter horizontal dipole. W1WEF’s signal came up more than 20 dB! The approximately 100-W of power that would otherwise be “wasted” in the dummy load was converted to useful signal.

ELEVATION ANGLES FOR MODERATE DISTANCES ON 40 METERS

Figure 14.24 shows the situation for the 40 meter band, from Boston to Cleveland, together with the same antennas used for 80 meters in Figure14.23. Note that the 100-foot high horizontally polarized G5RV has about a 16-dB null at an elevation angle of 43°. This doesn’t affect things for low elevation angles, but it certainly has a profound effect on signals arriving between about 30° to 60°, especially when compared to the 50-foot high horizontal G5RV. The 40 meter full sloper beats out the high horizontal antenna from about 35° to 50°. And the ground plane is obviously not the antenna of choice for this moderate-range path from Boston to Cleveland, although it is still a good performer on longer-distance paths, with their low takeoff angles.
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A 100-foot high multiband dipole is about 3⁄8-l high on 75/80 meters. It is an excellent antenna for general-purpose local and DXing operation. But the same dipole used on 40 meters becomes 3⁄4-l high. At that height, the nulls in its elevation pattern give large holes in coverage for nearby 40 meter contacts. Many operators have found that a 40- to 50-foot high dipole on 40 meters gives them far superior performance for close-in QSOs, when compared to a high dipole, or even a high 2-element 40 meter Yagi.

NVIS SUMMARY

The use of NVIS strategies to cover close-in and intermediate distance communications within about 600 miles involves the intelligent choice of low HF frequencies. As a rule-of-thumb for ham band NVIS, 40 meters is recommended for use during the day; 80 meters during the night.

NVIS involves the choice of antennas suitable for this strategy. Horizontally polarized dual-band 80 and 40 meter flattop dipoles that are mounted higher than about 10 feet high will work adequately for portable operations. Dual-band 80 and 40 meter inverted V dipoles supported 20 feet above the ground at the center can also work well in portable operations.

Single-band 40 meter flattop antennas about 30 feet high and 80 meter flattop antennas about 60 feet high can do a good job for fixed locations.

14.3 Effects of Local Terrain

This section describes a systematic approach to HF antenna system design, based on the following information about your location and available antennas:

1) The effect of local terrain on elevation patterns for horizontally polarized antennas.

2) The range of elevation angles necessary to get from point A to point B

3) The elevation patterns for various types and configurations of antennas

By using this method, you can determine where and how high to install antennas to optimize your transmitted signal during all parts of the 11-year solar cycle. For vertically polarized antennas, see the chapter Effects of Ground.

14.3.1 Fresnel Zones and Site Selection

The following material is based on Appendix F of FM 11-65: High Frequency Radio Communications, a US Army publication used for planning radio communication links, supplemented by notes and figures from Frank Donovan, W3LPL. The complete text of Appendix F, including planning charts and graphs, is included in the online material and PDF documents or printed copies of the full publication are available online from several sources.

The Fresnel (fruh-NEL) zone is of particular interest in HF and 6-meter operation where ground reflections from the antenna’s Fresnel zone can provide up to 6 dB of ground gain. Ground reflections from the antenna’s Fresnel zone form the antenna’s elevation pattern. This is very important in selecting antenna heights in order to maximize gain at the desired elevation angles. This discussion of Fresnel zones applies to horizontally polarized antennas. A description of reflection of radio waves, both horizontally and vertically polarized, is provided in the Effects of Ground chapter.

FRESNEL ZONE DEFINITION

The first Fresnel zone is defined as the first area in front of the antenna from which reflected rays reinforce the direct ray at the desired elevation angle. (See the following sections for a discussion of elevation angle selection.)

The geometry of the first Fresnel zone is shown in Figure 14.25. The reference ray is the reflected ray which is parallel to the direct ray and has a path length λ/2 longer than the direct ray. Since a horizontally polarized ray is phase-shifted by 180 degrees on reflection, the reference ray is in phase with the direct ray.
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The ellipse outlined by the dashed line in Figure 14.25 represents the area from which the reflected rays will be less than 180 degrees in phase from the reference ray. All reflections from the elliptical area will reinforce the direct ray. Most of the reinforcement is produced by reflections in the middle half of the first Fresnel zone area where reflections are phase-shifted less than 90 degrees. The exact geometry of the first Fresnel zone is determined by wavelength and elevation angle (θ or A in the figure).

Although second, third, and higher order Fresnel zones surround the first Fresnel zone, they have no relavance to site selection or antenna placement. They are of less importance because at the greater distance from the transmitting antenna, the reflected rays are weaker. In the odd-numbered zones (1, 3, 5, etc.) the reflected ray reinforces the direct ray; in the even-numbered zones (2, 4, 6, etc.) it weakens the direct ray. Unless otherwise specified, all subsequent references to the Fresnel zone will be only to the first Fresnel zone.

Reflections in the Fresnel zone reinforce the direct ray from the antenna, producing up to 6 dB of ground gain or ground reflection gain. Stated another way, a horizontal λ/2 dipole at least λ/2 high with relatively smooth terrain and few tall buildings or other obstructions in the Fresnel zone has up to 6 dB gain over a horizontal dipole in free space. (This additional ground gain can distort claimed antenna gain figures — be sure it is made clear whether antenna gain is specified in free space or over ground and at what height.)

SITE ANALYSIS AND GUIDELINES

The middle half of the Fresnel zone is where most ground gain is developed. Specifically, the part with less than ±90 degrees of phase shift from the reference ray is part where reflections produce more than 3 dB of ground gain. For that reason, this portion is the most important on HF and 6 meters for:

• Selecting a new permanent or temporary station location

• Selecting a site for DXpedition, Field Day, or mountaintop/hilltop operations

• Placement of a 6 meter EME antenna to optimize ground gain

• Placement of an antenna on or close to sloping terrain to reduce its elevation angle

• Selection of antenna location and height to minimize ground gain degradation from irregular or densely forested terrain or from densely populated locations

Fresnel zone analysis also produces some important guidelines:

• Avoid locations surrounded by tall buildings if possible.

• In a location surrounded by many tall obstructions, install the antenna on a tall tower or on the roof of a tall building if possible.

• Sloping sites are beneficial only if the slope is long enough that most of the middle half of the Fresnel zone is on the sloping terrain and the antenna is installed close to or on the sloping terrain.

ANTENNA HEIGHT AND FRESNEL ZONE LOCATION

After selecting a desired elevation angle, θ, as described in the following sections, the optimum antenna height for a specific angle can be determined in terms of angle and frequency by Figure 14.26 or by calculation as:
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For example, if the desired elevation angle is 10 degrees on 14 MHz, the optimum height for the antenna from Figure 14.26 is 28 m (91 ft). From other charts in Appendix F (see the online material), the reference ray reflects at a distance of about 0.7 km (Figure F-4). In this case, the Fresnel zone begins at about 21 m (Figure F-5), extends to 0.9 km (Figure F-6), and has a width of about 170 m (Figure F-7). The size of and distance to the near edge of the Fresnel zone is greatest for low elevation angles and least for high elevation angles.

Table 14.2 shows distances in Figure 14.25 for a 20-meter Yagi at various heights over flat ground optimized for three elevation angles. As you can see, at low elevation angles, the near edge of the zone moves farther from the antenna (dN) and the zone greatly increases in area and length.
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Figures 14.27A-C shows clearly the effect of reflections from the first two Fresnel zones for a 5-element 20-meter Yagi at the heights in Table 14.2. Generally speaking, odd-numbered zones create lobes from the reflected ray as it reinforces the direct ray. Even-numbered zones create nulls as the reflected ray cancels with the direct ray. The greatest effects on elevation pattern come from the first and second Fresnel zones.
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The lowest antenna (60 feet) covers 7.5 to 25 degrees with a broad lobe and no null at the high angles for shorter-distance contacts. The middle antenna (90 feet) has its maximum gain between 5 and 16.5 degrees so it will perform well for most DX propagation but would not perform as well as the lower antenna at shorter distances. Finally, the highest antenna (180 feet) has excellent gain at the very low angles needed for above-the-MUF propagation just as the band is opening and after it begins to close. Unfortunately, the 180-foot-high antenna has a deep null at the important 9- to 14-degree elevation angles that are needed for most DX propagation, so this antenna would be too high for most DXing. By comparing the relative gains, you can see that as antenna height increases, there is up to 3 dB improvement at very low angles of 1 to 5 degrees useful for above-the-MUF and very long-distance propagation.

GROUND GAIN DEGRADATION

For reflections from the Fresnel zone to reinforce the direct ray, the area in the zone — especially in the middle half of the zone that produces most of the ground gain — should be as free as possible of large terrain irregularities, large buildings and trees, and other large obstructions typical of a dense urban location. In addition, no reflected ray from any portion of the Fresnel zone should be obstructed. General guidelines for optimizing ground gain from Fresnel zones with irregular terrain and obstructions, especially in the middle half of the Fresnel zone area, are:

• Terrain irregularities: <25% of antenna height, and

• Buildings and trees: <25% of antenna height, and

• Obstructions present in less than 5% of the Fresnel zone area, especially in the middle half of its area.

Large obstructions typical of urban environments will create phase shifts, absorption, reflections, and diffraction can reduce ground gain by several dB or more. Recognizing practical limitations for amateurs, another approach is to acknowledge that irregular terrain and large obstructions in the Fresnel zone will reduce the available amount of ground gain in many urban locations unless the antenna is much higher than the obstructions. When planning a station, you may wish to consider the location of the Fresnel zones for the frequencies, heights, and elevation angles you plan to use.

SLOPING SITES

If the desired elevation angle is less than about 5 degrees, a reasonable antenna height is most conveniently obtained on terrain with a long slope in the direction of the radio path encompassing most of the Fresnel zone. The effect of the slope is an apparent increase in the antenna height, as shown in Figure 14.28. When selecting the height of antennas over (or close to) sloping terrain, the angle of the slope, β, can be added to the elevation angle in Figure 14.26 or the equation for height modified:
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For example, if a slope of 5 degrees is available over most of the Fresnel zone, Figure 14.26 shows that the height of the tower for an elevation angle of 10 degrees is reduced from 28 to 19 meters, about 30 feet lower.

Tower heights may also be reduced by locating the antenna on elevated terrain, like a cliff or some other abrupt drop-off. The terrain above the drop-off should encompass as little of the Fresnel zone as possible and the terrain below the drop-off should encompass as much of the Fresnel zone as possible for the full effect. Remember that the reflected rays should not be obstructed.

14.3.2 Required Range of Elevation Angles

The following material is condensed from the article “The Effect of Local Terrain on HF Launch Angles” by R. Dean Straw, N6BV, in the July 1995 QEX magazine and updated in subsequent editions of this book. The terrain analysis program HFTA (HF Terrain Assessment) and supporting data files are included with this book’s online material. Prior to Straw’s article, previous studies of how local terrain affects long-distance operation included four QST “How’s DX” columns, by Clarke Greene, K1JX, from October 1980 to January 1981. Greene’s work was an update of a landmark series of 1966 QST articles entitled “Station Design for DX,” by Paul Rockwell, W3AFM. (The articles by Straw, Greene, and Rockwell are included with this book’s online material.)

To provide the data necessary to design HF antenna systems, ARRL HQ has tabulated the range of elevation angles from all regions of the US to important DX QTHs around the world. This was accomplished using the IONCAP computer program. IONCAP is considered the standard of comparison for propagation programs by many agencies of the US government, including the Voice of America, Radio Free Europe, and more than 100 foreign governments throughout the world. An online propagation prediction tool, VOACAP (voacap.com), uses the essential calculating mechanics of IONCAP and provides a flexible user interface. See the Propagation of Radio Waves chapter for more information about VOACAP.

Elevation angle calculations were done for all levels of solar activity, for all months of the year, and for all 24 hours of the day. The results were gathered into databases, from which special custom-written software extracted detailed statistics. The results are included in the online material’s HFTA folder. Additional tables of signal strength by location, date, time of day, and solar activity level are also available in the online material’s Propagation Prediction Files folder.

Figure 14.29 shows the full range of elevation angles (represented as vertical bars) for the 20-meter path from New England (centered on Newington, Connecticut) to all of Europe. This is for all openings, in all months, over the entire 11-year solar cycle. The most likely elevation angle occurs at 5° for about 13% of the times when the 20-meter band is open to Europe from New England. The band is open from 4° to 6° a total of about 34% of the times the band is open. There is a secondary peak between 10° to 12°, occurring for a total of about 25% of the times the band is open.
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Overlaid on Figure 14.29 along with the elevation-angle statistics are the elevation-plane responses for three different horizontally polarized Yagi beams, all over flat ground. The first is mounted 140 feet high, 2 λ in terms of wavelength. The second Yagi is mounted 70 feet high (at 1 λ) and the third is 35 feet (0.5 λ). The 140-foot high antenna has a deep null at 15°, but it also has the highest response (13.4 dBi) of the three at the statistical peak elevation angle of 5°. However, at 12° — where the band is open some 9% of the time — the 140-foot high Yagi is down 4 dB compared to the 70-foot antenna.

The 70-foot high Yagi arguably covers the overall range best, since it has no disastrous nulls in the 1° to 25° range, where most of the action occurs on 20 meters. At 5°, however, its response is only 8.8 dBi, 4.6 dB down from the 140-foot-high antenna at that angle. The 35-foot antenna peaks above 26° in elevation angle and is down some 10.4 dB compared to the 140-foot antenna at 5°. Obviously, no single antenna covers the complete range of elevation angles needed.

Note that the highest Yagi has a strong second lobe peaking at 22°. Let’s say that you could select between two antennas, one at 140 and one at 70 feet, and that the incoming angle for a particular distant station is 22°. You might be fooled into thinking that the incoming angle is around 6°, favoring the first peak of the higher antenna, when in truth the angle is relatively high. The 70-foot antenna’s response would be lower at 22° than the higher one, but only because the 140-foot antenna is operating on its second lobe. (What would clinch a determination of the correct incoming angle — 6° or 22° — would be the response of the 35-foot-high Yagi, which would be close to its peak at 22°, while it would be very far down at 6°.)

Now, we must emphasize that these elevation angles are statistical entities — in other words, just because 5° is the “statistically most likely angle” for the 20-meter path from New England to Europe doesn’t mean that the band will be open at 11° at any particular hour, on a particular day, in a particular month, in any particular year. In fact, however, experience agrees with the IONCAP computations: the 20-meter path to Europe usually opens at a low angle in the New England morning hours, rising to about 11° during the afternoon, when the signals remain strongest throughout the afternoon until the evening in New England.

What would happen if we were to feed all three Yagis at 140, 70, and 35 feet in-phase as a stack? Figure 14.30 shows this situation, along with a more highly optimized stack at 120, 80 and 40 feet that better covers the overall range of elevation angles from Connecticut to Europe.
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Now see Figure 14.31, which uses the same 120/80/40-foot stack of 20-meter antennas as in Figure 14.30, but this time from Seattle, Washington, to Europe. For comparison, the response of a single 4-element Yagi at 100 feet over flat ground is also shown in Figure 14.27. Just because 5° is the statistically most prevalent angle (occurring some 13% of the time) from Seattle to Europe on 20 meters, this doesn’t mean that the actual angle at any particular moment in time might not be 10°, or even 2°. The statistics for W7 to Europe say that 5° is the most likely angle, but 20-meter signals from Europe arrive at angles ranging from 1° to 18°. Note that this range of angles is quite a bit less than from W1 to Europe, which is much closer geographically to Europe than is the Pacific Northwest of the US. If you design an antenna system to cover all possible angles needed to talk to Europe from Seattle (or from Seattle to Europe) on 20 meters, you would need to cover the full range from 1° to 18° equally well.
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Similarly, if you wish to cover the full range of elevation angles from Chicago to Southern Africa on 15 meters, you would need to cover 1° to 13°, even though the most statistically likely signals arrive at 1°, for 21% of the time when that the band is open for that path. See Figure 14.32.
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It is important to recognize that Figures 14.29 through 14.32 are for flat ground. When the antennas are mounted over irregular local terrain, things get much more complicated. First, however, we’ll discuss general-purpose antenna modeling programs as they try to model real terrain.

14.3.3 Drawbacks of Computer Models Over Real Terrain

Modern general-purpose antenna modeling programs such as the various forms of NEC and EZNEC (eznec.com) can accurately model almost any type of antenna commonly used by radio amateurs. In addition, there are specialized programs specifically designed to model Yagis efficiently, such as YW (Yagi for Windows, included with this book’s online information). These programs, however, are all unable to model antennas accurately over anything other than purely flat ground.

While NEC and EZNECcan simulate irregular ground terrain, they do so in a decidedly crude manner, employing step-like concentric rings of height around an antenna. Their documentation clearly states that diffraction off these steps is not modeled. Common experience among serious modelers is that the warnings in the manuals are worth heeding.

Although you can analyze and even optimize antenna designs using free-space or flat-ground models, it is diffraction that makes the real world a very, very complicated place. This should be clarified — diffraction is hard, even tortuous, to analyze properly, but it makes analysis of real-world results far more believable than a flat-world reflection model does.

14.3.4 Ray-Tracing Over Uneven Local Terrain

THE RAY-TRACING TECHNIQUE

First, let’s look at a simple ray-tracing procedure involving only horizontally polarized reflections, with no diffraction. From a specified height on the tower, the radiated signals from an antenna are imagined as straight-line rays in 0.25° increments from +35° above the horizon to –35° below the horizon. Each ray is traced over the foreground terrain to see if it hits the ground at any point on its travels in the direction of interest. If it does hit the ground, the ray is reflected following the classical law of reflection. That is, the outgoing angle equals the incoming angle, reflected through the normal to the slope of the surface. Once the rays exit into the ionosphere, the individual contributions are vector-summed to create the overall far-field elevation pattern.

The next step in terrain modeling involves adding diffractions as well as reflections. This was initially described in a paper by Jim Breakall, WA3FET, Dick Adler, K3CXZ, Joel Young, and a group of other researchers entitled “The Modeling and Measurement of HF Antenna Skywave Radiation Patterns in Irregular Terrain” in the July 1994 IEEE Transactions on Antennas and Propagation. They described in rather general terms the modifications they made to the NEC-BSC program. They showed how the addition of a ray-tracing reflection and diffraction model to the simplistic stair-stepped reflection model in regular NEC gave far more realistic results. For validation, they compared actual pattern measurements made on a site in Utah (with an overflying helicopter) to the computed patterns made using the modified NEC software.

THUMBNAIL HISTORY OF THE UNIFORM THEORY OF DIFFRACTION

It is instructive to look briefly at the history of how Geometric Optics (GO) evolved (and still continues to evolve) into the Uniform Theory of Diffraction (UTD). The following is summarized from the historical overview in one book found to be particularly useful and comprehensive on the subject of UTD: Introduction to the Uniform Geometrical Theory of Diffraction, by McNamara, Pistorius, and Malherbe.

Classical geometric optics has been studied since antiquity and deals strictly with geometric shapes. Mathematical analysis of shapes utilizes a methodology that traces the paths of straight-line rays of light. In classical geometric optics, however, there is no mention of three important quantities: phase, intensity and polarization. Indeed, without phase, intensity or polarization, there is no way to deal properly with the phenomenon of interference, or its cousin, diffraction. These phenomena require theories that deal with waves rather than rays.

In the 1600s, a Dutchman named Snell figured out the law of refraction, resulting in Snell’s law. By the early 1800s, the basic world of classical optics was pretty well described from a mathematical point of view, based on the work of a number of individuals.

Wave theory has also been around for a long time, although not as long as geometry. Workers like Hooke and Grimaldi had recorded their observations of interference and diffraction in the mid-1600s. Huygens had used elements of wave theory in the late 1600s to help explain refraction. By the late 1800s, the work of Lord Rayleigh, Sommerfeld, Fresnel, Maxwell and many others led to the full mathematic characterization of all electromagnetic phenomena, light included. To get a handle on a typical real-world physical situation, a combination of classical ray theory and wave theory was needed.

The breakthrough in the combination of classical geometric optics and wave concepts came from J. B. Keller of Bell Labs in 1953, although he published his work in the early 1960s. In the very simplest of terms, Keller introduced the notion that shooting a ray at a diffraction wedge causes wave interference at the tip, with an infinite number of diffracted waves emanating from the diffraction point. Each diffracted wave is considered a point source radiator at the place of generation, the diffraction point. Thereafter, the paths of individual waves can be traced as though they were individual classical optic rays again. What Keller came up with was a reasonable mathematical description of what happens at the tip of the diffraction wedge.

Figure 14.33 is a picture of a simple diffraction wedge, with an incoming ray launched at an angle of ar, referenced to the horizon, impinging on it. The diffraction wedge here is considered to be perfectly conducting, and hence impenetrable by the ray. The wedge generates an infinite number of diffracted waves, going in all directions not blocked by the wedge itself. The amplitudes and phases of the diffracted waves are determined by the interaction at the wedge tip, and this in turn is governed by the various angles associated with the wedge. Shown in Figure 14.29 are the included angle α of the wedge, the angle φ’ of the incoming ray (referenced to the incoming surface of the wedge), and the observed angle φ of one of the outgoing diffracted waves, also referenced to the wedge surface.
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The so-called shadow boundaries are also shown in Figure 14.33. The Reflection-Shadow Boundary (RSB) is the angle beyond which no further reflections can take place for a given incoming angle. The Incident-Shadow Boundary (ISB) is that angle beyond which the wedge’s face blocks any incident rays from illuminating the observation point.

Keller derived the amplitude and phase terms by comparing the classical GO solution with the exact mathematical solution calculated by Sommerfeld for a particular case where the boundary conditions were well known — an infinitely long, perfectly conducting wedge illuminated by a plane wave. Simply speaking, whatever was left over had to be diffraction terms. Keller combined these diffraction terms with GO terms to yield the total field everywhere.

Keller’s new theory became known as the Geometric Theory of Diffraction (abbreviated henceforth as GTD). The beauty of GTD was that in the regions where classical GO predicted zero fields, the GTD “filled in the blanks,” so to speak. For example, see Figure 14.34, showing the terrain for a hypothetical case, where a 60-foot high 4-element, 15-meter Yagi illuminates a wide, perfectly flat piece of ground. A 10-foot-high rock has been placed 400 feet away from the tower base in the direction of outgoing rays. Figure 14.35 shows the elevation pattern predicted using reflection-only GO techniques. Due to blockage of the direct wave (A) trying to shoot past the 10-foot-high rock, and due to blockage of (B) reflections from the flat ground in front of the rock by the rock, there is a hole in the smooth elevation pattern.
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As we know from experience, a single 10-foot-high rock will not have such an effect on a 15-meter signal. Keller’s GTD took diffraction effects into account to show that waves do indeed sneak past and over the rock to fill in the pattern.

However, GTD wasn’t perfect. Keller’s GTD predicts some big spikes in the pattern, even though the overall shape of the elevation pattern is much closer to reality than a simple GO reflection analysis would indicate. The region right at the RSB and ISB shadow boundaries is where problems are found. The GO terms go to zero at these points because of blockage by the wedge, while Keller’s diffraction terms tend to go to infinity at these very spots.Nevertheless, despite these nasty problems at the ISB and RSB, the GTD provided a remarkably better solution to diffraction problems than did classical GO.

In the early 1970s, a group at Ohio State University under R. G. Kouyoumjian and P. H. Pathak did some pivotal work to resolve this problem, introducing what amounts to a clever “fudge factor” to compensate for the tendency of the diffraction terms at the shadow boundaries to go to infinity. They introduced what is known as a transition function, using a form of Fresnel integral. Most importantly, the Ohio State researchers also created several FORTRAN computer programs to compute the amplitude and phase of diffraction components.

The ARRL program derived from this work is called HFTA, standing for “HF Terrain Assessment,” written by Dean Straw, N6BV. As the name suggests, HFTA analyzes the effect of local terrain on HF propagation through the ionosphere. It is designed for horizontally polarized Yagis at various heights, although it will model the effects of a simple flattop dipole also. The accurate appraisal of the effect of terrain on vertically polarized signals is a far more complex problem than for horizontally polarized waves, and HFTA doesn’t handle verticals. (HFTA is included with this book’s online material. Note that HFTA was originally developed for 32-bit Windows systems. See this book’s website for more information on running HFTA on 64-bit systems.)

There are a set of help files available with HFTA that will be invaluable for first-time users. In addition, the tutorial, “A Beginner’s Guide to HFTA High Frequency Terrain Assessment” by John White, VA7JW is available online at orcadxcc.org/content/VA7JW_HFTA_Manual.pdf.

14.3.5 Simulation Examples

We want to focus first on some simple results, to show that the computations do make some sense by presenting some simulations over simple terrains.

SIMPLE TERRAIN EXAMPLES

Look at the simple case shown in Figure 14.36, where a very long, continuous down-slope from the tower base is shown. Note that the scales used for the X- and Y-axes are different: the Y-axis changes 300 feet in height (from 800 to 1,100 feet), while the X-axis goes from 0 to 3,000 feet. This exaggerates the apparent steepness of the downward slope, which is actually a rather gentle slope, at tan-1 (1,000 – 850) / (3,000 – 0) = –2.86°. In other words, the terrain falls 150 feet in height over a range of 3,000 feet from the base of the tower.
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Figure 14.37 shows the computed elevation response for this terrain profile, for a 4-element horizontally polarized Yagi on a 60-foot tower. The response is compared to that of an identical Yagi placed 60 feet above flat ground. Compared to the “flatland” antenna, the hilltop antenna has an elevation response shifted over by almost 3° toward the lower elevation angles. In fact, this shift is directly due to the –2.86° slope of the hill. Reflections off the slope are tilted by the slope. In this situation there is a single diffraction at the bottom of the gentle slope at 3000 feet, where the program assumes that the terrain becomes flat.
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Look at Figure 14.38, which shows another simple terrain profile, called a “Hill-Valley” scenario. Here, the 60-foot-high tower stands on the edge of a gentle hill overlooking a long valley. Once again, the slope of the hill is exaggerated by the different X and Y-axes. Figure 14.39 shows the computed elevation response at 21.2 MHz for a 4-element Yagi on a 60-foot-high tower at the edge of the slope.
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Once again, the pattern is overlaid with that of an identical 60-foot-high Yagi over flat ground. Compared to the flatland antenna, the hilltop antenna’s response above 9° in elevation is shifted by almost 3° toward the lower elevation angles. Again, this is due to reflections off the downward slope. From 1° to 9°, the hilltop pattern is enhanced even more compared to the flatland antenna, this time by diffraction occurring at the bottom of the hill.

Now let’s see what happens when there is a hill ahead in the direction of interest. Figure 14.40 depicts such a situation, labeled “Hill-Ahead.” Here, at a height of 400 feet above mean sea level, the land is flat in front of the tower, out to a distance 500 feet, where the hill begins. The hill then rises 100 feet over the range 500 to 1000 feet away from the tower base. After that, the terrain is a plateau, at a constant elevation of 500 feet.
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Figure 14.41 shows the computed elevation pattern for a 4-element 21-MHz Yagi 60-feet high on the tower, compared again with an overlay for an identical 60-foot high antenna over flat ground. The hill blocks low-angle waves directly radiated from the antenna from 0° to 2.3°. In addition, waves that would normally be reflected from the ground, and that would normally add in phase from about 2.3° to 12°, are blocked by the hill also. Thus, the signal at 8° is down almost 5 dB from the signal over flat ground, all due to the effect of the hill. Diffracted waves start kicking in once the direct wave rises enough above the horizon to illuminate the top edge of the hill. These diffracted waves tend to augment elevation angles above about 12°, which reflected waves can’t reach.
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Is there is any hope for someone in such a poor locationfor DXing? Figure 14.42 shows the elevation response for a truly heroic solution. This involves a stack of four 4-element Yagis, mounted at 120, 90, 60 and 30 feet on the tower. Now, the total gain at low angles is just about comparable to that from a single 4-element Yagi mounted over flat ground.
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At 5° elevation, four diffraction components add up (there are zero reflection components) to achieve the far-field pattern. This seems reasonable, because each of the four antennas is illuminating the diffraction point separately and we know that none of the four antennas can see over the hill directly to produce a reflection at a low launch angle.

At an elevation angle of 5°, 15 meter signals arrive from Europe to New England about 13% of the total time when the band is actually open. We can look at this another way. For about two-thirds of the times when the band is open on this path, the incoming angle is between 3° to 12°. For about one-third of the time, signals arrive above 10°, where the “heroic” four-stack is really beginning to come into its own.

COMPLEX TERRAIN EXAMPLE

The results for simple terrains look reasonable; let’s try a more complicated real-world situation. Figure 14.43 shows the terrain from N6BV’s previous New Hampshire location toward Japan. The terrain was complex, with 52 different points HFTA identifies as diffraction points. Figure 14.44 shows a labeled HFTA output for three different types of antennas on 20 meters: a stack at 120 and 60 feet, the 120-foot antenna by itself, and then a 120/60-foot stack over flat ground, for reference. The elevation-angle statistics for New England to Japan are overlaid on the graph also, making for a very complicated looking picture. (Note that output from HFTA is in color which is easier to interpret.)
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Comparison of the same 120/60-foot stacks over irregular terrain and flat ground is useful to show where the terrain itself is affecting the elevation response. The flatland stack has more gain in the region of 3° to 7° than the same stack over the actual terrain toward Japan. On the other hand, the actual terrain boosts signals in the range of 8° to about 12°. This demonstrates the conservation of energy — you may gain a stronger signal at certain elevation angles, but you will lose gain at others. In this case, the N6BV always felt the station was “weak” toward Japan on 20 meters, because the dominant angles are lower on that path.

Examination of the detailed data output from HFTA shows that at an elevation angle of 5°, there are 6159 diffraction components. There are many, many signals bouncing around off the terrain on their trip to Japan! Note that because of blockage of some parts of the terrain, the 60-foot-high Yagi cannot illuminate all the diffraction points, while the higher 120-foot Yagi is able to see these diffraction points.

It is fascinating to reflect on the thought that received signals coming down from the ionosphere to the receiver are having encounters with the terrain, but from the opposite direction. It’s not surprising, given these kinds of interactions, it is likely that transmitting and receiving are not exactly reciprocal.

The 120/60-foot stack in Figure 14.40 achieves its peak gain of 17.3 dBi at 11° elevation, where it is about 3 dB stronger than the single Yagi at 120 feet. It maintains this 3-dB advantage over most of the range of incoming signals from Japan. This difference in performance between the stack and each antenna by itself was observed many times on the air. Much of the time when comparisons are being made, however, the small differences in signal are difficult to measure meaningfully, especially when the fading varies signals by 20 dB or so during a typical QSO. It should be noted that the stack usually exhibited less fading compared to each antenna by itself.

14.3.6 Using HFTA

GENERATING HFTA Terrain Data
Using the K6TU Data Service

Stu Phillips, K6TU, has greatly simplified the process of obtaining terrain elevation data for use with HFTA by automating the complete process on k6tu.net. The service is available at no charge to any registered user. The signup process is free and gives ongoing access to both the propagation prediction services of the site as well as generating terrain profiles. K6TU obtained the complete 0.5 Tbyte database from USGS. For non-US locations, the service uses the Advanced Spaceborne Thermal Emission and Reflection Radiometer (ASTER: asterweb.jpl.nasa.gov) dataset covering 83N to 83S. (The manual method of generating terrain profiles is described in the online material. The MicroDEM-based method is no longer available. Should changes to the k6tu.net site be made that affect this section, information will be available on this book's website.)

From the home page’s Main Menu (at upper left), select HF TERRAIN ANALYSIS. A page describing the HFTA program and how to use the terrain profile service will be displayed. When you are ready to generate a profile for your location, click NEW in the NAVIGATION menu at the upper right then TERRAIN PROFILE REQUEST on the next page displayed (see Figure 14.45). The data entry form will be displayed with the following information to be supplied by you:
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•Name of the profile, such as “W1AW Tower 1 Terrain Profile”

•Latitude to six decimal degrees (41.714511)

•Longitude to six decimal degrees (–72.727325)

The easiest way to obtain the location lat/lon to this precision is to use an online mapping service, such as Google Maps (maps.google.com). Select the satellite view, then zoom in to the highest resolution view of your location. Click once on the exact location for which you want to generate a profile. The lat/lon position of the location will display in a small label window. Click on the lat/lon data values and a window will appear at the upper left giving lat/lon in both decimal and degree-minute-second format. Highlight and copy the latitude value then paste it into the data service’s LATITUDE window. Do the same for the longitude value.

With both the latitude and longitude data entered, click SAVE and then GENERATE PROFILE on the following page. The service will send you an email when the file of data has been created containing the URL where the file is saved. After you click on the URL and see the [filename}.zip file, right-click on the filename and save it. You can then extract all 360 PRO files into a folder with the name you selected for the profile. To use the data, follow the instructions that come with HFTA and select the appropriate PRO file.

K6TU also offers a downloadable HFTASweep program to generate gain tables. (It has been tested on Windows 7, 8, and 10.) As explained on the K6TU website, HFTASweep is a program “wrapper” for HFTA. It runs HFTA 90 times programmatically to model a horizontally polarized antenna over the actual terrain around your location. The program captures the results for each azimuth direction (four different azimuth angles at a time) and at the end, builds a VOACAP type 13 antenna model as a file called antenna.13.

The antenna.13 file is a table containing the gain of the modeled antenna over actual terrain for all radiation angles from 0 to 34 degrees (the maximum radiation angle considered by HFTA). The remaining elevation angles simply contain the same data for angles 35 through 90 as the data shows for 34 degrees. This is a reasonable simplification for horizontal antennas that are at least a quarter wavelength or more above ground level.

ALGORITHM FOR RAY-TRACING THE TERRAIN

Once a terrain profile is created, there are a number of mechanisms that HFTA takes into account as a ray travels over that terrain:

1) Classical ray reflection, with Fresnel ground coefficients.

2) Direct diffraction, where a diffraction point is illuminated directly by an antenna, with no intervening terrain features blocking the direct illumination.

3) When a diffracted ray is subsequently reflected off the terrain.

4) When a reflected ray encounters a diffraction point and causes another series of diffracted rays to be generated.

5) When a diffracted ray hits another diffraction point, generating another whole series of diffractions.

Certain unusual, bowl-shaped terrain profiles, with sheer vertical faces, can conceivably cause signals to reflect or diffract in a backward direction, only to be reflected back in the forward direction by the sheer-walled terrain to the rear. HFTA does not accommodate these interactions, mainly because to do so would increase the computation time too much. It only evaluates terrain in the forward direction along one azimuth of interest.

Figure 14.46 shows a portion of an HFTA screen capture in the direction toward Europe from the N6BV/1 location in New Hampshire on 21.2 MHz. It compares the results for a 90/60/30-foot stack of TH7DX tribanders to the same stack over flat land, and to a single antenna at 70 feet over flat ground. The 70-foot single antenna represents a pretty typical station on 15 meters. The terrain produces excellent gain at lower elevation angles compared to the same stack over flat ground. The stack is very close to or superior to the single 70-foot-high Yagi at all useful elevation angles. Terrain can indeed exhibit a profound effect on the launch of signals into the ionosphere — for good or for bad.
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HFTA’s Internal Antenna Model

The operator selects the antenna used inside HFTA to be anything from a dipole to an 8-element Yagi. The default assumes a simple cosine-squared mathematic response, equivalent to a 4-element Yagi in free space. HFTA traces rays only in the forward direction from the tower along the azimuth of interest. This keeps the algorithms reasonably simple and saves computing time.

HFTA considers each antenna in a stack as a separate point source. The simulation begins to fall apart if a traveling wave type of antenna like a rhombic is used, particularly if the terrain changes under the antenna — that is, the ground is not flat under the entire antenna. For a typical Yagi, even a long-boom one, the point-source assumption is reasonable. The internal antenna model also assumes that the Yagi is horizontally polarized. HFTA does not do vertically polarized antennas, as discussed previously. The documentation for HFTA also cautions the user to work with practical spacings between stacked Yagis — 0.5 λ or more because HFTA doesn’t explicitly model mutual coupling between Yagis in a stack.

HFTA compares well with the measurements for horizontal antennas described earlier by Jim Breakall, WA3FET, using a helicopter in Utah. Breakall’s measurements were done with a 15-foot-high horizontal dipole.

MORE ABOUT HFTA Frequency Coverage

HFTA can be used on frequencies higher than the HF bands, although the graphical resolution is only 0.25°. The patterns above about 100 MHz thus look rather grainy. The UTD is a high-frequency-asymptotic solution, so in theory the results become more realistic as the frequency is raised. Keep in mind too that HFTA is designed to model launch angles for skywave propagation modes, including E- and F-layer, and even sporadic-E. Since by definition the ionospheric launch angles include only those above the horizon, direct line-of-sight UHF modes involving negative launch angles are not considered in HFTA.

See the HFTA.PDF documentation file for further details on the operation of HFTA. This file, as well as sample terrain profiles for some big-gun stations, is included with this book’s online material.

14.4 Stacking Yagis and Switching Systems

The preceding sections illustrate the importance of controlling the elevation angle of an antenna’s radiation pattern at HF. In addition, the wide variations also illustrate that a single antenna, no matter how much gain it produces, at a single height is often inadequate in maintaining effective communications over the desired path. For example, during a DX band opening on the upper HF bands the initial signals usually appear at very low elevation angles. Later, as the opening strengthens and spreads, signals at higher elevation angles are the strongest. Finally, as the band closes to that area, signals will again be the strongest at low angles. Being able to select the right elevation angle at the right time is important to sustained success in DXing or contest operation.

In HF amateur stations, the most common arrangement to control elevation angle is a vertical stack of identical Yagis on a single tower. This arrangement is commonly called a vertical stack. At VHF and UHF, amateurs sometimes employ collinear stacks, where identical Yagis are stacked side-by-side at the same height. This arrangement is called a horizontal stack, and is not usually found at HF, because of the severe mechanical difficulties involved with large, rotatable side-by-side arrays. In addition, whereas on HF a primary goal is being able to control the elevation angle of the radiation pattern for the optimum ionospheric path, on VHF and UHF it is more important to narrow the azimuthal width of the array’s main lobe and minimize side lobes to improve the signal-to-noise ratio of very weak signals on both ends of the path.

Figure 14.47 illustrates the two different stacking arrangements. In either case, the individual Yagis making up the stack are generally fed in phase. There are times, however, when individual antennas in a stacked array are purposely fed out of phase in order to emphasize a particular elevation pattern.
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Let’s look at the reasons hams stack Yagis:

• For more gain

• For a wider elevation footprint in a target geographical area

• For azimuthal diversity — two or more directions at once

• For less fading

• For less precipitation static

14.4.1 Stacks and Gain

Figure 14.48 compares the elevation responses for three antenna systems of 4-element 15 meter Yagis. The response for the single Yagi at a height of 120 feet peaks at an elevation of about 5°, with a second peak at 17° and a third at 29°. When operated by itself, the 60-foot high Yagi has its first peak at about 11° and its second peak beyond 34°.
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The basic principle of a vertically stacked HF array is that it takes energy from higher-angle lobes and concentrates that energy into the main elevation lobe. The main lobe of the 120/60-foot stack peaks about 7° and is about 2 dB stronger than either the 60- or 120-foot antenna by itself. The shape of the left-hand side of the stack’s main lobe is determined mainly by the 120-foot antenna’s response. The right-hand side of the stack’s main lobe is “stretched” rightward (toward higher angles) mainly by the 60-foot Yagi, while the shape follows the curve of the 120-foot Yagi.

Look at the second and third lobes of the stack, which appear about 18° and 27°. These are about 14 dB down from the stack’s peak gain, showing that energy has indeed been extracted from them. By contrast, look at the levels of the second and third lobes for the individual Yagis at 60 and 120 feet. These higher-angle lobes are almost as strong as the first lobes.

The stack squeezes higher-angle energy into its main elevation lobe, while maintaining the frontal lobe azimuth pattern of a single Yagi. This is the reason why many state-of-the-art contest stations are stacking arrays of relatively short-boom antennas, rather than stacking long-boom, higher-gain Yagis. A long-boom HF Yagi narrows the azimuthal pattern (and the elevation pattern too), making pointing the antenna more critical and making it more difficult to spread a signal over a wide azimuthal area, such as all of Europe and Asiatic Russia at one time.

14.4.2 Stacks and Wide Elevation Coverage

Detailed studies using sophisticated computer models of the ionosphere have revealed that coverage of a wide range of elevation angles is necessary to ensure consistent DX or contest coverage on the HF bands. These studies have been conducted over all phases of the 11-year solar cycle, and for numerous transmitting and receiving QTHs throughout the world.

The chapter Radio Wave Propagation covers these studies in more detail, and this book’s online material includes a huge number of elevation-angle statistical tables for locations all around the world. The HFTA (HF Terrain Assessment) program included with this book’s online material can not only compute antenna elevation patterns over irregular local terrain, but it can compare them directly to the elevation-angle statistics for a particular target geographic area.

A 10 METER EXAMPLE

Figure 14.49 shows the 10 meter elevation-angle statistics for the New England path from Boston, Massachusetts, to all of the continent of Europe. The statistics are overlaid with the computed elevation response for three individual 4-element Yagis, at three heights: 90, 60 and 30 feet above flat ground. In terms of wavelength, these heights are 2.60 l, 1.73 l and 0.86 l high.
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You can see that the 90-foot high Yagi covers the lower elevation angles best, but it has a large null in its response centered at about 11°. This null puts a big hole in the coverage for some 22% of all the times the 10 meter band is open to Europe. At those angles where the 90-foot Yagi exhibits a null, the 60-foot Yagi would be effective, and so would the 30-foot Yagi. If that is the only antenna you have, the 90-foot high Yagi would be too high for good coverage of Europe from New England.

The peak statistical elevation angle into Europe is 5°, and this occurs about 11% of all the times the 10 meter band is open to Europe from Boston. At an elevation of 5° the 30-foot high Yagi would be down almost 7 dB compared to the 90-foot high Yagi, but at 11° the 90-foot Yagi would be more than 22 dB down from the 30-foot Yagi. There is no single height at which one Yagi can optimally cover all the necessary elevation angles, especially to a large geographic area such as Europe — although the 60-foot high antenna is arguably the best compromise for a single height. To cover all the possibilities to Europe, however, you need a 10 meter antenna system that can cover equally well the entire range of elevation angles from 1° to 18°.

Figure 14.50 compares elevation-angle statistics for two 10 meter paths from New England to Europe and to Japan. The elevation angles needed for communications with the Far East are very low. Overlaid on Figure 14.47 for comparison are the elevation responses over flat ground for three different antenna systems, using identical 4-element Yagis:
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• Three Yagis, stacked at 90, 60 and 30 feet

• Two Yagis, stacked at 70 and 40 feet

• One Yagi at 90 feet.

The best coverage of all the necessary angles on 10 meters to Europe is with the stack of three Yagis at 90/60/30 feet. The two-Yagi stack at 70 and 40 feet comes in a close second to Europe, and for elevation angles higher than about 9° the 70/40-foot stack is actually superior to the 90/60/30-foot stack.

Both of the stacks illustrated here give a wider elevation footprint than any single antenna, so that all the angles can be covered automatically without having to switch from higher to lower antennas manually. This is perhaps the major benefit of using stacks, but not the only one, as we’ll see.

To Japan, the necessary range of elevation angles is considerably smaller than that needed to a larger geographic target area like Europe. The 90/60/30-foot stack is still best on the basis of having higher gain at low angles, although the two-Yagi stack at 70 and 40 feet is a good choice too. Note that the single 90-foot high Yagi’s performance is very close to the 70/40-foot stack of two Yagis at low angles, but the two-Yagi stack is superior to the single 90-foot antenna for angles higher than about 5° on 10 meters.

A 15 METER EXAMPLE

The situation is similar on 15 meters from New England to Europe. On 15 meters, the range of angles needed to fully cover Europe is 1° to 28°. This large range of angles makes covering all the angles even more challenging. Ken Wolff, K1EA, a devoted contest operator and the author of the famous CT contest logging program, put it very clearly when he wrote in the bulletin for the Yankee Clipper Contest Club:

“Suppose you have 15 meter Yagis at 120 feet and 60 feet, but can feed only one at a time. A 15 meter beam at 120 feet has its first maximum at roughly 5° and the first minimum at 10°. The Yagi at 60 feet has a maximum at 10° and a minimum at 2°. At daybreak, the band is just opening, signals are arriving at 3° or less and the high Yagi outperforms the low one by 5-10 dB. Late in the morning, western Europeans are arriving at angles of 10° or more, while UA6 is still arriving at 4-5°. Western Europe can be 20-30 dB louder on the low antenna than the high! What to do? Stack ‘em!”

Figure 14.51 illustrates K1EA’s scenario, showing the elevation statistics to Europe from Massachusetts and the elevation responses for a 120- and a 60-foot high, 4-element Yagi, both over flat ground, together with the response for both antennas operated as a vertical stack. The half-power beamwidth of the stack’s main lobe is 6.9°, while that for the 120-foot antenna by itself is 5.5° and that for the 60-foot antenna by itself is 11.1°. The half-power beamwidth numbers by themselves can be deceiving, mainly because the stack starts out with a higher gain. A more meaningful observation is that the stack has equal to or more gain than either of the two individual antennas from 1° to about 10°.
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Is such a stack of 15 meter Yagis at 120 and 60 feet optimal for the New England to Europe path? No, it isn’t, as we’ll explore later, but the stack is clearly better than either antenna by itself for the scenario K1EA outlined above.

A 20 METER EXAMPLE

Take a look now at Figure 14.52, which overlays elevation-angle statistics for Europe (gray vertical bars) and Japan (black vertical bars) from Boston on 20 meters, plus the elevation responses for four different sets of antennas mounted over flat ground. Just for emphasis, the highest antenna is a 200-foot high 4-element Yagi. It is clearly too high for complete coverage of all the needed angles into Europe. A number of New England operators have verified that this is true — a really high Yagi will open the 20 meter band to Europe in the morning and may shut it down in the afternoon, but during the middle of the day the high antenna gets soundly beaten by lower antennas.
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To Japan, however, from New England the range of angles needed narrows considerably on 20 meters, from 1° to only 11°. For these angles, the 200-foot Yagi is the best antenna to work Japan from New England on 20 meters.

This is true provided that the antenna is aiming out over flat ground. The actual, generally irregular, terrain in various directions can profoundly modify the takeoff angles favored by an antenna system, particularly on steep hills. There will be more discussion on this important topic later on.

14.4.3 Eliminating Deep Nulls

Now, let’s look closely at some other 20 meter antennas in Figure 14.46, the ones at 120 and 60 feet. At an elevation angle of 8° the difference in elevation response between the 60- and 120-foot high Yagis is just over 3 dB. Can you really notice a change of 3 dB on the air? Signals on the HF bands often rise and fall quickly due to fading, so differences of 2 or 3 dB are difficult to discern. Consequently, the difference between a Yagi at 120 feet and one at 60 feet may be difficult to detect at elevation angles covered well by both antennas. But a deep null in the elevation response is very noticeable.

When Dean Straw, N6BV, put up his 120-foot tower in Windham, New Hampshire, his first operational antenna was a 5-element triband Yagi, with 3 elements on 40 and 4 elements on both 20 and 15 meters. Just as the sun was going down on a late August day Straw finished connecting the feed line in the station. The antenna seemed to be playing like it should, with a good SWR curve and a good pattern when it was rotated. So N6BV/1 called a nearby friend, John Dorr, K1AR, on the telephone and asked him to get on the air to make some signal comparisons on 20 meters into Europe.

Straw was shocked that every European they worked that evening said his signal was several S units weaker than K1AR’s. Dorr was using a 4-element 20 meter monobander at 90 feet, which at first glance should have been comparable to Straw’s 4-element antenna at 120 feet. But N6BV really shouldn’t have been so shocked — in New England, the elevation angles from Europe late in the day on 20 meters are almost always higher than 11°, and that is true for the entire solar cycle.

The N6BV/1 station was located on a small hill, while K1AR was located on flat terrain toward Europe. The elevation response for N6BV/1’s 120-foot high Yagi fell right into a deep null at 11°. This was later confirmed many times in the following eight years that the N6BV/1 station was operational. During the early morning opening on 20 meters into Europe, the top antenna was always very close to or equal to the stack of three TH7DX tribanders at 90/60/30 feet on the same tower. But in the afternoon the top antenna was always decidedly worse than the stack, so much so that Straw often wondered whether something had gone wrong with the top antenna!

So what’s the moral to this short tale? It’s simple: The gain you can achieve, while useful, is not so important as the deep nulls you can avoid by using a stack.

14.4.4 Stacking Distances Between Yagis

So far, we’ve examined stacks as a means of achieving more gain over an individual Yagi, while also matching the antenna system’s response to the range of elevation angles needed for particular propagation paths. Most importantly, we seek to avoid nulls in the elevation response. Earlier we asked whether a 120/60-foot stack was optimal for the path from New England to Europe on 15 meters. Let’s examine how the stacking distance between individual antennas affects the performance of a stack.

Figure 14.53 shows overlays of various combinations of 15 meter Yagis. Just for reference, a plot for a single 60-foot high Yagi is also included. Let’s start by looking at the most widely spaced stack in the group: the 120/30-foot stack. Here, the spacing is obviously too large, since the second lobe is actually stronger than the first lobe. In terms of wavelength, the 90-foot spacing between antennas in this stack is 1.94 l, a large spacing indeed.

[image: ]

There is a great deal of folklore and superstition among amateurs about stacking distances for HF arrays. For years, high-performance stacked Yagi arrays have been used for weak-signal DXing on the VHF and UHF bands. The most extreme example of weak-signal work is EME work (Earth-Moon-Earth, also called moonbounce) because of the huge path losses incurred on the way to and from the Moon. The most successful arrays used for moonbounce have low sidelobe levels and very narrow frontal lobes that give huge amounts of gain. The low sidelobes help minimize received noise, since the receive levels for signals that do manage to bounce off the Moon and return to Earth are exceedingly weak.

But HF operation is different from moonbounce in that rigorously trying to minimize high-angle lobes is far less crucial at HF, where we’ve already shown that the main goal is to achieve gain over a wide elevation-plane footprint without any disastrous nulls in the pattern. The gain gradually increases as spacing in terms of wavelength is increased between individual Yagis in a stack, and then decreases slowly once the spacing is greater than about 1.0 l. The difference in gain between spacings of 0.5 l to 1.0 l for a stack of typical HF Yagis amounts to only a fraction of a decibel. Stacking distances on the order of 0.6 l to 0.75 l give best gain commensurate with good patterns.

While the stack at 120/60 feet in Figure 14.50 doesn’t have the second-lobe-stronger problem the 120/30-foot stack has — 60 feet between antennas is 1.29 l, again outside the normal range of HF stack spacings. As a consequence, the 120/60-foot stack doesn’t cover the range of elevation angles as well as it could, and is inferior to both the 90/60/30-foot stack and the 120/90/60/30-foot stack. The 120/60-foot two-Yagi stack needs at least one more antenna placed in-between to spread out the elevation-range coverage and to provide more gain.

It could be debated, but the 90/60/30-foot stack seems optimal for coverage of all the angles into Europe from New England on 15 meters. Note that the 30-foot spacing between Yagis is 0.65 l on 21.2 MHz, right in the middle of the range of typical stack spacings.

SWITCHING OUT YAGIS IN THE STACK

Still, the extra gain that is available at low elevation angles from a 120/90/60/30-foot high, four-Yagi stack in Figure 14.50 is alluring. For those statistically possible, but less likely, occasions when the elevation angle is higher than about 12°, it would be advantageous to switch out the top 120-foot Yagi and operate with only the lower three Yagis in a stack. (This also allows the top antenna to be rotated in another direction, an aspect we’ll explore later.) There are even times when the incoming angles are really high and when the top two antennas might be switched out to create a 60/30-foot stack. Later in this chapter we’ll present circuitry for such stack switching.

STACKING DISTANCE AND LOBES AT HF

Let’s look a little more closely at how a stack achieves gain and a wide elevation footprint. Figure 14.54 shows a rectangular X-Y graph of the elevation response from 0° to 180° for two 3-element 15 meter Yagis (with 12-foot booms) spaced 30 feet apart (0.65 l at 21.2 MHz), but mounted at two different heights: 95/65 and 85/55 feet. The rectangular plot gives more resolution than is possible on a polar plot. Note that the heights shown represent typical stacking heights on 15 meters — there’s nothing magic about these choices. The free-space H-Plane pattern for the 30-foot spaced stack is also shown for reference.
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The worst-case overhead elevation lobe, which ranges from about 60° to 120° in elevation (±30° from straight overhead at 90°), is about 14.7 dB down for the 95/65-foot stack. The overhead lobe peaks broadly at an elevation angle of about 82°. The overhead lobe for the lower 85/55-foot stack occurs at an elevation of about 64°, where it is 19 dB down.

The F/B for both 3-element sets of heights is about 15 dB, well down from the excellent 32 dB F/B for each Yagi by itself. The degradation of F/B is mainly due to mutual coupling to its neighbor in the stack.

The ground-reflection pattern in effect “modulates” the free-space pattern of the individual Yagi, but in a complex and not always intuitive manner. This is quite evident for the 85/55-foot stack at near-overhead angles. In this region things become complicated indeed, because the fourth and fifth lobes due to ground reflections are interacting with the free-space pattern of the stack.

Because the spacing remains constant at 30 feet for these pairs of antennas, however, the main determinant for the upper-elevation angle lobes is the distance of the horizontally polarized antennas above the ground, not the spacing between them.

Changing the Stack Spacing

Figure 14.55 demonstrates just how complicated things get for four different spacing scenarios. Here, the lower Yagi in the stack is moved down in 5-foot increments from the 95/70 feet level, to 95/65, 95/60 and 95/55 feet. The closest spacing, 25 feet in the 95/70-foot stack, yields nominally the “cleanest” pattern in the overhead region from 60° to 120°. The worst-case overhead lobe for the 95/70-foot stack is down 28 dB from peak. The F/B is again about 15 dB.
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The worst case overhead lobe for the widest spacing, 40 feet in the 95/55-foot stack, is about 11 dB down from peak. The F/B has increased marginally, but is still only about 16 dB. It is difficult to pinpoint directly whether the spacing or the height above ground is the major determinant for the various lobe amplitudes for the 3-element stack. We’ll soon look closely at whether the overhead lobe is important or not for HF work.

Longer Boom Length and Stack Spacing

Figure 14.56 shows the same type overlay of elevation plots, but this time for two 7-element 15 meter Yagis on gigantic 64-foot booms. These Yagis are also spaced 30 feet apart (0.65 l at 21.2 MHz), mounted at the same four sets of heights in Figure 14.52. As you’d expect, the free-space elevation pattern for a stacked pair of 7-element Yagis on 64-foot booms is narrower than that for a stacked pair of 3-element Yagis on 12-foot booms. The intrinsic F/B of the longer Yagi is also better than the F/B of the shorter antenna. As a result, all lobes beyond the main lobe of the stacked 7-element pair are lower for both sets of heights than their 3-element counterparts. The worst-case overhead lobe for the 7-element 95/65-foot pair is about 22 dB down at 76° and the F/B at 172° is greater than 21 dB for all four sets of heights.
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Table 14.3 summarizes the main performance characteristics for four sets of stacked Yagis. The first entry for each boom length is for the Yagi by itself at a height of 95 feet. Stacked configurations are next listed in order of gain. The column labeled “Worst lobe, dB re Peak” is the amplitude of the second lobe due to ground reflections, and the elevation angle of that second lobe is listed as well.

[image: ]

Besides the 3- and 7-element designs discussed above, we’ve also added 4- and 5-element designs in Table 14.2. Over the range of stacking distances between 20 and 40 feet on 15 meters (0.43 l to 0.86 l), the peak gain for the 3-element stacks changes less than 0.75 dB, with the 30-foot spacing exhibiting the highest gain. The differences between peak gains versus stacking distance become smaller as the boom length increases. For example, for the 64-foot boom Yagi, the gain varies 19.39 – 19.08 = 0.31 dB for stack spacings from 20 to 40 feet.

In other words, changing the spacing from 20 to 40 feet (0.43 l to 0.86 l) doesn’t change the gain significantly for boom lengths from 12 to 64 feet (0.26 l to 1.38 l). From the point of view of gain, the vertical spacing between individual antennas in an HF stack is not critical.

The worst-case lobes (generally speaking, the second lobe due to ground reflections) are highest for a Yagi operated by itself. After all, a single Yagi doesn’t benefit from the redistribution of energy from higher-angle lobes into the main lobe that a stack gives. Thus, the 3-element, 12-foot boom Yagi by itself at 95 feet would have a second lobe at 21° that is only 0.9 dB down from the main lobe, while the stack of two such antennas with 30-foot (0.65 l) spacing at 95/65 feet would have a second lobe down 4.5 dB. As the spacing between antennas in a vertical stack increases, the second lobe is suppressed more, up to 8.7 dB with 40-foot (0.86 l) spacing.

Since the free-space elevation pattern for a 3-element Yagi is wider than that for a 7-element Yagi, the second lobe due to ground reflection will be somewhat reduced. This is true for all longer-boom antennas operating by themselves over ground. Used in stacks, the second lobe’s amplitude will vary depending on spacing between antennas, but they range only about 6 dB.

The front-to-back ratio will also tend to increase with longer boom lengths on a properly designed Yagi. Table 14.2 shows that the F/B is somewhat better for closer spacings between antennas in a stack, a rather non-intuitive result, considering that the mutual coupling should be greater for closer antennas. For example, the 5-element Yagi stack with 20-foot spacing has a exceptional F/B of 34.3 dB, compared to a F/B of 21.4 dB with the 30-foot spacing distance that gives nominally the most gain. High values of F/B, however, rarely hold over a wide frequency range because of the very critical phasing relationships necessary to get a deep null, so the difference between 34.3 and 21.4 dB would rarely be noticeable in practice.

The near-overhead lobe structure (between 60° to 120° in elevation) tends also to be lower for smaller stack spacings — for all boom lengths — peaking in this example at a spacing of 25 feet for the boom lengths considered here. Since the peak gain actually occurs with smaller spacing between Yagis in this 7-element stack, even relatively large and messy looking overhead lobes are not subtracting from the stacking gain. In the next section we’ll now examine whether this overhead lobe is important or not.

STACKING DISTANCES FOR MULTIBAND YAGIS

By definition, a stack of multiband Yagis (such as a “tribander” covering 20/15/10 meters) has a constant vertical spacing between antennas in terms of feet or meters, but not in terms of wavelength. Tribanders are no different than monobanders in terms of optimal spacing between individual antennas. Again, the difference in gain between spacings of 0.5 l and 1.0 l for a stack of triband Yagis amounts to only a fraction of a decibel. Furthermore, the main practical constraint that limits choice of stacking distances between any kind of Yagis, multiband or monoband, is the spacing between guy wire sets on the tower itself.

SUMMARY ’ STACKING DISTANCES

In short, let us summarize that there is nothing magical about stacking distances for practical HF Yagis — a good rule-of-thumb is a stacking distance of 0.65 l. This is 23 feet on 10 meters, 30 feet on 15 meters and 45 feet on 20 meters for monoband stacks. Practically speaking, however, you’ve only got limited places where you can mount antennas on the tower — mainly where guy wires allow you to place them. This is especially applicable if you wish to rotate lower antennas on the tower, where you must clear the guys from above the antenna.

14.4.5 Radiation Outside the Main Lobe

THE IMPORTANCE OF HIGHER-ANGLE LOBES

We’ve already shown that the exact spacing between HF Yagis is not critical for stacking gain. Further, the heights (and hence spacing) of the individual Yagis in a stack interact in a complicated fashion to determine higher-angle lobes.

Let’s examine the relevance of such higher-angle lobes for stacked HF Yagis, this time in terms of interference reduction on receive. As the Radio Wave Propagation chapter points out, few DX signals arrive at elevation angles greater than about 30°. In fact, DX signals only propagate at elevation angles in the range from 1° to 30° on all the bands where operators might reasonably expect to stack Yagis — nominally from 7 to 29.7 MHz.

You should remember that the definition of the critical frequency for HF propagation is the highest frequency for which a wave launched directly overhead at 90° elevation is reflected back down to Earth, rather than being lost into outer space. The maximum critical frequency for extremely high levels of solar flux is about 15 MHz. In other words, high overhead angles do not propagate signals on the upper HF bands.

However, some domestic signals do arrive at relatively high elevation angles. Let’s look at some scenarios where higher angles might be encountered and how the elevation patterns of typical HF stacks affect these signals. Let’s examine a situation where a medium-range interfering station is on the same heading as a more distant target station.

We’ll examine a typical scenario involving stations in Atlanta, Boston and Paris. The heading from Atlanta to Paris is 49°, the same heading as Atlanta to Boston. In other words, the Atlanta station would have to transmit over (and listen through) a Boston station for communication with Paris. The distance between Atlanta and Boston is about 940 miles, while the distance from Atlanta to Paris is about 4350 miles. Ground wave signals obviously cannot travel either of these distances at 21 MHz (ground wave coverage is less than about 10 miles at this frequency), and so the propagation between Atlanta to Boston and Atlanta to Paris will be entirely by means of the ionosphere.

Let’s evaluate the situation on 15 meters in the month of October. We’ll assume a smoothed sunspot number (SSN) of 100 and that each station puts 1500 W of power into theoretical isotropic antennas that have +10 dBi of gain at all elevation and azimuth angles. [We use such theoretical isotropic antennas because they make it easier to work in VOACAP. We will factor in real-world stacks later.] VOACAP predicts that the signal from Boston will be S9 + 8 dB in Atlanta at 1400 UTC, arriving at an elevation angle of 21.3° on a single F2 hop. This elevation angle is higher than commonly encountered angles for DX signals, but it is still far away from near-overhead angles.

The signal from Paris into Atlanta is predicted to be about S6 for the same theoretical isotropic antennas, at an incoming elevation angle of 6.4° on three F2 hops. The S6 level validates the rule-of-thumb that each extra hop loses approximately 10 dB of signal strength, assuming that each S unit is about 4 dB, typical for modern receivers.

Now look at Figure 14.57, which shows the response for a stack of 3-element Yagis at 90/60/30 feet over flat ground, along with the response for a similar stack of 7-element Yagis. Again, we’ll assume that all three stations are using such 3-element 90/60/30-foot stacks. The stations in Atlanta and Boston point their stacks into Europe and the Parisian station points his stack toward the USA. The gain of the Atlanta array at 6.4° into Paris will be about 16 dBi, or 6 dB more than the isotropic array with its +10 dBi of gain selected for use in VOACAP. Similarly, the French station’s transmitted signal will enjoy a 6 dB gain advantage over the isotropic array used in the VOACAP calculation, and thus the French signal into Atlanta will now be S6 + 12 dB, or about S9.
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By comparison, the interfering signal from Boston into Atlanta will be reduced by the rearward pattern of his array, which will launch a signal at 180° – 21.3° = 158.7° in elevation at the single F2 mode from Boston to Atlanta. From Fig-ure 14.51, the Boston station’s gain at this rearward elevation is going to drop from the isotropic’s +10 dBi of gain down to
–11 dBi, a drop of 21 dB. The signal into the Atlanta receiver will also be reduced by the pattern of the Atlanta array on receive, which has a gain of about 0 dBi at 21.3°, compared to the isotropic’s +10 dBi gain at 6.4°, a net drop of 10 dB.

Thus, the Boston station’s signal will drop by about 21 + 10 = 31 dB, bringing the interfering signal from Boston, which would be S9 + 8 dB for isotropic antennas, down to about S3 due to the combined effects of the arrays. This is a very significant reduction in interference. But you will note that the reduction has nothing to do with the near-overhead lobes, dealing as it does with the trailing edge of the main lobe and the F/B lobe.

Higher Elevation Angles

Now let’s evaluate a station that is even closer to Boston, say a station in Philadelphia. The heading from Philadelphia to Paris is 53° and the distance is 3220 miles. On the same day in October as above, VOACAP predicts a signal strength of S8 from Paris to Philadelphia, at a 2.7° elevation angle on two F2 hops. Again, the VOACAP computations assume isotropic antennas with +10 dBi gain at all three stations. The gain of the 3-element stacks at both ends of the circuit at 2.7° is also about +10 dBi, so the signal level from Paris to Philadelphia would be S8 with the 3-element stacks.

Now VOACAP computes the elevation angle from Philadelphia to Boston as 56.3°, on one F2 hop launched at an azimuth of 53°, well within the azimuthal beamwidth of the stack. VOACAP says the predicted signal strength for isotropic antennas with +10 dBi of gain is less than S1!

What’s happening here? Boston and Philadelphia are within the “skip” region on 21 MHz and signals are skipping right over Boston from Philadelphia (and vice versa). Actual signals would be much weaker than they would be with theoretical isotropic antennas because of the actual patterns of the transmitting and receiving stacks. At an elevation angle of 56.3° the receiving stack would have a gain of –10 dBi, while at an elevation of 180° – 56.3° = 123.7° the transmitting stack would be down to –10 dBi as well. The net reduction for the stacks compared to isotropics with +10 dBi gain each would be 40 dB, putting the interfering signal well into the receiver noise.

You can safely say that near-overhead angles don’t enter into the picture, simply because signals at intermediate distances are in the ionospheric skip zone and interfering signals are very weak in that zone already.

Even in situations where having a poor front-to-back ratio might be beneficial — because it alerts stations tuning across your signal that you are occupying that frequency — the ionosphere doesn’t cooperate for intermediate-distance signals that are in the skip zone. Often two stations may be on the same frequency without either knowing that the other is there.

Ground Wave and Stacks

What happens, you might wonder, for ground-wave signals? Let’s look at a situation where the interfering station is in the same direction as the desired target, but is only 5 miles away. Unfortunately, his signal is S9 + 50 dB. Even reducing the level by 30 dB, a huge number, is still going to make his signal 20 dB stronger than signals from your desired target location! There is not much you can do about ground-wave signals and fretting about optimizing stack heights to discriminate against local signals is generally futile.

14.4.6 Real-World Terrain and Stacks

So far, the stacking examples shown have been for flat ground. Things can become a lot more complicated when you deal with real-world irregular terrains! Figure 14.58 shows the HFTA-computed 20 meter elevation responses toward Europe (at an azimuth of 45°) for three antennas at the N6BV/1 location in Windham, New Hampshire. Overlaid as a bar graph are the elevation-angle statistics for the path to all of Europe from New England (Massachusetts). The stack at 90/60/30 feet clearly covers all the angles needed best at 14 MHz. The N6BV/1 120-foot Yagi has a severe null in the region from about 7° to about 20°, with the deepest part of that null occurring at about 13° and is roughly comparable to the 90/60/30-foot stack between 2° to 7°.

[image: ]

In practice, the 120-foot Yagi was indeed comparable to the stack during morning openings to Europe on 20 meters, when the elevation angles are typically about 5°. In the New England afternoon, when the elevation angles typically rise to about 11°, the 120-foot Yagi was always distinctly inferior to the stack.

For reference, the response of a single 120-foot high Yagi over flat ground is also shown. Note that the N6BV 120-foot high Yagi has about 3 dB more gain at a 5° takeoff angle than does its flatland counterpart. This additional gain is due to the focusing effects of the local terrain, which had about a 3° downward slope toward Europe.

Figure 14.59 shows the HFTA-computed 15 meter elevation responses toward Europe for the 90/60/30-foot stack at 90/60/30 feet at N6BV/1, compared to the same 120-foot high Yagi and a 90/60/30-foot stack, but this time over flat ground. Again, the N6BV/1 terrain toward Europe has a significant effect on the gain of the stack compared to that of an identical stack over flat ground. In fact, the peak gain of 20.1 dBi at a 4° elevation angle is close to moon-bounce levels.
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OPTIMIZING OVER LOCAL TERRAIN

There are only a small number of possibilities to optimize an installation over local terrain:

• Change the antenna height(s) above ground.

• Stack two (or more) Yagis.

• Change the spacing between stacked Yagis.

• Move the tower back from a cliff (or a hill).

• BIP/BOP (Both In Phase/Both Out of Phase).

The HFTA program included with this book’s online material can be used, together with topographic data available on the Internet, to evaluate all these options.

It is sometimes very surprising to compare elevation responses for different towers located at various points on the same property, particularly when that property is located in the mountains. Figure 14.60 shows the computed elevation responses for three 100-foot high 14-MHz Yagis over three terrains toward Europe: from the North tower at K1KI’s location in West Suffield, Connecticut, from the South tower at K1KI, and over flat ground. The elevation response from the South tower follows that over flat ground well, while the response from the North tower is quite a bit stronger at low elevation angles — about 1.5 dB on average, as the Figure of Merit shows from HFTA.
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Figure 14.61 shows the reason why this happens — the terrain from the North tower slopes down quickly toward Europe, while the terrain from the South tower goes out almost 900 feet before starting to fall off. These two towers are about 600 feet apart.

[image: ]

14.4.7 Stacking Tribanders

Enterprising amateurs have built stacked tribander arrays even with full recognition that they are compromise antennas when compared one-on-one against monoband Yagis. Bob Mitchell, N5RM, is a prominent example, with his so-called “TH28DX” array of four TH7DX tribanders on a 145-foot-high rotating tower. Mitchell employed a rather complex system of relay-selected tuned networks to choose either the upper stacked pair, the lower stacked pair or all four antennas in stack. Others in Texas have also had good results with their tribander stacks. Contester Tom Owens, K7RI, has very successfully used a pair of stacked KT-36XA tribanders for years.

A major reason why tribanders were used is that over the years both amateurs have had good results using TH6DXX or TH7DX antennas. They are ruggedly built, mechanically and electrically, and their 24-foot long booms are long enough to produce significant gain, despite trap-loss compromises. Trap losses estimated at approximately 0.5 dB are not high enough to be of serious concern. A long-boom tribander like the TH6DXX or TH7DX also has enough space to employ elements dedicated to different bands, so the compromises in element spacing usually found on short-boom 3 or 4-element tribanders can be avoided.

Another factor in favor of tribanders is the serious interaction that can result from stacking monoband antennas closely together on one mast in a Christmas Tree configuration. N6BV’s worst experience was with the ambitious 10 through 40 meter Christmas Tree at W6OWQ in the early 1980s. This installation used a Tri-Ex SkyNeedle tubular crank-up tower with a rotating 10-foot-long heavy-wall mast. The antenna suffering the greatest degradation was the 5-element 15 meter Yagi, sandwiched 5 feet below the 5-element 10 meter Yagi at the top of the mast, and 5 feet above the full-sized 3-element 40 meter Yagi, which also had five 20 meter elements interlaced on its 50-foot boom.

The front-to-back ratio on 15 meters was at best about 12 dB, down from the 25+ dB measured with the bottom 40/20 meter Yagi removed. No amount of fiddling with element spacing, element tuning or even orientation of the 15 meter boom with respect to the other booms (at 90° or 180°, for example) improved its performance. Further, the 20 meter elements had to be lengthened by almost a foot on each end of each element in order to compensate for the effect of the interlaced 40 meter elements. It was a lucky thing that the tower was a motorized crank-up, because it went up and down hundreds of times as various experiments were attempted!

Interaction due to close proximity to other antennas in a short Christmas Tree can definitely destroy carefully optimized patterns of individual Yagis. Nowadays, such interaction can be modeled using a computer program such as EZNEC or NEC. A gain reduction of as much as 2 to 3 dB can easily result due to close vertical spacing of monobanders, compared to the gain of a single monoband antenna mounted in the clear. Curiously enough, at times such a reduction in gain can be found even when the front-to-back ratio is not drastically degraded, or when the front-to-back occasionally is actually improved.

If you plan on stacking monoband Yagis — for example, putting 15 and 20 meter Yagis on a single tower, do make sure you model the system to see if any interactions occur. You may be quite surprised.

Finally, triband antennas make for less mechanical complexity than do an equivalent number of monobanders. There were five Yagis on the N6BV/1 tower, yielding gain from 40 to 10 meters, as opposed to using 12 or 13 monobanders on the tower.

SIMPLE TRIBANDER STACKS

All this discussion of large stacks of many antennas is simply out of the question for most amateurs. However, many hams already have a tribander on top of a moderately tall tower, typically at a height of about 70 feet. It is not terribly difficult to add another, identical tribander at about the 40-foot level on such a tower. The second tribander can be pointed in a fixed direction of particular interest (such as Europe or Japan), or it can be rotated around the tower on a side mount or a Ring Rotor. If guy wires get in the way of rotation, the antenna can usually be arranged so that it is fixed in a single direction.

Insulate the guy wires at intervals to ensure that they don’t shroud the lower antenna electrically. A simple feed system consists of equal-length runs of surplus 1⁄2-inch 75-W hardline (or more expensive 50-W hardline, if you are really obsessed by SWR) from the station up the tower to each antenna. Each tribander is connected to its respective hardline feeder by means of an equal length of flexible coaxial cable, with a ferrite choke balun, so that the antenna can be rotated.

Down in the station, the two runs of hardline can simply be switched in and out of parallel to select the upper antenna only, the lower antenna only, or the two antennas as a stack. See Figure 14.62. Any impedance differences can be handled as stated previously, simply by retuning the linear amplifier, or by means of the internal antenna tuner (included in most modern transceivers) when the transceiver is run barefoot. The extra performance experienced in such a system will be far greater than the extra decibel or two that modeling calculates.
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14.4.8 Stacking Dissimilar Yagis

So far we have been discussing vertical stacks of identical Yagis. Less commonly, hams have successfully stacked dissimilar Yagis. For example, consider a case where two 5-element 10 meter Yagis are placed 46 and 25 feet above flat ground, with a 7-element 10 meter Yagi at 68 feet on the same tower. See Figure 14.63, which is a schematic of the layout for this stack. Note that the driven element for the top 7-element Yagi is well behind the vertical plane of the driven elements for the two 5-element Yagis. This offset distance must be compensated for with a phase shift in the drive system for the top Yagi.
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Figure 14.64 shows the elevation-pattern responses for uncompensated (equal-length feed lines) and the compensated (additional 150° of phase shift to top Yagi) stacks. These patterns were computed using EZNEC. Not only is about 1.7 dB of maximum gain lost, but the peak elevation angle is shifted upward by 11° from the optimal takeoff angle of 8° — where some 10 dB of gain is also lost. Without compensation, this is a severe distortion of the stack’s elevation pattern.
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For RG-213 coax, the extra length needed to provide an additional 150° of phase shift = 150°/360° l = 0.417 l = 9.53 feet at 28.4 MHz. This was computed using the program TLW (Transmission Line for Windows) included with this book’s online material.

It is not always possible to compensate for dissimilar Yagis in a stack with a simple length of extra coax, so you should be sure to model such combinations to make sure that they work properly. A safe alternative, of course, is to stack only identical Yagis, feeding all of them with equal lengths of coax to ensure in-phase operation.

TRANSFORMER-BASED STACKMATCH SWITCHING

Earlier we mentioned how useful it would be to switch various antennas in or out of a stack, depending on the elevation angles that need to be emphasized at that moment. Jay Terleski, WXØB, of Array Solutions (arraysolutions.com) has designed switchable matching systems, called StackMatches, for stacks of monoband or multiband Yagis. This has become the standard method of switching for stacks of Yagi antennas, whether monoband or triband. (A description of two other systems used by N6BV/1 and K1VR is included with this book’s online material.)

The StackMatch uses a 50-W to 22.25-W broadband transmission-line transformer to match combinations of up to three Yagis in a stack. See Figure 14.65 for a schematic of the StackMatch. For selection of any 50-W Yagi by itself, no matching transformer is needed and Relay IN routes RF directly to the common bus going to Relay 1, 2 and 3. For selection of two Yagis together the parallel impedance is 50/2 = 25 W and Relay IN routes RF to the matching transformer. The SWR is 25/22.25 = 1.1:1. For three Yagis used together, the parallel impedance is 50/3 = 16.67 W, and the SWR is 22.25/16.67 = 1.3:1.
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The broadband transformer consists of four trifilar turns of #12 enamel-insulated wire wound on a Ferrite Corporation FT-240 2.4-inch OD core made of #61 material (m = 125). WXØB uses 10-A relays enclosed in plastic cases to do the RF switching, selected by a control box at the operating position. (10-A relays can theoretically handle 10 A2 × 50 W = 5000 W.) Figure 14.66 shows a photo of the transmission-line transformer and StackMaster PCB.
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The control/indicator box uses a diode matrix to switch various combinations of antennas in/out of the stack. Three LEDs lined up vertically on the front panel indicate which antennas in a stack are selected.

SWITCHING TWO-ANTENNA ARRAYS

The following techniques of switching a pair of antennas was summarized by Dave Pruett, K8CC, in the article “Switching Stacked Antennas” in the January 1988 issue of the National Contest Journal (included in the online material).

Most two-element stacks require that each antenna receive equal power at the same phase angle as the other antennas. This is described as “both-in-phase” or “BIP” in a previous section along with being able to drive “both-out-of-phase” or “BOP.” When either antenna is selected singly, we must ensure that all the power goes to that antenna alone.

The system in Figure 14.67 uses a non-shorting switch that may be located in the station or in a remote switching box, as long as equal lengths of feed line are used for each antenna. The system in Figure 14.67B is a variation of the system that uses a shorting switch (unused positions grounded). If a λ/4 length of 50 W line is installed between the switch and the main feed line, then 75 Ω antennas and feed lines can be used.
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The system in Figure 14.68 provides A/B/BIP/BOP configurations using a non-shorting switch. A version using a shorting switch is shown in Figure 14.68B. Both systems in Figure 14.68 can be used with either 50 W or 75 W feed line with no changes. Note the use of the 3λ/4 line at the lower left to invert the phase of one antenna while not changing its feed point impedance.
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SWITCHING THREE- OR FOUR-ANTENNA ARRAYS

As a complement to the transformer-based system of Array Solutions, the approach taken by Ken Wolff, K1EA, to stack switching uses only lengths of feed line. Ken relied on the current-forcing effect of a 1⁄4-λ length of feed line and of combining parallel lengths of feed line for impedance transformation. Whether or not you replicate this system, the technique — originally published in the December 1989 issue of the Yankee Clipper Contest Club’s Scuttlebutt newsletter — can be applied in many different antenna system designs.

The basic approach is to connect all of the antennas in parallel, creating a low impedance, then transforming that impedance to 50 Ω with a 1⁄4-λ transmission line transformer. (See “Quarter-Wave Transformers” in the chapter on Transmission Line System Techniques.) Coaxial cables of different impedances (50 and 70 Ω) are combined in parallel to produce low-impedance feed lines. For example, two 50-Ω lines in parallel create a 25-Ω line, and a 50-Ω line in parallel with a 70-W line creates a 29.3-Ω cable. For the impedance transformer section, the formula is:

ZNEW = (ZLINE × ZLINE) / ZOLD

Some examples of this technique are shown in Figure 14.69. For example, the system with three 50-Ω antennas in parallel labeled “Top only or all three” (Figure 14.64B) creates a 50/3 = 16.7 Ω impedance. The 70-Ω and 50-Ω lines in parallel create a 29.2-Ω line. Using the transformation formula, the resulting impedance is (29.2 × 29.2) / 16.7 = 51 Ω which is a very close match to 50 Ω. Similarly, the four-stack (Figure 14.64A) antennas in parallel are 12.5 Ω and the two 50-Ω lines in parallel create a 25-Ω line, resulting in 50 Ω exactly.
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Similarly, six 50-Ω antennas in parallel (8.33 Ω) are matched with 20.6-Ω line made of two 70-Ω lines in parallel with one 50-Ω line, creating (20.6 × 20.6) / 8.33 = 50.9 Ω impedance. Five 50-Ω antennas in parallel create 10 Ω which is matched by a 23.3-Ω section of three 70-Ω lines in parallel, creating (23.3 × 23.3) / 10 = 54.4 Ω. The possibilities are endless: switch the antennas to be driven so they are in parallel, then switch in combinations of 50 and 70-Ω lines to match the resulting impedance to 50 Ω.

14.4.9 Miscellaneous Topics

STACKS AND FADING

The following is derived from an article by Fred Hopengarten, K1VR, and Dean Straw, N6BV, in a February 1994 QST article. Using stacked Hy-Gain TH7DXs or TH6DXXs at their respective stations, they have solicited a number of reports from stations, mainly in Europe, to compare various combinations of antennas in stacks and as single antennas. The peak gain of the stack is usually just a little bit higher than that for the best of the single antennas, which is not surprising. Even a large stack has no more than about 6 dB of gain over a single Yagi at a height favoring the prevailing elevation angle. Fading on the European path can easily be 20 dB or more, so it is very confusing to try to make definitive comparisons. They have noticed over many tests that the stacks are much less susceptible to fading compared to single Yagis. Even within the confines of a typical SSB bandwidth, frequency-selective fading occasionally causes the tonal quality of a voice to change on both receive and transmit, often dramatically becoming fuller on the stacks, and tinnier on the single antennas. This doesn’t happen all the time, but is often seen. They have also observed often that the depth of a fade is less, and the period of fading is longer, on the stacks compared to single antennas.

Exactly why stacks exhibit less fading is a fascinating subject, for which there exist a number of speculative ideas, but little hard evidence. Some maintain that stacks outperform single antennas because they can afford space diversity effects, where by virtue of the difference in physical placement one antenna will randomly pick up signals that another one in another physical location might not hear.

This is difficult to argue with, and equally difficult to prove scientifically. A more plausible explanation about why stacked Yagis exhibit superior fading performance is that their narrower frontal elevation lobes can discriminate against undesired propagation modes. Even when band conditions favor, for example, a very low 3° elevation angle on 10 or 15 meters from New England to Western Europe, there are signals, albeit weaker ones, that arrive at higher elevation angles. These higher-angle signals have traveled longer distances on their journey through the ionosphere, and thus their signal levels and their phase angles are different from the signals traversing the primary propagation mode. When combined with the dominant mode, the net effect is that there is both destructive and constructive fading. If the elevation response of a stacked antenna can discriminate against signals arriving at higher elevation angles, then in theory the fading will be reduced. Suffice it to say: In practice, stacks do reduce fading.

STACKS AND PRECIPITATION STATIC

The top antenna in a stack is often much more affected by rain or snow precipitation static than is the lower antenna. N6BV and K1VR have observed this phenomenon, where signals on the lower antenna by itself are perfectly readable, while S9+ rain static is rendering reception impossible on the higher antenna or on the stack. This means that the ability to select individual antennas in a stack can sometimes be extremely important for reasons unrelated to elevation angle.

STACKS AND AZIMUTHAL DIVERSITY

Azimuthal diversity is a term coined to describe the situation where one of the antennas in a stack is purposely pointed in a direction different from the main direction of the stack. During most of the time in a DX contest from the East Coast, the lower antennas in a stack are pointed into Europe, while the top antenna is often rotated toward the Caribbean or Japan. In a stack of three identical Yagis, the first-order effect of pointing one antenna in a different direction is that one-third of the transmitter power is diverted from the main target area. This means that the peak gain is reduced by 1.8 dB, not a very large amount considering that signals are often 10 to 20 dB over S9 anyway when the band is open from New England to Europe.

Figure 14.70 shows the 3D pattern of a pair of 4-element Yagis fed in-phase at 95 and 65 feet, but where the lower antenna has been rotated 180° to fire in the –X direction. The backwards lobe peaks at a higher elevation angle because the antenna doing the radiating in this direction is lower on the tower. The forward lobe peaks at a lower angle because its main radiator is higher.
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“BIP/BOP” OPERATION

The contraction “BIP” means “both in-phase,” while “BOP” means “both out-of-phase.” BIP/BOP refer to stacks containing two Yagis, although the term is commonly used for stacks containing more than two Yagis. In theory, feeding a stack with the antennas out-of-phase will shift the elevation response higher than in-phase feeding.

Figure 14.71 shows a rectangular plot comparing BIP/BOP operation of two 3-element 15 meter Yagis at heights of 2 l and 1 l (93 and 46 feet) over flat ground. The BOP pattern is the higher-angle lobe and the two lobes cross over about 14°. The maximum amplitude of the BOP stack’s gain is about 1⁄2 dB less than the BIP pair. For reference, the pattern of a single 46-foot high Yagi is overlaid on the pattern for the stacks.
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The most common method for feeding one Yagi 180° out-of-phase is to include an extra electrical half wavelength of feed line coax going to one of the antennas. This method obviously works on a single frequency band and thus is not applicable to stacks of multiband Yagis, such as tribanders. For such multiband stacks, feeding only the lower antenna(s) — by switching out higher antenna(s) in the stack — is a practical method for achieving better coverage at medium or high elevation angles.

14.4.10 Stack Antenna Switching Systems

This section applies to schemes to switch between two, three, or four antennas. Quarter-wave sections of 50 or 75 Ω transmission lines can be used to create specific phase relationships between antennas and match the resulting impedances to 50 Ω feed line from the transmitter. These are single-band systems because of the requirement for specific electrical lengths of feed line. Another method describes the use of a transformer to perform the impedance match for different combinations of antennas. This system does not depend on tuned sections of line and can be used on multiple bands with the caveat that the antennas should have very similar impedances on all frequencies to be supported.

The switching systems based on tuned lengths of transmission line (λ/4 or λ/2) use the current-forcing and impedance transformation effects of a λ/4 length of transmission line (see the Transmission Lines chapter). These systems rely on four basic rules:

1) The antennas are physically identical.

2) The feed line is identical for all tuned sections — use cable off the same spool or tune each length individually using an antenna or vector impedance analyzer.

3) Use choke baluns to block common-mode RF current on the outside of the feed line shield. (See the Transmission Line System Techniques chapter.)

4) Preserve the electrical length of the feed system in any configuration to eliminate the need for amplifier retuning after switching.

The final rule is perhaps the most important for a well-behaved switching system. If λ/4 lines are used for impedance matching and current forcing, the resulting changes to the reactance presented at the antenna feed point will change the loading of the transmitter as the system’s configuration is switched. It is also possible to preserve overall path electrical length by using additional λ/2 lines.

Builders of stack switching systems recommend that switching relays should be mounted in a relay box mounted on the tower at the array center. This reduces feed line cost, and the shorter feed lines make it easier to achieve the desired control of antenna phasing. This requires relays that can operate outside, and a control cable is needed.

The switch boxes should be metal, die-cast aluminum is recommended, with the coax connectors and relays mounted on the cover. Relays should be hermetically sealed with very low inductance in the switched path and have contacts rated at 20 A or higher. The low inductance is necessary to preserve phase on the 28 MHz and higher-frequency bands. For internal connections, using 3⁄4-inch flat-weave tinned braid 1⁄4-inch above the surface of the box cover creates an approximately 50 Ω transmission line to reduce phase changes due to inductive wiring. This technique is usable up to 2 meters.

While these methods were originally designed to switch between Yagi antennas in a vertical stack, a similar approach may be used with any type of antenna system in which either/both configurations are used. For example, power could be divided between wire beams or dipoles. The mutual impedances between the antennas should be negligible to ensure correct power splitting and impedance matching. Mixing different types of antennas may lead to unexpected variations in antenna pattern and impedance at different frequencies.

There have been numerous articles on stacked array switching in the National Contest Journal in which several useful variations are presented beyond the systems presented here.

14.5 References and Bibliography

Source material and more extended discussions of the topics covered in this chapter can be found in the references given below and at the end of Chapter 4, Propagation of Radio Waves, and Chapter 23, Transmission Lines and Connectors.

Breakall, J., WA3FET, et al, “The Modeling and Measurement of HF Antenna Skywave Radiation Patterns in Irregular Terrain,” IEEE Transactions on Antennas and Propagation, July 1994.

Brown, J., K9YC, “Planning Antenna Systems For the Little Gun Station,” k9yc.com/publish.htm.

“FM 11-65: High Frequency Radio Communications,” US Army.

Hopengarten, F., K1VR, Straw, D., N6BV, “Stacking Tribanders: A Super Station – Sorta,” QST Feb. 1994.

Pistorius, C., McNamara, D., Malherbe, J., Introduction to the Uniform Geometrical Theory of Diffraction (Artech House, 1990).

Pruett, D., K8CC, “Switching Stacked Antennas,” National Contest Journal, Jan. 1988.

Straw, D., N6BV, and Hall, J., K1TD, “Antenna Height and Communications Effectiveness,” arrl.org/files/file/antplnr.pdf.

Straw, D, N6BV, “What’s the Deal About NVIS?” QST, Dec. 2005.

Straw, D., N6BV, “The Effect of Local Terrain on HF Launch Angles,” QEX, July 1995.

Witvliet, B., PA5BW, et al, “Near Vertical Incidence Skywave Propagation: Elevation Angles and Optimum Antenna Height for Horizontal Dipole Antennas,” IEEE Antennas and Propagation Magazine, Feb. 2014.

White, J., VA7JW, “A Beginner’s Guide to HFTA High Frequency Terrain Assessment,” orcadxcc.org/content/VA7JW_HFTA_Manual.pdf.

Wolff, K., K1EA, “All About Switching,” Yankee Clipper Contest Club, Scuttlebutt, Dec. 1989.


[image: ]

OEBPS/image_rsrc5FR.jpg
Figure 11.58 — The W1CF half sloper for
160 meters is arranged in this manner.
Three monoband antennas atop the

NN

NI

i 8

B4
7

ANTO231

““Ground Anchor

52 Q
Transmission Line

tower provide capacitive loading.

—— Relay Switch
Box

N
o
-

_Guy Wires

s 15'
<\

T Gi d\\ !
ower Groun: R

%

Z

7
/‘Ground Anchor






OEBPS/image_rsrc5G3.jpg
Table 11.6
K, for Typical Wire Sizes
Wire 137 kHz 475 kHz

# Ks Ks

8 4.82 8.76
10 3.87 7.00
12 3.10 5.55
14 2.53 4.49
16 2.06 3.61

18 115 1.93





OEBPS/image_rsrc5GP.jpg
Matching Unit

22' Vertical Radiator RG-8X

Line Isolator

RG-8X to
Ant0248 Antenna Tuner

Figure 12.16 — Layout for flattop “Carolina Windom” antenna.
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Figure 12.26 — A W8NX multiband
dipole for 80, 40, 20, 15 and 10 meters.
The values shown (123 pF and 4 pH)

for the coaxial-cable traps are for
parallel resonance at 7.15 MHz. The low-
impedance output of each trap is used
for this antenna.






OEBPS/image_rsrc58B.jpg
Table 8.1

EDZ Antenna Dimensions for Different Bands

Freq Ly Min Antenna Z Feed point Z Ls SWR
(MHz) (ft) Height (ft) Q) Q) (ft)

7.075 175.2 66 170.5 -j976.1 4710 +j0.25 21.65 1.062:1
10.11 122.6 47 163.0 -j934.1 47.80 -j0.07 14.85 1.046:1
14.175 875 34 155.3 -/889.6 48.62 —j0.36 10.35 1.029:1
18.1 68.5 30 133.4 -j848.9 44.63 +j0.38 792 1.121:1
21.2 58.5 30 132.1 -799.9 4765 -j0.28 6.56 1.050:1
24.9 49.8 30 156.7 -j772.3 58.60 0.10 5.51 1.172:1
28.2 44 30 169.8 -j772.4 63.24 +j0.26 4.88 1.265:1

Lq is the antenna length, L; is the length of the matching feed line





OEBPS/image_rsrc5ET.jpg
ANT1244

3g-wave element,
@ 26 feet

Quarter-wave
wire radials, -
four @17.5 feet
o Max. Gain =-0.19 dBi Freq. = 14.15 MHz
Azimuth =0.0°

Figure 11.30 —The % A vertical (A) is 50% taller than the ¥ A vertical. Note that the current distribution on the vertical (B) shows the
current maximum to be about : A above the base. The elevation pattern of the ground mounted % )\ wavelength vertical is shown at C.
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12.41 — Dual-band vertical for 80 and 160 meters as
constructed by OZ4KG. The 160-meter section is constructed as
an inverted L. A shunt inductor across the base can be used to
raise the feed point impedance to 50 ohms as described in the
text.
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Figure 11.2 — When space is limited, the ends may be bent
downward as shown at A, or back on the radiator as shown at
B. The bent dipole ends may come straight down or be led off
at an angle away from the center of the antenna. An inverted-V
as shown in C can be erected with the ends bent parallel to the
ground when the support structure is not high enough.
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Figure 11.14 — Broadband TLR-based feed line match (see text).
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Figure 6.36 — The V-beams are supported by a
mast and a standard PVC power-entry cover. Relays
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controlled through a separate control cable.
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Figure 13.18 — Gain, F/R and SWR performance versus
frequency for optimized 30 meter Yagis. At A, gain versus
frequency is shown for three 30 meter Yagis whose booms
range from 15 feet to 34 feet long, and which have been
optimized for better than 10 dB F/R and less than 2:1 SWR
over the frequency range 10.1 to 10.15 MHz. At B, front-to-
rear ratio for these antennas is shown versus frequency,
and at C, SWR over the frequency range is shown. At

D, the taper schedule is shown for heavy-duty 30 meter
elements, which can withstand 107-mph winds without
icing, and 93-mph winds with -inch radial ice. Except for
the 2¥inch and 2-inch sections, which have 0.083 inch
thick walls, the wall thickness for the other telescoping
sections of 6061-T6 aluminum tubing is 0.058 inches, and
the overlap at the 1 inch telescoping junction with the
Yinch section is complete. The 2-inch section utilizes two
machined aluminum reducers to accommodate the t-inch
tubing.
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Figure 13.37 — Comparing the pattern of the 15 meter quad and
Yagi shown in Figure 13.31. The quad has a slightly narrower
frontal beamwidth (it has 0.5 dB more gain than the Yagi), but
has higher “rear quartering” sidelobes at about 125° (with a twin
sidelobe, not shown, at 235°). These sidelobes limit the worst-
case front-to-rear (F/R) to about 17 dB, while the F/B (at 180°,

directly at the back of the quad) is more than 24 dB for each
antenna.
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Table 13.3
Optimized 15 Meter Yagi Designs.
Two-element 15 meter Yagi, 6 foot boom

Element Spacing
File Name
Reflector 0.000°

Driven Element  66.000"
Throo-cloment 15 moter Yagi, 12 foot boom

Emont Spaci
File Name e
Rofiecio o000

Drven Elemant  45,000°
Dirctor 1 -
Compontalor 12" bahind D1
Fourelament 15 meter Yag, 1 foo boom
Eloment ‘Spacing

Fi Name

Rofectr o000

Drven Element  56.000°
Drecior 1 000
Dirocor 2 38000
Componsalor 12" bahind Dr.2
Fve-soment 15 moter g, 24 foot boom
Elomont Spacing

Fio Name

Refeci o000

Drven lemant  48,000°
Diecir 1 000
Direcor 2 s2000
Diecior 3 34000
Compensator 13" banind 0.3
Sixolamnt 15 meter agi,36 foot boom
Elmant Shacing

Fle Name

Refiectr o000

Drven Eloment  83.000°
Diecior 1 o0
Direcor 2 55000
Diecior 3 000
Diecior s 12000
Compensator 12" banind Dir.¢
Sovenlement 15 meter Yagi 8 oot boom
Somant Spacing

Fie Name

Rofiecir oo0r

Drven Elment  48.000"

Diecior 1 380>
Drecior2 123000
Direcior3 190.000°
Director 4 Tat000-
Componsator 12" bahnd Dir.&
Soverseloment 15 matr Yag), 60 foot boom
St Spacing

Fle Name

Rofciy o000

Drven Element  48.000°

Direcior 1 8000
Direcior2 33000
Drecior 3 173000
Drecior 3 197000°
Direcio 5 128000
Compansator 12" bahind Dic. 5
Eghtolement 15 metor Yag 80 foot boom
Eomant Spiting

Fie Name

Rollecior o000

Orven Hamant 55,000

Dhecior 35000
Diecior2 15000
Direcior 3 164,000
Diector & 202000
Diecior 5 206000
Direcior & 63000

Compensator 12" behind Dir. 6

HoauyDuty i
SO
0
Stor

Hoavy-Duty T
Ao
2000
Stoo
30
p

HoanrDuyTip
415-18H.Y
61.000"
51500
38.000"
36625
20875"

Hoavy-Duty i
SRR
&2 000
$5375
irere:
7000
1000
0250

Hoavy-Duty T
e
800"
S2000-
B
Bias
b
oo
pd

Heavy-Duty Tip
15-48H YW
62,000°
52000"
51250°
48.000°
45.500"
42.000°
51500"

Heavy-Duty Tip
TIS60HYW
59.750"
52.000°
52000"
49.500"
44.125"
45.500"
41750"
58.500"

Heavy-Duty Tip
815.80H,
62.000"
52500"
51500"
8375
a5750"
43125°
750"
w0875
95.000"

Medium-Duty Tip
215.06M
85.000"
74000"

Medium.ury o
S

83250"
73750"
86750"
s7625"

Medum Duty T
st
8350
72500"
715
a5
ez

Medtum oy Tip
515.24M.Y
8a575"

Medium-Duty Tip
615.36M.YL
83575

75000"

72.125"

88.375°

71000"

85375"

39750"

Medium-Duty Tip
B15-48MYW
84.000°

75.000°

74.125"

71125

68.750"

65375"

45375

Medium-Duty Tip
715-60MYW
£2250"

75.000°

74875"

72500

67375"

68.750"

65.125"

51000"

‘These 15 meter Yagi
designs are optimized for
> 20 4B F/R, and SWR
<211 over entie freg-
Uency range from 21,000 to
21,450 MHz, for heavy-duty
elements (124 mph wind
survival) and for medium-
duty (85 mph wind survival).
Only slement tip dimensions
are shown. See Fig 13.15D
for element telescoping
tubing schedule. Al dimen-
sions are in inches. Torque
compensator element is
made of 2.5° OD PVC water
pipe placed 12" behind last
irector, and dimensions
shown for compensaors.
Is one-half of total length,
‘centered on boom.
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Figure 9.44 — Two methods of installing the insulators at the
loop corners.
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Table 9.1
Loop Antennas for 160 Meters
Description

Diamond loop, bottom 2.5 meters high
Square loop, bottom 2.5 meters high
Inverted equilateral delta loop

(flat wire on top)
Regular equilateral delta loop

Feeding Method

Fed in side corner
Fed in center of one vertical wire
Fed /4 from bottom

Fed /4 from top

Gain
(dBi)
2.15
2.06
1.91

1.90

Elevation Angle
(degrees)

18.0
20.5
20.9

18.1
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Figure 7.4 — An end-fire array. Practical arrays may combine
both broadside directivity (Figure 7.3) and end-fire directivity,
including both parallel and collinear elements.
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Figure 7.40 — Remote switching of relays. See text for compo-
nent information. A one-relay system is shown at A, and a two-
relay system at B. In B, S1 activates K1, and S2 activates K2. In
addition, it is recommended to bypass each diode with a 0.001
— 0.01 pF disc ceramic capacitor to avoid generating harmonics
and mixing products when transmitting.
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Figure 14.28 — The geometry of reflection for a sloping site.
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Figure 11.59 — Efficiency at 475 kHz (A) and 137 kHz (B) with
base tuning.
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Figure 8.53 — The basic elements of a ZL Special 2-element
horizontal array.
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Figure 10.B — A chart relating gain, boom length factor, and c..
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Figure 13.10 — Theoretical gain versus boom length for 20 meter
Yagis designed for optimal combination of F/R, SWR and gain
across the entire 14.0 to 14.35 MHz band. The theoretical gain
approaches 20 dBi for a gigantic 724-foot boom, populated with

31 elements. Such a design on 20 meters is not too practical, of
course, but can readily be achieved on a 24-foot boom on 432 MHz.
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Figure 10.21 — This 80-foot, 3-30 MHz discone is located at the
Titan Missile Museum south of Tucson, Arizona.
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Figure 14.4 —The layout and 15 meter currents when the Yagis
on the 100-foot tower are pointed toward the 70-foot tower.
The 15 meter Yagi has been rotated to face the direction of the
100-foot tower (toward the Caribbean).
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Figure 12.36 — A vertical whip antenna tuned by an automatic
antenna tuner at its base is an effective multiband antenna. A
43-foot whip is a popular choice, present-ing reasonable feed
point impedances from 80 through 10 meters.
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Figure 9.10 — Configuration and radiation patterns for a
vertically polarized equilateral delta loop antenna.The
model was calculated over good ground, for a frequency
of 3.8 MHz. The elevation angle for the azimuth pattern at
Cis 22°.
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Figure 11.43 — A single elevated radial can be used for the
inverted-L. This changes the directivity slightly. The series
tuning capacitor is approximately 175 pF for this system.
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Figure 6.17 — Elevation pattern for the same 209-foot-per-leg
V-beam (solid line), at 7 MHz, compared to a 40 meter dipole
(dashed line) at the same height of 70 feet.





OEBPS/image_rsrc567.jpg
ANTOS24

4-Ele. Yagi

o

Max Gain = 15.92 dBi Elevation Plot Bt
Freq = 28.0 MHz Azimuth Angle = 0°

()

Figure 6.29 — At A, the azimuthal pattern for
the same terminated antenna in Figure 6.26,
but now at 28 MHz compared to a 4-element

Rhomblc 10-meter Yagi. At B, the elevation-plane pattern
comparison for these antennas.

Max. Gain = 16.82 dBi Azimuth Plot
Freq = 28.0 MHz Elevation Angle = 6°
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Figure 8.29 — The Bobtail curtain is an excellent low-angle
radiator having broadside bidirectional characteristics. Current
distribution is represented by the arrows. Dimensions A and

B (in feet, for wire antennas) can be determined from the
equations.
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Figure 12.4 — An end-fed Zepp antenna for multiband use.
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Figure 6.1 — Theoretical
gain of a long-wire antenna,
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Figure 8.42 — Gain of an end-fire array consisting of two
elements fed 180° out-of-phase, as a function of the spacing
between elements. Maximum radiation is in the plane of the
elements and at right angles to them at spacings up to 2/2, but
the direction changes at greater spacings.
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Figure 11.7 — The folded
dipole is constructed from
open-wire transmission line
with the ends connected
together. The close proximity
of the two conductors and
the resulting coupling act as
an impedance transformer
to raise the feed point
impedance over that of a
single-wire dipole by the
square of the number of
conductors used.
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Figure 7.33 — The current probe for use in the test setup
of Figure 7.32. The ferrite core is of type 77 ferrite or type 2
powdered iron and may be any size. The coax line must be
terminated at the opposite end with a resistor equal to its
characteristic impedance. You should build this probe in a
plastic or metal box to provide mechanical ruggedness.
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Figure 8.3 — At A, two-element collinear array (two half-waves in
phase). The transmission line shown would operate as a tuned
line. A matching section can be substituted and a nonresonant
line used if desired, as shown at B, where the matching section
is two series capacitors.
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Figure 10.13 — A generalized sketch of an LPDA with the
addition of a parasitic director to improve performance at the
higher frequencies within the design range.
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Figure 10.20 — Basic discone dimensions from Belrose’s article
in the online material. C,,;;, and C,,,, are the minimum and
maximum cone diameter, respectively.
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Table 14.1

Average Elevation Angles for Target
Destinations from San Francisco

Location Distance Average Elevation
(Miles) Angle (Degrees)
San Jose, CA 43 80
Sacramento, CA 75 78
Fresno, CA 160 63
Reno, NV 185 60
Los Angeles 350 44
San Diego 450 42
Portland, OR 530 30
Denver, CO 950 18

Dallas, TX 1500 8
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Figure 14.24 — 40 meter elevation statistics for the Cleveland to
Boston path, together with elevation patterns for four antennas.
Here, the 100-foot high horizontally polarized G5RV would have
a null in the middle of the range of elevation angles needed for
consistent performance on this path. For multiband use on this
path to relatively nearby stations, the 50-foot high horizontal
antenna would be a better choice than the 100-foot high antenna.
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Figure 11.25 — Radiation resistance of a 4-radial groundplane
antenna as a function of height over ground. Perfect and
average ground are shown. Frequency is 3.525 MHz. Radial
angle (0) is 0°.
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Figure 7.8 — Feed-point resistance measured at the center of
one element as a function of the spacing between two parallel
s-). self-resonant antenna elements. For ground-mounted

Y, ). vertical elements, divide these resistances by two.
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Figure 7.15 — A useful property of 2/4 transmission lines; see
text. This property is utilized in the “current-forcing” method of
feeding an array of coupled elements.
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Figure 14.57 — Stacks of three 3-element and 7-element Yagis

on 15 meters at 90/60/30 feet heights. The F/B for the 7-element
stack is superior to the 3-element stack mainly because the F/B is
intrinsically better for the long-boom design.
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Table 8.3

Gain for Half-Square Antenna, Where Ends are
Bent Into V-Shape (see Figure 8.24C)

Height = H=40 feet H=40feet H=60feet H=60 feet

Ls L, Gain Ly Gain
(feet) (feet) (dBi) (feet) (dBi)
40 576 3.25 52.0 275
60 514 3.75 45.4 3.35
80 452 3.95 76.4 3.65
100 38.6 375 614 3.85
120 317 3.05 44.4 3.65

140 — — 23 3.05
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Figure 8.35 — Comparison of free space patterns of a 4-element
Bruce array (solid line) and a 3-element Bobtail curtain (dashed

line).
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Figure 13.36 — Comparison of gain, F/R and SWR over the 21.0 to
21.45-MHz range for an optimized 5-element quad and optimized
5-element Yagi, both on 26-foot booms. The quad enjoys a gain
advantage of about 0.5 dB over most of the band. Its rearward
pattern is not as good as the Yagi, which remains higher than

24 dB across the whole range, com-pared to the quad, which
remains in the 16-dB average range.
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Figure 14.39 — Elevation response computed by HFTA program
for single 4-element 15 meter Yagi at 60 feet above “Hill-Valley”
terrain shown in Figure 14.34. Note that the slope has caused
the response in general to be shifted toward lower elevation
angles. At 5° elevation, the diffraction components add up to
increase the gain slightly above the amount a GO-only analysis
would indicate
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Figure 14.51 — Comparison of elevation patterns for K1EA’s
illustration about 15 meter Yagis mounted over flat ground, with
elevation-angle statistics to Europe added. The stack at 120 and
60 feet yields a better footprint over the range of 3° to 11° at its
half-power points, better than either antenna by itself.
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Figure 12.23 — A trap dipole antenna. This antenna may be
fed with 50-Q coaxial line. Depending on the L/C ratio of the
trap elements and the lengths chosen for dimensions A and
B, the traps may be resonant either in an amateur band or at a
frequency far removed from an amateur band for proper two-
band antenna operation.
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Table 10.1
Trap Q
Frequency (MHz) 3.8 715 14.18 18.1 213 249 286

HighZout (Q) 101 124 139 165 73 179 186
Low Z out (Q) 83 103 125 137 44 149 155
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Figure 9.37 — At A, details of the rectangular full-wave loop.
The dimensions given are for operation at 7.05 MHz. The height
above ground was 7 feet in this instance, although improved
performance should result if the builder can install the loop
higher above ground without sacrificing length on the vertical
sides. At B, illustration of how a single supporting structure can
be used to hold the loop in a diamond-shaped configuration.
Feeding the diamond at the lower tip provides radiation in the
horizontal plane. Feeding the system at either side will result in
vertical polarization of the radiated signal.
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Figure 10.2 — Some fundamental relationships that define an
array as an LPDA. See the text for the defining equations.
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Figure 9.34 — Detail of the secondary feeding loop.
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Figure 12.11 — Figure-8-shaped capacitance hats, made and
placed as described in the text, can resonate a 40 meter dipole
anywhere in the 15 meter band. The same technique can be
used for 80/30 meter and 75/10 meter dipoles.
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Figure 14.46 — The 21-MHz elevation response for a stack

of three TH7DX Yagis mounted on a single tower at 90/60/30
feet, at the N6BV/1 QTH for a 45° azimuth toward Europe. The
terrain focuses the energy at low elevation angles compared
to the same stack over flat ground. This illustrates once again
the conservation of energy: Energy squeezed down into low
elevation angles is stolen from other, higher, angles.
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Table 10.4
Element Dimensions (see Figure 10.31)
Element Spacing (inches)

Dip 1102 4%
Dpy 2103 4Ve
Dy 3104 3146

Element Lengths (inches)
L11, L12 20%
L21, L2219V
L31, L3217V
L41, L4216

L11, L12, L31, and L32 are mounted on the outside of the rails.
An alternate set of lengths is provided in the complete article.
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Figure 6.22 — Azimuthal-plane pattern for 5-. long-wire antenna
at 14 MHz and 70 feet above flat ground. The dotted line shows
the long-wire terminated with 600-Q to ground, while the solid
line is for the same antenna unterminated. For comparison, the
response for a 2-). dipole (dashed line) is overlaid with the two
other patterns. You can see that the terminated long-wire has

a good front-to-back pattern, but it loses about 2 dB in forward
gain compared to the unterminated long-wire.
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Figure 10.15 — SWR in free space. Performance at 55 feet above
ground is nearly indentical.
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Figure 10.25 — Details of the electrical and mechanical
connections of the elements to the phase-line. Knots in the
nylon rope stay line are not shown.





OEBPS/image_rsrc5AG.jpg
v 0 Figure 9.17 — Radiation patterns for a 1 . square, horizontal loop cut for

3.8 MHz and installed at 30 feet above average ground. On the fundamental
(A), the loop has an omnidirectional, high-angle pattern. At higher fre-
quencies (B - 14.2 MHz, C - 28.3 MH2) the pattern breaks up into multiple
lobes at lower elevation angles.
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Figure 6.7 — The azimuthal-plane performance for an 8-1 (571
feet) long-wire antenna (solid line), compared with a 4-element
Yagi (dotted line) and a '4-) dipole (dashed line).
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Figure 9.43 — A complete view of the Loop Skywire. The square loop is erected horizontally.
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Figure 10.27 — 2-element 10 Meter LPDA free-space radiation
pattern at 28.5 MHz.
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Figure 14.45 — The location data entry screen for one of the towers at W1AW. Google
Maps (maps.google.com) was used to obtain the lat/lon location data as described in
the text
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Figure 6.12 — Azimuthal pattern for a V-beam (solid line) with
2-). legs (137 feet at 14 MHz), with an included angle of 60°
between them. The height is 70 feet, or 1 2, over flat ground.
For comparison, the response for a 4-element Yagi (dotted line)
and a dipole (dashed line) are shown. The 3-dB beamwidth has
decreased to 23 0°
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Figure 6.23 — The azimuthal patterns for a shorter-leg V-beam
(2-2 legs) when it is terminated (solid line) and unterminated
(dashed line). With shorter legs, the terminated V-beam loses
about 3.5 dB in forward gain compared to the unterminated
version, while suppressing the rearward lobes as much as

20 dB.
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Figure 7.21 — Screen capture from Arrayfeed1 program for
“Simplest” 2-element phased array shown in Figure 7.16 and
whose feed-point impedances are modeled by EZNEC.
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Figure 7.23 — Feed system for the three element 1:2:1 binomial
array. All feed lines are 3/4 electrical wavelength long and have
the same characteristic impedance.
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Figure 12.25 — Layout of multiband antenna using traps con-
structed as shown in Figure 10.26. The capacitors are 100 pF
each, transmitting type, 5000-V dc rating (Centralab 850SL-
100N). Coils are 9 turns of #12 AWG wire, 2% inches diameter,
6 turns per inch (B&W 3029) with end turns spread as neces-
sary to resonate the traps to 7.2 MHz. These traps, with the wire
dimensions shown, resonate the antenna at approximately the
following frequencies on each band: 3.9, 7.25, 14.1, 21.5, and
29.9 MHz (based on measurements by W9YJH).





OEBPS/image_rsrc56G.jpg
ANT0296

Figure 7.1 — Fields from separate antennas combine at a distant
point, P, to produce a field strength that exceeds the field
produced by the same power in a single antenna.
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12.40 — Dual-band vertical for 80 and 160 meters as constructed
by N2NL/KH2. The 80-meter section forms an inverted L with top
loading wires creating a top-loaded 160-meter T vertical.
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Figure 8.9 — A general design for Extended Double Zepp
antennas by W5JH. Values for L4 (doublet length) and L; (feed
line length) are given in Table 8.1.
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Figure 11.3 — The inverted-V dipole. Two different configurations
for 80 meter inverted-V dipoles are shown — one for a 120° apex
angle and one for a 96° apex angle.
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Table 11.2

Broadband 80 Meter Dipole Calculated
and Actual Lengths

Calculated Actual
Va-h Coax 43.3 ft 43.3 ft
1-1 Coax 173.1 ft 170.5 ft*
Dipole 124.5 ft 122.7 ft

*includes feed line used for choke balun
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Figure 10.C — lllustration of sparse to heavily filled arrays.
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Figure 10.36 — Construction details for a VHF/UHF discone antenna. The largest dimension of the discone is determined by the
lowest frequency of use.
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Figure 13.1 — Two-element Yagi systems using a single parasitic
element. At A the parasitic element acts as a director, and at B
as a reflector. The arrows show the direction in which maximum
radiation takes place.
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Figure 14.23 — 80/75 meter elevation statistics for all portions
of the 11-year solar cycle for the path from Cleveland, Ohio,
to Boston, Massachusetts, together with the elevation
responses for four different multiband antennas. The 100-
foot high horizontally polarized G5RV performs well over the
entire range of necessary takeoff elevation angles.
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Figure 9.3 — Shown at A is a square loop, with its elevation-
plane pattern at B and azimuth pattern at C.The patterns are
generated for good ground. The bottom wire is 0.0375 % above
ground (3 meters or 10 feet on 80 meters). At C, the pattern is for
a wave angle of 21°.
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Figure 8.54 — Outline sketches of several classic ZL Special
designs.
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Figure 12.37 — EZNEC elevation pattern of %-wavelength
ground-mounted monopole on 20 meters over typical ground
(A). At B, the same antenna on 17 meters (solid line), 15 meters
(dashed line), and 10 meters (dotted line).
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Figure 8.16 — Methods of feeding 3- and 4-element broadside
arrays with parallel elements.
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Figure 11.21 — The vertical dipole shown here uses coaxial

cable as the lower leg. The upper and lower leg are connected
together by using a PL-259 on each and a PL-258 to join them.
The feed point assembly must be carefully weatherproofed. A
ferrite choke acts as an insulator for the bottom leg (see text).
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Figure 11.54 — Feed system used by W1FB for 1.8 MHz half-
sloper on a 50-foot self-supporting tower.
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Figure 11.63 — Feed point impedance matching with the base
inductor.





OEBPS/image_rsrc5AT.jpg
Table 9.2
Inductance Equatio

Triangle:

L (uH)=0.006 N? s

Squ
L (u

are:
H)=0.008N? s

Hex:
L (n

agon:
H)=0.012N?s

Octagon
L (uH)=0.016N? s

where
N = number of turns
s = side length in cm
¢ =coil length in cm

ns for Short Coils (Loop Antennas)

14547 SN |0 s 0.1348(N+1)¢
N+ 1) ¢ N
14142N) 000, 03333 (N+1)¢
(N+1) ¢ SN
2sN ]+0_65533+0.1348(N+1)z
(N+1) (| SN
2613SN) (opyn Q0713 (N+1)¢
(N+1) ¢ SN





OEBPS/image_rsrc5B5.jpg
Figure 9.29 — The electrically small HF loop includes a
primary loop and a secondary feeding loop in slightly
displaced parallel planes, so that the feeding cable does not
touch the bottom of the primary loop. A resonating capacitor
connects across a gap at the bottom of the primary loop.
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Figure 11.49 — The /4 “half sloper” antenna.
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Figure 8.41 — The bi-square array. It has the appearance of a
loop but is not a true loop because the conductor is open at the
top. The length of each side, in feet, is 480/f (MHz).
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Figure 14.68 — An A/B/BIP/BOP system using a non-shorting switch (A) and a shorting switch (B) with unused positions grounded.
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Figure 8.47 — Free-space E-plane pattern for the 2-element

W8JK array.
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Figure 10.14 — Individual single-band LPDA cells are arranged
along a single boom producing consistent performance across
the amateur bands in one antenna. These EZNEC Pro/4 models
show current amplitudes on each element from 20 meters (A)
through 10 meters (E).
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Figure 10.22 — Typical lower-HF wire 4-element log periodic
dipole aray erected on a tower.
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Figure 11.20 — A 20-meter HVD whose bottom is 8 feet above
ground. This is fed with a /2 of RG-213 coax. This system uses
a common-mode choke at the feed point and another 2./4 down
the line. The resulting azimuthal radiation pattern is within 0.4
dB of being perfectly circular. The “wingspan” of this antenna
system is 27 feet from the radiator to the point where the coax
comes to ground level.
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Figure 10.10 — Four (of many) possible construction techniques, shown from the array end. In A, an insulated plate supports and
separates the wires of the phase-line, suitable with wire or tubular elements. A dual circular boom phase-line also supports the
elements, which are cross-supported for boom stability. Square tubing is used in C, with the elements joined to the boom/phase-line
with through-bolts and an insert in each half element. The L-stock shown in D is useful for lighter VHF and UHF arrays.
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Figure 6.2 — At A, comparison of azimuthal patterns

for a 1-. long-wire antenna (solid line) and a 2-1 dipole
(dashed line) at an elevation angle of 10°. Each antenna is
located 1 % (70 feet) over flat ground at 14 MHz. At B, the
elevation-plane patterns at peak azimuth angles for each
antenna. The long-wire has about 0.6 dB more gain than
the dipole.
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Figure 11.26 — Radiation resistance and resonant length for
a 4-radial ground-plane antenna > 0.3 | above ground as a
function of radial droop angle ().
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Figure 7.32 — One method of measuring element currents in a
phased array. Details of the current probe are given in Figure
7.33. Caution: Do not run high power to the antenna system for
this measurement, or damage to the test equipment may result.
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Figure 8.2 — Gain of two collinear 2/2 elements as a function of
spacing between the adjacent ends.
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Figure 7.9 — Feed-point resistance measured at the center of

one element as a function of the spacing between the ends of
two collinear self-resonant .- antenna elements operated in

phase.
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Figure 7.16 — “Simplest” feed system for 2-element array. No
matching or phasing network is used here, only transmission
lines.
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Figure 11.58 — Base voltage when radiating allowed P, (A) and
with P, = 100 W (B).
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Figure 12.3 — An “artificial ground” can be used to tune a
random length of wire to minimize RF voltage on station
equipment enclosures.
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Figure 14.14 — At A, predicted 40 meter geographic coverage plot for a 100 W transmitter in December at 0000 UTC (near sunset), for
a SSN (Smoothed Sunspot Number) of 20. The antennas used are 20-foot-high inverted V dipoles. At B, 40 meter coverage for same
date and time, but for 100-foot-high flattop dipoles. Most of California is well covered with S9 signals in both cases, but there is more
susceptibility in the higher dipole case to thunderstorm crashes coming from outside California, for example from Arizona or even
Texas Such noise can interfere with communications inside California.
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Figure 14.40 — “Hill-Ahead” terrain, shown with diffracted rays
created by illumination of the edge of the plateau at the top of
the hill.
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Figure 14.52 — Comparison of elevation patterns for individual
20 meter Yagis over flat ground, compared with the range of
elevation angles needed on this band from New England to
Europe (gray bars) and to Japan (black bars). For fun, the
response of a 200-foot high Yagi is included — this antenna

is far too high to cover the needed range of angles to Europe
because of its deep nulls at critical angles, like 10°. But the 200
footer is great into Japan!
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Figure 6.16 — The elevation-plane of the 209-foot-per-leg
V-beam (solid line) compared to the dipole (dashed line). Again,
the elevation angle for peak gain corresponds well to that of the
simple dipole at the same height.
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Figure 6.28 — Comparison of azimuthal patterns for terminated
(solid line) and unterminated (dashed line) rhombic antennas,
using same dimensions as Figure 6.26 at a frequency of 14 MHz.
The gain tradeoff is about 1.5 dB in return for the superior
rearward pattern of the terminated antenna.
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Figure 8.20 — Typical 80 meter half-square, with 2/4-high
vertical legs and a 2/2-long horizontal leg. The antenna may be
fed at the bottom or at a corner. When fed at a corner, the feed
point is a low-impedance, current-feed. When fed at the bottom
of one of the wires against a small ground counterpoise, the
feed point is a high-impedance, voltage-feed.
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Figure 8.30 — Calculated free-space E-plane directive diagram
of the Bobtail curtain shown in Figure 8.29.The array lies along
the 90° — 270° axis.
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Figure 9.2 — Radiation resistance and feed point resistance for square loops at different heights above real ground. The loop
was first dimensioned to be resonant in free space (reactance equal to zero), and those dimensions were used for calculating the
impedance over ground. At A, for horizontal polarization, and at B, for vertical polarization. Analysis was with NEC at 3.75 MHz.
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Figure 14.8 — Screen capture from HFTA (HF Terrain Assess-
ment) program showing elevation response for 100-foot high
dipole over flat ground on 7.1 MHz, with bar-graph overlay of
the statistical elevation angles needed over the whole 11-year
solar cycle from New England (Boston) to all of Europe. Even a
100-foot high antenna cannot cover all the necessary angles.
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Figure 9.11 — Configuration and radiation patterns for the
“compressed” delta loop, which has a baseline slightly longer
than the sloping wires. The model was dimensioned for 3.8 MHz
to have an apex height of 24 meters and a bottom wire height of
3 meters. Calculations are done over good ground at a frequency
of 3.8 MHz. The azimuth pattern at C is for an elevation angle of
23°. Note that the correct feed point remains at 2/4 from the apex
of the loop.
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Figure 14.34 — Hypothetical terrain exhibiting so-called

“10-foot rock effect.” The terrain is flat from the tower base out
to 400 feet, where a 10-foot high rock is placed. Note that this
forms a diffraction wedge, but that it also blocks direct waves
trying to shoot through it to the flat surface beyond, as shown
by Ray A. Ray B reflects off the flat surface before it reaches

the 10-foot rock, but it is blocked by the rock from proceeding
further. A simple Geometric Optics (GO) analysis of this terrain
without taking diffraction into account will result in the elevation
response shown in Figure 14.31.
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Figure 12.5 — The end-fed half-wave (EFHW) antenna. For permanent use, it can be in-
stalled horizontally with both ends well above ground. For portable or temporary use, it is
common to keep the feed point near ground level and support the other end with a mast
or with a rope over a tree branch. The counterpoise is connected to the feed line shield.
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Figure 14.18 — VOACAP
calculations for a 350 mile path
from San Francisco to Los
Angeles, using 10 foot-high flattop
dipoles. This plot shows the signal
strength in S units (“S10” = S9+10)
for a worst-case month/SSN
combination — winter solstice, in
December, for a low level of solar
activity (SSN = 20). The 40 meter
signal drops to a very low level
during the night because the MUF
drops well below 7.2 MHz. The 80
meter signal drops in the afternoon
because of D-layer absorption. For
24-hour communications on this
path, the rule of thumb is to select
40 meters during the day and

80 meters during the night.
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Figure 13.21 — Gain, F/R and SWR over the 21.0 to 21.45 MHz
band for original and optimized Yagis using Hy-Gain hardware.
Original 155BA design provided excellent weight balance

at boom-to-mast bracket, but compromised the electrical
performance somewhat because of non-optimum spacing of
elements. Optimized design requires wind torque-balancing
compensator element, and compensating weight at director end
of boom to rebalance weight. The F/R ratio over the frequency
range for the optimized design is more than 22 dB. Each ele-
ment uses the original Hy-Gain taper schedule and element-to-
boom clamp, but the length of the tip is changed per Table 13.9.
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Figure 13.31 — Outline of a Moxon rectangle with various dimensions labeled.
Table 13 11 shows the dimensions for various HF amateur bands.
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Figure 12.45 — Dimensions of a C-R dipole for the 30-, 17- and
12 meter bands.
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Table 8.2

Variation in Gain with Change in Horizontal Length
Vertical Height Readjusted for Resonance (Figure 8.24A)
Ly Ly Gain

(feet)  (feet)  (dBi)

100 85.4 2.65

110 79.5 3.15

120 73.7 3.55

130 67.8 3.75

140 61.8 3.65

150 56 3.05

155 53 2.65

Vertical Length Readjusted for Resonance, but Horizontal
Wire Kept at Constant Height (Figure 8.24B)

Ly L, Gain
(feet)  (feet)  (dBi)
110 787 3.15
120 73.9 3.55
130 68 3.75
140 63 3.35
145 60.7 3.05
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Table 8.4
Bruce Array Length, Impedance and Gain as a Function of Number of Elements

Number Gain Over 3/2 Gain over \/4 Array Length Approx. Feed
Elements Vertical Dipole Ground-Plane Wavelengths 4

2 12dB 1.9dB Va 130

3 2.8dB 3.6dB V2 200

4 4.3dB 5.1dB Ya 250

5 5.3dB 6.1dB 1 300
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Figure 14.58 — HFTA screen shot showing how complicated
things become when real-world irregular terrain is analyzed.
This is the 20-meter elevation pattern for the N6BV/1 station
location in Windham, NH, for the 90/60/30-foot stack of triband
TH7DX Yagis and a 4-element Yagi at 120 feet on the same tower.
For comparison, the response of a 120-foot Yagi over flat ground
is also included.
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Figure 11.29 — A wound-coax choke balun with sufficient
impedance to isolate the antenna properly can be made by
winding coaxial cable around a section of plastic pipe. Suitable
dimensions are given in the text.
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Figure 11.38 — At
A, an 80-meter top-
loaded, reverse-fed
elevated ground
plane, using a 40-
foot tower carrying

aTH7 triband Yagi
antenna. At B,
dimensions of the
3.6-MHz matching
network, made
from RG-59.
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Figure 8.36 — Typical SWR curve for a 4-element 80-meter Bruce
array.
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Figure 7.22 — Screen capture from Arrayfeed1 program for L
network feed system using “current-forcing” properties of

/4 feed lines.
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Figure 8.51 — Free-space E-plane pattern for the antenna shown
in Figure 8.50, with 2./8 spacing. The elements are parallel to the
90° — 270° line in this diagram. Less than a 1° change in half-
power beamwidth results when the spacing is changed from 2./8
to /4.





OEBPS/image_rsrc562.jpg
Directivity
_—

e T o

ANTO0519

Figure 6.24 — The layout for a terminated rhombic antenna.
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Table 9.5

Nested Loop Antenna Dimensions

75 Q Matching Section Cable with 0.66 Velocity Factor (VF)
Band  Freq Perimeter, P Side, S Cross Distance From  Length, L

(MHz)  (ft) (ft) Support  Center, D of 75Q
(ft) (ft) cable (ft)
20m 14175 709 178 248 12.4 115
17m  18.118 555 13.9 19.4 9.7 9.0
15m 21225 474 1.8 16.6 9.3 77
12m 24940 403 10.1 141 71 6.5

10m 28.500 35.3 8.8 12.3 6.2 5.7
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Figure 10.5 — Patterns of current magnitude at the lowest
operating frequency of two different LPDA designs:
a 10-element low-t design and a 16-element higher-t design.
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Figure 7.29 — “Simplest” feed system for four-element
rectangular array, using four equal-length 2/4 (or 3)/4) cables.
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Figure 14.59 — HFTA screen shot showing the 15-meter
elevation pattern for the N6BV/1 station location in Windham,
NH, for the 90/60/30-foot stack of triband TH7DX Yagis and a
4-element Yagi at 120 feet on the same tower. For comparison,
the response of a 120-foot Yagi over flat ground is also included.
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Table 13.2
Optimized 12 Meter Yagi Designs
Two-cloment 12 meter Yagl & foot boom

Eloment ‘Spacing Heavy-Duty Tip
File Name 21206HYW
Reflector 0,000 67500

Driven Eloment  66.000" 59.500"
Throe-element 12 meter agi, 10 foot boom

Eloment ‘Spacing,inches  Heavy-Duty Tip
File Name 312-10H.YW
Reflector 0.000° 69.000"

Driven Element  40.000" 60250"
Director 1 74.000° 54.000"
Compensator 12" behind Dir1 13,625
Four-lement 12 meter Yagi 15 foot boom

Eloment ‘Spacing,inches  Heavy-Duty Tip
Filo Name 412-T5HAW
Reflector 0,000 66875

Driven Element  46.000" 61.000°
Director 1 46.000" 56.625"
Director 2 82000" s0875"
Compensator 12 behind Dir2  16.375
Five-eloment 12 meer Yagi, 20 foot boom

Eloment ‘Spacing,inches  Heavy-Duty Tip
File Name 51220HYW.
Reflector 0.000° 69.750"

Driven Eloment  46.000" 62250"
Director 1 46.000" 60500"
Diractor 2 48.000" 55.500"
Director 3 94.000" 54625°
Compensator 12" behind Dir3 22125
Sixelement 12 meter Yagi, 30 oot boom

Eloment ‘Spacing,inches  Heavy-Duty Tip
File Name S12.30HYW.
Reflecior 0.000° 68.125"

Driven Element  46.000" 61750
Director 1 46.000" 60250"
Director 2 73.000" 52375"
Director 3 75.000° s7625"
Director 4 114,000 3625
Compensator 12" behind Dir 4 30.000"
Sixelement 12 meter Yagi, 40 oot boom

Eloment Spacing,inches  Heavy-Duty Tip
le Name 612-40H,
Reflactor 0.000° 67000"

Driven Eloment  46.000" 80.125"
Director 1 46.000" 57375"
Director 2 91000 7375
Director 3 157000° 57000°
Director 4 134.000° 54375
Compensator 12" behind Dir 4 36.500"
Seven-oloment 12 metor Yagi, 54 foot boom

Elomont ‘Spacing,inches  Heavy-Duty Tip
File Name 1254 YW
Refloctor 0.000° 68.000"

Driven Eloment  46.000" 60500"
Director 1 46.000" 56.750"
Director 2 75.000° 58.000"
Director 3 161.000° 55.625"
Director 4 174.000" 56.000"
Director § 140.000° 53125
Compensator 12" behind Dir'§ 43,125

Theso 12 metor Yagi designs wero optinized for > 20 48 F/R and SW, < 21 o
dury clements (123 mh wind surivl) and for medium-duty (85 mph wind sun

Medium-Duty Tip
21206 YW
72500"

65.000"

Mediam-Duty Tip
S12-10M YW
73875"

65.250"

s9.25°

12.000"

Medium-Duty Tip
412-18MYW
71875

66.000"

63750"

56.125°

14500

Medium-Duty Tip
512.20MYW
74.625"

67000°

65.500"

60625"

59750"

10,625

Medium-Duty Tip
S12.30MYW
73.000"

86.750"

65250"

s7625"

62750"

58.750"

26250°

Medium-Duty Tip
S12-40M YW
71875

65.500"

62500"

62500"

62125°

59.500"

a1625"

Modium-Duty Tip
71254 YW
73.000"

65.500"

61875

63.125"

60750"

sL125"

58375

37500"

‘These 12 meter Yagi
designs were optimized for
>20 8 F/R, and SWR
<211 over frequancy range
from 24,890 t0 24,990
MHz.for hoavy-duty ele-
ments (123 mph wind sur-
vival) and for medium-duty
(85 mph wind surviva)
Only cloment tp dimen-
sions are shown, and all
dimensions are inches.
Soe Fig 13.14D for slement
teloscoping tubing sched
ule.Torque compensator
elementis made of 2.5°
0D PVC water pipe placed
12" behind last director
Dimensions shown for
Gompansalors is one-halt
of totallength, centered on
boom.

reguency ranga from 24 89 1 24990 MHz. for heay-
1) Only lement tp dimensions are shown, and all dimen-

ions ara nches. So@ Fig 13.14D for slement slscoping NG Schedule.Torqus compensator lement s made af 2.5 OD PUC water pipe
iaced 12" behind astdroctor Dimensions shown o componsalors s one-hall o o1al longih, cartared on boom.
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Figure 7.12 — Simplified equivalent circuit for a single-element
resonant antenna. Rr represents the radiation resistance, and
R, the ohmic losses in the total antenna system.
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Figure 9.35 — The percent coupling to ground for this small

HF loop is insignificant when the loop center is at least one

loop diameter above the ground. Coupling is strongest for a
PEC ground, and decreases significantly for realistic ground
parameters.
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Table 7.2

Feed-Line Resistance Values for Design Examples
Number of Radials Loss Resistance, Q

4 29
8 18
16 9

Infinite 0
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Table 13.9

Optimized Hy-Gain 15 Meter Yagi Designs

Optimized 155BA, Five-element 15 meter Yagi,
26 foot boom

Element Spacing Element Tip
File Name BV155CA.YW
Reflector 0.000" 64.000"
Driven Element 48.000" 65.500"
Director 1 48.000" 63.875"
Director 2 82.750" 61.625"

Director 3 127.250" 55.000"
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Table 13.11
Dimensions of Wire Moxon Rectangles
for 80 — 10 Meters

All dimensions refer to designations in Figure 1. Dimensions are in
feet and apply to #14 AWG bare-wire antennas.

Band Frequency A B C D E
(MHz)

80 3.6 99.98 1547 216 18.33  36.96
75 3.9 9228 1428 2.00 16.92  33.20
40 709* 5069 782 115 9.35 18.32
20 14.175 2530 3.87 0.62 4.70 9.19
15 21225 16.88 2.56 0.44 3.14 6.14
10 28.3* 12,65 190 0.35 2.36 4.61

*Because of bandwidth versus wire-size considerations, 40- and
10-meter design frequencies are below the mid-band points to
obtain less than 2:1 50 @ SWR over as much of the band as
possible. See the text for alternative strategies.
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Figure 11.52 — Comparing the azimuthal response of a half-
sloper (solid line) on a 50-foot tower with a 3-element 20-meter
Yagi on top to that of a flattop dipole (dashed line) at 100 feet.
The two are again quite comparable at a 5° takeoff angle.
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Figure 11.61 — Using a grounded tower as a center support.
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Figure 11.32 — The basic structure for shunt feeding a tower
using a gamma match system.





OEBPS/image_rsrc5F7.jpg
ﬁ 165'to 175' ———>

- - —> to Station

ANT0219

Figure 11.40 — The 1.8-MHz inverted-L. Overall wire length is
165 to 175 feet. The variable capacitor has a capacitance range
from 100 to 800 pF, at 3 kV or more. Adjust antenna length and
variable capacitor for lowest SWR.
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Figure 9.28 — At A, a simplified
diagram of the Army Loop. At B,
the W5QJR loop. At C, using a
smaller loop connected to the
transmission line to couple into
the larger transmitting loop.
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Figure 12.15 — The Windom antenna, cut for a fundamental
frequency of 3.75 MHz. The single-wire feed line, connected
14% off center, is brought into the station and the system is fed
against ground. The antenna is also effective on its harmonics.
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Figure 6.8 — Methods for feeding long single-wire antennas.
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Figure 6.34 — Schematic diagram of the relay box used to
remotely select the V-beam wires.
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Figure 8.46 — A 2-element W8JK array.
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Figure 12.6 — A common 49:1 impedance transformer design. The transformer consists
of a 2-turn primary and 14-turn secondary. The primary and first two secondary turns are
bifilar. The 150 pF capacitor compensates for transformer inductance above 20 MHz. A
low-loss 3 kV ceramic capacitor is recommended.
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Figure 9.32 —
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presented to the
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not much different
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entire 7 to 29.7 MHz
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range of this loop.
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Figure 7.10 — Yagi gain for 3, 4, 5, 6 and 7-element beams as
a function of boom length. (From Yagi Antenna Design,
J. Lawson, W2PV.)
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Figure 7.17 — The addition of a simple L network to Figure 7.16
allows you to easily adjust feeding of element pairs at other
relative phase angles and/or magnitude ratios.
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Figure 14.15 — Layout for two band inverted V dipoles for 40
and 80 meters. The two dipoles are fed together at the center
and are laid out at right angles to each other to minimize
interaction between them. Each end of both dipoles is kept
8 feet above ground for personal safety.
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Figure 8.15 — Gain as a function of the spacing between two
parallel elements operated in-phase (broadside).
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Table 10.1

Design Parameters for the 3.5-MHz Single-Band
LPDA

f1=3.3 MHz Element lengths:
f,=4.1 MHz (1 =149.091 feet
B =12424 (2 =125.982 feet
1=0.845 (3 = 106.455 feet
5=0.06 (4 = 89.954 feet
Gain=5.9 dBi= 3.8 dBd Element spacings:
cot o = 1.5484 d,=17.891 feet
B, = 1.3864 dyg = 15.118 feet
B,= 17225 dgy = 12.775 feet
L = 48.42 feet Element diameters

N = 4.23 elements (decrease to 4) All = 0.0641 inches
Z, = 6-inch short jumper (/diameter ratios:

Ry =208 Q (/diam, = 16840
Zpy=8978Q (/diamg = 19929
c'=0.06527 (/diam, = 23585
Z;=319.8Q (/diamy = 27911

Antenna feeder: #12 AWG wire spaced 0.58 inches
Balun: 4:1
Feed line: 52-Q coax
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Figure 12.21 — Sketch showing how the twin-lead multiple-
dipole antenna system is assembled. The excess wire and
insulation are stripped away.
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Figure 12.32 — Measured SWR curves for an 80, 40, 20, 15 and
10 meter antenna, installed as an inverted V with 40-ft apex and
120° included angle between legs.





OEBPS/image_rsrc5MJ.jpg
RSB
Reflectlon
Shadow
Boundary

Horizon

Normal to
"0"-Face

e
"0"-Face Included
Angle of Wedge

ANTO071

Observer ®

Diffracted
Waves

I1sB
Incldent
Shadow
Boundary

Figure 14.33 — Diagram showing
diffraction mechanism of ray
launched at angle «, below the
horizon at a diffraction wedge,
whose included angle is o.
Referenced to the incident face
(the o-face as it is called in UTD
terminology), the incoming angle

is ¢' (phi prime). The wedge creates
an infinite number of diffracted
waves. Shown is one whose angle
referenced to the o-face is ¢, the
so-called observation angle in UTD
terminology.
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Figure 14.2 — Layout for two-tower antenna system, at 70

and 100 feet high and 150 feet apart. The 70-foot tower has a
4-element 10 meter Yagi at 80 feet on a 10-foot rotating mast
and a 4-element 15 meter Yagi at 70 feet. An 80 meter dipole
goes from the 70-foot tower to the 100-foot tower, which holds
a 2-element 40 meter Yagi at 110 feet and a 4-element 20 meter
Yagi at 100 feet. In this figure all the rotatable Yagis are facing
the direction of Europe and the currents on the 15 meter Yagi
are shown. Note the significant amount of current induced on
the nearby 80 meter dipole that will cause a re-radiated signal!
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Figure 7.27 — L network setup for Four-Square array in Fig-
ure 7.25, fed with 2/4 (or 3)/4) current-forcing feed system.
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Figure 11.19 — A comparison of the elevation patterns for the
two antennas in Figure 11.16. The peak gain of the HVD is about
1.5 dB higher than that for the quarter-wave ground plane
radiator with radials
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Figure 9.12 — Configuration and radiation patterns for the
compressed delta loop of Figure 9.11 when fed in one of the
bottom corners at a frequency of 3.75 MHz. Improper cancellation
of radiation from the horizontal wire produces a strong high-
angle horizontally polarized component. The delta loop now also
shows a strange horizontal directivity pattern (at D), the shape

of which is very sensitive to slight frequency deviations. This
pattern is for an elevation angle of 29°.
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Figure 10.31—The Tennadyne T-28 covers 50 — 1300 MHz with a
boom length of 12 feet.
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Figure 8.26 — Elevation pattern for the asymmetrical half-square
compared with pattern for a 50-foot-high dipole. This is over
average ground, with a conductivity of 5 mS/m and a dielectric
constant of 13. Note that the zenith-angle null has filled in and
the peak gain is lower compared to conventional half-square
over the same kind of ground.
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Figure 7.35 — Two-element broadside/end-fire switching. All
lines must have the same characteristic impedance. Grounds
and cable shields have been omitted for clarity.
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Figure 8.5 — Layouts for 3- and 4-element collinear arrays. Alternative methods of feeding a 3-element array are shown at A and B.
These drawings also show the current distribution on the antenna elements and phasing stubs. A matched transmission line can be
substituted for the tuned line by using a suitable matching section.
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Figure 9.8 — Current distribution for equilateral delta loops fed
for (A) horizontal and (B) vertical polarization.
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Table 10.3
Trap Loss Analysis: 80, 40, 17, 12 meter Antenna

Frequency (MHz) 3.8 715 18.1 24.9
Radiation Efficiency (%) 89.5 90.5 99.3 99.8
Trap Losses (dB) 0.5 0.4 0.03 0.006
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Figure 11.4 — AtA, elevation and at B, azimuthal radiation
patterns comparing a normal 80-meter dipole and an inverted-V
dipole. The center of both dipoles is at 65 feet and the ends of
the inverted-V are at 20 feet. The frequency is 3.750 MHz.
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Figure 11.24 — A ground-plane antenna is effective for DX work
on 7 MHz. Although its base can be any height above ground,
losses in the ground underneath will be reduced by keeping

the bottom of the antenna and the ground plane as high above
ground as possible. Feeding the antenna directly with 50-Q
coaxial cable will result in a low SWR. The vertical radiator and
the radials are all 3/4 long electrically. The radial’s physical
length will depend on their length-to-diameter ratios, the height
over ground and the length of the vertical radiator, as discussed
in text
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Figure 9.18 — Half-wave loops, consisting of a single turn
having a total length of 2 A.
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Figure 8.37 — Alternate feed arrangements for the Bruce array.
At A, the antenna is driven against a ground system and at B, it
uses a two-wire counterpoise.





OEBPS/image_rsrc5N2.jpg
10-Meters, W1 Boston to Europe
4-Ele. Yagis Over Flat Ground

I3
£
€
g
2
o
s
o
3
2
€
g
g
a

2 3456 7 8 91011121314151617 18 19 20

Elevation Angle, Degrees

Elevation Statistics === 4-Ele. 90' el 4-Fle, GO0' st 4-Ele. 30"

ANTO0453

Figure 14.49 — Comparison of elevation patterns and elevation-
angle statistics for individual 10-meter TH7DX tribanders
mounted over flat ground aiming from New England to Europe.
No single antenna can cover the wide range of angles needed
— from 1° to 18°.
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Figure 11.9 — A broad-banded “fan” dipole. The three dipoles a, b and ¢ are cut to resonate at the band edges and center band
frequency. This creates a single antenna that can be used over the entire 3.5 MHz band. On 80 meters, the dipole cut for 3.5 MHz
will be approximately 7 feet longer than the one cut for 4 MHz. (Figure 11.10 from Practical Wire Antennas, courtesy RSGB — see
References and Bibliography.)
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Figure 8.27 — Variation of SWR with
frequency for current-fed half-square
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narrow.
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Figure 12.44 — Radiation pattern for the special case of a C-R
antenna with the additional resonance at the third harmonic of
the main dipole resonant frequency.
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Table 13.7
Optimized 40 Meter Yagi Designs

Two-element 40 meter Yagi, 20 foot boom

Element Spacing Heavy-Duty Tip
File Name 240-20H.YW
Reflector 0.000" 85.000"

Driven Element 234.000" 35.000"
Three-element 40 meter Yagi, 32 foot boom

Element Spacing Heavy-Duty Tip
File Name 340-32H.YW
Reflector 0.000" 90.750"

Driven Element 196.000" 55.875"
Director 1 182.000" 33.875"

Three-element 40 meter Yagi, 48 foot boom

Element Spacing Heavy-Duty Tip
File Name 340-48H.YW
Reflector 0.000" 81.000"

Driven Element 300.000" 45.000"
Director 1 270.000" 21.000"

These 40 meter Yagi designs are optimized for > 10 dB F/R, and
SWR < 2:1 over low-end of frequency range from 7.000 to 7.200 MHz,
for heavy-duty elements (95 mph wind survival). Only element tip
dimensions are shown. See Fig 13.19D for element telescoping tubing
schedule. All dimensions are in inches. No wind torque compensator
is required.
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Figure 11.48 — Converting a dipole to a T antenna (A) can

be done by shorting the feed line terminals and driving both
conductors against the station ground. B shows a typical
feed-through panel with a shorting jumper attached to the feed-
through terminals. One conductor of the feed line to a balanced
tuner is attached to the shorted terminals and the other to the
station ground terminal. Powerpole connectors are used to
allow quick feed line configuration changes.
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Figure 14.60 — HFTA screen shot showing the 20-meter
elevation pattern for K1KI’s North and South towers, with 100-
foot high 4-element Yagis pointing into Europe at an azimuth
of 45°. The responses are surprisingly different for two towers
separated by only 600 feet.
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Figure 11.62 — Comparison of top-loaded verticals using a
single wire or multiple horizontal wires with 20-foot spreaders.
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Figure 6.13 — The same 2-.-per-leg V-beam (solid line) as in
Figure 6.12, but at 28 MHz and at a 6° takeoff elevation angle.
Two sidelobes have appeared flanking the main lobe, making
the effective azimuthal pattern wider at this frequency.
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Figure 6.25 — Rhombic-antenna design chart. For any
given leg length, the curves show the proper tilt angle
to give maximum radiation at the selected takeoff
angle. The broken curve marked “optimum length”
shows the leg length that gives the maximum possible
output at the selected takeoff angle. The optimum
length as given by the curves should be multiplied by
0.74 to obtain the leg length for which the takeoff angle
and main lobe are aligned.
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Figure 13.14 — Gain, F/R and SWR performance versus frequency for optimized 12 meter Yagis. At A, gain Is shown versus frequency
for seven 12 meter Yagis whose booms range from 6 feet to 54 feet long. Except for the 2-element design, these Yagis have been
optimized for better than 20 dB F/R and less than 2:1 SWR over the narrow 12 meter band 24.89 to 24.99 MHz. At B, front-to-rear

ratio for these antennas is shown versus frequency, and at C, SWR over the frequency range is shown. At D, the taper schedule for
heavy-duty and for medium-duty 12 meter elements is shown. The heavy-duty elements can withstand 123-mph winds without icing,
and 87-mph winds with Yw-inch radial ice. The medium-duty elements can survive 85-mph winds without icing, and 61-mph winds with
Yeinch radial Ice. The wall thickness for each telescoping section of 6061-T6 aluminum tubing is 0.058 inches, and the overlap at each
telescoping junction Is 3 inches.
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Figure 13.22 — Gain, F/R and SWR over the 14.0 to 14.35 MHz
band for original and optimized Yagis using Hy-Gain hardware.
Original 205BA design provided good weight balance at boom-
to-mast bracket, but compromised the electrical performance
because of non-optimum spacing of elements. Optimized
design requires wind torque-balancing compensator element,
and compensating weight at director end of boom to rebalance
weight. The F/R ratio over the frequency range for the optimized
design is more than 23 dB, while the original design never went
beyond 17 dB of F/R. Each element uses the original Hy-Gain
taper schedule and element-to-boom clamp, but the length of
the tip is changed per Table 13.10.
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Figure 13.32 — A Cushcraft XM240 2-element 40 meter Yagi is
modified by WENL to become a Moxon Rectangle. The antenna
is mechanically strengthened during the modification, as well.
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Table 9A
Minimum Compliance Distances from Small
(1.0 m diameter) Transmitting Loops

Freq Controlled Uncontrolled
(MHz) Distance (m) Distance (m)

Power = 10 watts

7 28] 29
14 251 29
18 1.9 257
21 1.8 285
28 1.5 2.1
Power = 100 watts

7 813 4.3
14 3.4 4.7
18 35l 4.4
21 2.9 4.2
28 2, 3198
Power = 400 watts

7 4.2 5.7
14 45 6.5
18 4.2 6.9*
21 4.0 7"
28 378 738

* - Electric field limit

UK ICNIRP compliance distances from “Safety distances
for small HF loop antennas,’”AE7PD, Radcom, June 2017
pages 46 and 47,
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Figure 8.52 — Elevation-plane pattern for the 4-element antenna
of Figure 8.50 when mounted horizontally at two heights over
flat ground. Solid line = 1 ) high; dashed line = 2/2 high.
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Figure 11.31 — Tubing construction for the % A vertical (A) can
use clamps, rivets, or screws to hold the sections together.
The 12-inch section near the top is a splice to connect the top
section. The impedance matching network is shown at B — see
text for component values and rating.
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Figure 13.15 — Gain, F/R and SWR performance versus
frequency for optimized 15 meter Yagis. At A, galn versus
frequency is shown for eight 15 meter Yagis whose booms
range from 6 feet o 80 feet long. EXcept for the 2-element
design, these Yags have been optimized for better than

20 dB F/R and less than 2:1 SWR over the frequency range
21010 2145 MHz AL B, front-to-rear ratio for these antennas
is shown versus frequency, and at C, SWR over the frequency
range Is shown. At D, the taper schedule for heavy-duty and
for medium-duty 15 meter elements is shown. The heavy-duty
elements can withstand 124-mph winds without cing, and
90-mph winds with %-Inch radial ice. The medium-duty
elements can survive 86-mph winds without Icing, and
61-mph winds with Yrinch radial ice. The wall thickness for
each telescoping section of 6061-T6 aluminum tubing Is
0.058 inches, and the overlap at each telescoping junction is
3inches
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Figure 14.67— An A/Both/B switching system using a non-shorting switch (A) and a shorting switch (B) with unused positions
grounded.
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Figure 12.7 — A center-fed antenna system for multiband use.
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Figure 10.A — Comparison of boom length for several LPDA
designs with the same gain but different ratios of maximum to
minimum frequency coverage.





OEBPS/image_rsrc5KG.jpg
ANTO108

| Carlbbean
P

Max. Gain = 14.04 dBi Freq. = 21.225 MHz

Figure 14.3 — An overlay of azimuth patterns. The solid line is
the radiation pattern for the 15 meter Yagi all by itself. The
dashed line is the pattern for the 15 meter Yagi, as affected by
all the other antennas. The dotted line is the pattern for the

15 meter Yagi when it is pointed toward the Caribbean, with the
Yagis on the 100-foot tower pointed toward the 70-foot tower.
The peak response of the 15 meter Yagi has dropped by about
15 dB.





OEBPS/image_rsrc5CJ.jpg
Zo =120 cosh™ % (4)





OEBPS/image_rsrc56W.jpg
wioxs 5=1/80 se1/00 523/ s=1/22
T

Saa

=500

omis

.

Pt 41 o et el v s, puces anphse s e 0oL o
omont Jemort






OEBPS/image_rsrc57A.jpg
ANT0991

@
S

o
=]

IS
S

N
o

)

"
£
£
o)
¢
8
2
s
8
2
Q
['4
»
2
g
3
2
5
2
O]
2
©
£
=
8
5
g
<

o

3 4567810 20 30 4050 70 100
Number of Radials

Figure 7.20 — Approximate ground system loss resistance of

a resonant /4 ground-mounted vertical element versus the
number of radials, based on measurements by Jerry Sevick,
W2FMI. Moderate length radials (0.2 to 0.4 1) were used for the
measurements. The exact resistance, especially for only a few
radials, will depend on the nature of the soil under the antenna.
Add 36 Q for the approximate feed-point resistance of a thin
resonant »/4 vertical
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Figure 7.18 — Symmetrical feed system similar to Figure 7.17, in
which the feed network is split into two symmetrical parts.
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Figure 7.5 — At A, typical bidirectional pattern and at B, uni-
directional directive pattern. These drawings also illustrate the
application of the terms major and minor to the pattern lobes.
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Figure 9.42 — The five-band version of the nested loops with construction notes. See
the supplemental article for more construction details and a parts list.
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Figure 10.4 — The relative current magnitude on the elements of
an LPDA at the lowest and highest operating frequencies for a
given design. Compare the number of “active” elements, that is,
those with current levels at least 40 of the highest level.
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Figure 12.14 — Basic configuration of the triband dipole, con-
sisting of a 58-foot doublet fed with 35.5 feet of 600-Q open-
wire feed line. SWR at the balun input is approximately 1.5:1 on
17 meters and 2.4:1 on 12 meters and 30 meters.
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Figure 11.60 — R, as a function of height in feet.
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Figure 6.35 — Relay box assembled in a power entry PVC cover.
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Figure 14.9 — Another way of looking at the elevation statistics
from Figure 14.8. This shows the percentage of time the 40
meter band is open, at or below each elevation angle, on the
path from Boston to Europe. For example, the band is open 50%
of the time at an angle of 9° or lower. It is open 90% of the time
at an angle of 19° or lower.
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Figure 8.14 — Typical Sterba array, |
an 8-element version.






OEBPS/image_rsrc5DP.jpg
Tcao? Toeo? ANT1290

) Terminals :TO o
e Terminals N -\*q\*»

Toeo¢ Tcao¢ ¢T°°°

Figure 10.37 — Three self-complementary planar antennas. All
of the figures extend to infinity as indicated. They all have a feed
point impedance of 188 Q. (after Kraus, 2nd edition, Figure 15-3)
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Figure 11.8 — Construction of a cage dipole. The spreaders need not be of conductive material and should be lightweight. Between
adjacent conductors, the spacing should be 2% of overall length or less. The number of spreaders and their spacing along the dipole
should be sufficient to maintain a relatively constant separation of the radiator wires. The spreaders can be round as shown in the
detail or any suitable cross arrangement.
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Figure 14.25 — Geometry of the first Fresnel zone. Elevation angle is shown as 6 or A in different references.
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Figure 12.A — Graph of the spacing versus frequency ratio
for two Coupled-Resonator elements at 28.4 MHz, for 50 Q.
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Figure 12.38 — A five-band vertical dipole that covers 20, 17, 15,
12, and 10 meters. The antenna is fed with 450-Q window line
and requires a balanced antenna tuner.
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Figure 10.32 — Layout of the 2-meter LPDA as seen from the top. Alternate
elements are attached to parallel sub booms that are insulated from each other.
Dimensions for each designated element are given in Table 10.4.
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Table 10.2
Trap Loss Analysis: 80, 40, 20, 15, 10 meter Antenna

Frequency (MHz) 38 715 1418 213 286
Radiation Efficiency (%) 96.4 70.8 99.4 99.9 100.0
Trap Losses (dB) 0.16 15 0.02 0.01  0.003
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Figure 12.22 — The Double-L antenna by K2KQ is a pair of verti-
cal dipoles with their ends bent to be parallel to the ground. The
bottom horizontal wires should be at least 10 feet above ground.
For single-band operation, install only a single dipole. The
antenna works well as either a single-band or dual-band antenna.
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Figure 12.33 — Measured SWR curves for an 80, 40, 17 and 12
meter antenna, installed as an inverted V with 40-ft apex and
120° included angle between legs.
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Figure 14.17 — The distribution of lightning strikes across
the USA for August 10, 2005 from 2200 to 0000 UTC, in the
afternoon California time. There are lots of lightning strikes in
the US during the summer — 60,898 of them in this two-hour
period! (Courtesy Vaisala Lightning Explorer.)
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Table 10.2

Design Parameters for the 7-MHz Single-Band LPDA

f1=6.9 MHz

f,= 75 MHz

B =1.0870

1=0.845

¢ =0.06

Gain = 5.9 dBi = 3.8 dBd
cot o = 1.5484

B, = 1.3864

B, = 15070

L = 18.57 feet

N = 3.44 elements (increase to 4)

Z,= 6-inch short jumper
R, =208 O
Zy=809.30Q

c' =0.06527
Z,=33420Q

Element lengths:
(1 =71.304 feet
(2 = 60.252 feet
(3 =50.913 feet
(4 = 43.022 feet
Element spacings:
d,, = 8.557 feet
d,; = 7230 feet
d,, = 6.110 feet
Element diameters:
All = 0.0641 inches
(/diameter ratios:
(4/diam, = 8054
(3/diam, = 9531
(2/diam, = 11280
(1/diam, = 13349

Antenna feeder: #12 AWG wire spaced 0.66 inches

Balun: 4:1
Feed line: 52-Q coax
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Figure 8.38 — Four-element broadside array (“lazy H”) using
collinear and parallel elements.
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Figure 7.28 — Pattern and layout of the four-element rectangular
array. Gain is referenced to a single similar element; add 6.8 dB

to the scale values shown.
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Figure 14.38 — “Hill-Valley” terrain, with reflected and diffracted
rays.
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Figure 14.50 — Combinations of 4-element Yagis over flat
ground. The elevation-angle statistics into Japan from New
England (Boston) are represented by the black vertical bars,
while the grey vertical bars represent the elevation-angle
statistics to Europe. The 90/60/30-foot stack has the best
elevation footprint into Japan, although the 70/40-foot stack
performs well also.
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Figure 11.18 — At A, an 80-meter half-wave vertical dipole
elevated 8 feet above the ground. The feed line is run
perpendicularly away from the dipole. At B, a “ground plane”
type of quarter-wave vertical, with four elevated resonant
radials. Both antennas are mounted 8 feet above the ground to
keep them away from passersby.
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Figure 13.6 — Comparisons of three different designs for
5-element 10 meter Yagis on 20-foot booms. At A, the gain of
three different 5-element 10 meter Yagi designs are graphed. The
difference in gain between the three antennas narrows because
the elements can be stagger-tuned to spread the response

out better over the desired frequency band. The average gain
reduction for the fully optimized antenna design is about 0.5 dB.
At B, the optimal antenna displays better than 22 dB F/R over
the band, while the Yagi designed for gain and SWR displays

on average 10 dB less F/R throughout the band. At C, the

SWR bandwidth is compared for the three Yagis. The antenna
designed strictly for forward gain has a poor SWR bandwidth
and a high peak SWR of 6:1 at 28.8 MHz.
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Figure 7.34 — Quadrature test circuit. All diodes are germanium,

such as 1N34A, 1N270, or equiv. Hot carrier or silicon diodes

can be used at higher power levels. All resistors are s or 12 W, 5%

tolerance. Capacitors are ceramic. Alligator clips are convenient

for making the input and ground connections to the array.

T1 — 7 trifilar turns on an Amidon FT-37-43, -75, -77, or equivalent
ferrite toroid core.
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Figure 8.4 — Free-space E-plane directive diagram for dipole,

2, 3 and 4-element collinear arrays. The solid line is a 4-element
collinear; the dashed line is for a 3-element collinear; the dotted
line is for a 2-element collinear and the dashed-dotted line is for
a \/2 dipole.
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Figure 8.25 — An asymmetrical distortion of
the half-square antenna, where the bottom of

one leg is purposely made 20 feet higher than
the other. This type of distortion does affect
the pattern!
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Figure 9.9 — The delta loop can be seen as two //4 sloping
verticals, each using one radial. Because of the current
distribution in the radials, the radiation from the radials is
effectively canceled.
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Figure 8.19 — Free-space E-plane directive pattern for the half-
square antenna.
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Figure 8.28 —
Typical matching
networks used for
voltage-feeding a
half-square antenna.
See Figure 8.24 for
feeding the antenna
at a corner where
the lower impedance
is suitable for a
direct connection to
coaxial cable.





OEBPS/image_rsrc5DY.jpg
ANT1082

Flatiop
Dipole 80'

2n

Freq.= 7.1 MHz

Halfwave Sloper 45"

Elevation = 5 deg.
Freq. =7.1 MHz

Figure 11.5 — Example of a sloping /2 dipole, or full sloper. On
the lower HF bands, maximum radiation over poor to average
ground is off the sides and in the forward direction indicated if a
non-conductive support is used. A metal support wil alter this
pattern by acting as a parasitic element. B shows the elevation
patterns for the same antennas. Note that the sloping half wave
dipole has more energy at higher elevation angles than either
the flattop dipole or HVD. C compares the 40-meter azimuthal
patterns at a DX takeoff angle of 5° for three configurations: a
flattop dipole, a dipole tilted down 45° and an HVD (half wave
vertical dipole).
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Table 13.10
Optimized Hy-Gain 10 Meter Yagi Designhs

Optimized 105BA, Five-element 10 meter Yagi,
24 foot boom

Element Spacing, inches Element Tip
File Name BV105CA.YW
Reflector 0.000" 44.250"
Driven Element 40.000" 53.625"
Director 1 40.000" 52.500"
Director 2 89.500" 50.500"

Director 3 112.250" 44.750"
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Figure 13.33 — The basic two-element quad antenna, with
driven-element loop and reflector loop. The driven loops are
electrically one wavelength in circumference (2 wavelength on
a side); the reflectors are slightly longer. Both configurations
shown give horizontal polarization. For vertical polarization, the
driven element should be fed at one of the side corners in the
arrangement at the left, or at the center of a vertical side in the
“square” quad at the right.
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Table 13.1
Optimized 10 Meter Yagi Designs
Two-element 10 meter Yag, 6 foot boom

Eloment Spacing
File Name

Reflector 0.000"

Driven Element 66.000"
Threo-element 10 meter Yagi,  foot boom
Eloment Spacing

File Name.

Reflector 0.000"

Driven Element  36.000°

Director 1 54.000"
Compensator 12° behing Dir. 1
Four-element 10 meter Yag, 14 foot boom
Eloment ‘Spacing

File Name.

Reflector 0.000"

Driven Element  36.000°

Director 1 36.000"

Dirsctor 2 90,000"
Compensator 12° behind Dir. 2
Five-clemont 10 meter Yagi, 24 foot boom
Eloment ‘Spacing, inches
File Name

Refiector 0.000"

Driven Element  36.000°

Diector 1 36.000"

Dirsctor 2 95.000"

Director 3 111000
Compensator 12" behind Dir. 3
Sixelement 10 meter Yagi, 36 foot boom
Eloment ‘Spacing, inches
File Name

Reflector 0.000°

Driven Element  37.000°

Diector 1 43.000"

Director 2 98,000°

Director 3 127000°

Director 4 121000
Compensator 12" behind Dir. 4
Seven-element 10 meter Yagi, 48 foot boom
Element Spacing, inches
File Name

Reflector 0.000"

Driven Element 37,000

Director 1 37000°

Director 2 96.000"

Diractor 3 130.000"

Director 4 154.000"

Diractor 5 116.000°
Compensator 12" behind Dir. 5
Eight-element 10 meter Yagi, 60 foot boom
Eloment ‘Spacing, inches
File Name

Reflector 0.000"

Driven Element  42.000°

Director 1 37000°

Diractor 2 87000°

Dirctor 3 126.000"

Diractor 4 141000

Director 5 157000°

Diector 6 121000
Compensator 12" behind Dir. 6

Heavy-Duty Tip
210-06H.YW
66.000°
57625"

Heavy-Duty Tip
310-08H.YW
66750
57625"
53.125°
19.000"

Heavy-Duty Tip
410-14H YW
56.000"
58625
57000"
47750"
22,000

Heavy-Duty Tip
51024H.YW
65.625"
56.000°
57125
55000
50750
26.750"

Heavy-Duty Tip
61036H.YW
66.500"
58.500°
57125
54875
53875
49875
52,000

Heavy-Duty Tip
710-48H.YW
65.375"
50.000"
57500"
54875
52250
52625
9875
35.750"

Heavy-Duty Tip
810-60H.YW
65.000°
56.000"
57125
55575
53.250"
51875"
52,500
50.125"
59.375"

Medium-Duty Tip
210-08M.YW
71500"

63.000"

Medium-Duty Tip
310-08M YW
71875"

62875

58.500"

18.125"

Medium-Duty Tip
410-14MYW
72.000"

63875"

62.250"

53125

20500"

Medium-Duty Tip
510-24MYW
70.750"

63.250"

62375

60.250"

56,125

26750"

Medium-Duty Tip
§10-38M.YW
71500"

64.000"

62.375"

60,125

59.250"

55.250"

20750"

Medium-Duty Tip
710-48M YW
70,500"

64.250"

62750°

60,125

57605"

58.000"

55.250"

33750"

Medium-Duty Tip
B10-60M.YW
70.125"
63.500"
62.375"
60.625"
58.625°
57250"
57875"
55.500"
55.125°

These 10 meter Yagi
dasigns are optimized for
>20 dB F/R, and SWR
<2:1 over fraquency range
from 28,000 10 28.800
MHz for heavy-duty ele-
ments (125 mph wind sur-
vival) and for medium-duty
(96 mph wind survival).

For coverage from 28,8 to
297 MHz, sublract 2.000
inches from end of sach
element, but leave element
spacings the same as
shown here. Only element
tip dimensions are shown,
and all dimensions are
inches. See Fig 13.13D for
element telescoping ubing
schedule. Torque compen-
sator element is made of
2.5° OD PVC water pipe
placed 12 inches behind
last director. Dimensions
Shown for compensators

s one-haf of total length,
centered on boom.
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Figure 10.11 — A before and after sketch of an LPDA, showing
the original lengths of the elements and their adjustments from
diminishing the value of t at both ends of the array. See the text
for the amount of change applicable to each element.
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Figure 13.4 — SWR over the 28.0 to 28.8 MHz portion of the
10 meter band for two different 3-element Yagi designs. One

is designed strictly for maximum gain, while the second is
optimized for F/R pattern and SWR over the frequency band.
A Yagi designed only for maximum gain usually suffers from a
very narrow SWR bandwidth.
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Figure 8.45 — H-plane pattern for a 3-element end-fire array with
binomial current distribution (the current in the center element
is twice that in each end element). The elements are spaced 2/4
apart along the 0° — 180° axis. The center element lags the lower
element by 90°, while the upper element lags the lower element
by 180° in phase. Dissimilar current distributions are taken into
account.
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Figure 10.34 — These three PCB log-periodic antennas cover
400 MHz to 11 GHz in three bands: 400-1000 MHz, 850-6500 MHz,
and 2-11 GHz. Each antenna has a gain of approximately 6 dBi.

A 6-inch rule at the bottom of the photo provides scale.These
antennas are de5|gned by Kent Brittain, WA5VJB, and sold by Kent






OEBPS/image_rsrc5B2.jpg
Ant1200

Horiz Polarization Poor Ground
Vert Polarization Azimuth
Total

75° Elevation
0dB =-2.60dBi 3.75 MHz

Horiz Polarization Poor Ground
Vert Polarization Azimuth
Total

10° Elevation
0dB =-6.80 dBi 3.75 MHz

Figure 9.27 — The total azimuthal pattern for a vertically-
oriented (along 0° and 180° axis) 3.4 meter diameter loop
mounted with its center 2.5 meters over poor ground

(3 mS/m conductivity and dielectric constant of 13). The total
pattern for an elevation angle of 75° (A) and 10° (B). See the
Bibliography entry for Belrose from the November 1993 QST
for the full article
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Figure 14.11 — The 40 meter statistics from the West Coast:
from San Francisco to the rest of the DX world. Here, 90% of the
time the path to Europe is open, it is at takeoff angles less than
or equal to 11°. No wonder the hams living on mountain tops do
best into Europe from the West Coast.
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Figure 7.19 — Adding choke baluns to a two-dipole feed system
to get rid of common-mode currents induced onto the coax
shields.
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Figure 14.47 — Stacking arrangements. At A, two Yagis are
stacked vertically (broadside) on the same mast. At B, two

Yagis are stacked horizontally (collinear) side-by-side. At HF the
vertical stack is more common because of mechanical difficulties
involved with large HF antennas stacked side-by-side, whereas at
VHF and UHF the horizontal stack is common.
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Figure 9.6 — Superimposed patterns for horizontally and
vertically polarized square quad loops (shown at A) over very
poor ground (B) and very good ground (C). In the vertical
polarization mode the ground quality is of utmost importance,
as it is with all verticals.
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Figure 7.41 — A carefully designed L network, current-forcing
switching system that switches both hot and shield conductors
in feed coaxes.
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Figure 11.47 —The T antenna is basically a shortened ¥ 1
vertical with the flat-top T section acting as capacitive loading to
lengthen the antenna electrically.
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Figure 14.61 — K1KI’s terrain profiles for the North and South
towers at an azimuth of 45° into Europe.
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Figure 14.20 — Signal
strengths for a 75 mile path —
San Francisco to Sacramento.
This is for June and SSN = 120.
Either band could be used
successfully over the full 24-
hour period because signal
levels are always higher

than S6. But the simple NVIS
rule-of-thumb still holds:

Use 40 meters during the

day; 80 meters at night. This
simplifies giving instructions
to operators unaccustomed to
the use of HF.
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Figure 6.21 — Layout for a terminated long-wire antenna.
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Figure 9.41 — NT4B’s 30- and 40-meter loop is fed at the top via a quarter-wave
40 meter matching transformer made of 75 Q coax. Note the 18-inch tuning wires
used to lower the antenna’s 30-meter resonance from 10.5 to 10.1 MHz. Adjust the
length of these wires to set the 30-meter resonant frequency.
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Figure 10.3 —The optimum value for o lies on the straight line that intersects the constant-gain curves at different values of . Using
the optimum value of o to desig an LPDA usually resuits in antenna that Is impractically large at HF (see text). Points labeled “A 8’
and “C" represent values of o and < that result In practical antenna sizes as n the design examples In this section; “9302’ 89047 and
“8504" respectively. (Graphic after Carrel, et al: see Bibllography.)






OEBPS/image_rsrc5DD.jpg
Figure 10.30 — Boom-to-mast mount (see text). Four 48.5 mm
Stauff PA (polycarbonate) clamps hold a plate of clear UV-
resistant Perspex (Plexiglass) to the round 2-inch mast with
the square booms mounted on the two center clamps. A large
stainless steel washer is used under all bolts as a

“load spreader.”
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Figure 13.20 — Gain, F/R and SWR over the 28.0 to 28.8 MHz
range for original and optimized Yagis using Hy-Gain hard-
ware. Original 105BA design provided excellent weight balance
at boom-to-mast bracket, but compromised the electrical
performance somewhat because of non-optimum spacing of
elements. Optimized design requires wind torque-balancing
compensator element, and compensating weight at director end
of boom to rebalance weight. The F/R ratio over the frequency
range for the optimized design is more than 23 dB. Each element
uses the original Hy-Gain taper schedule and element-to-boom
clamp, but the length of the tip is changed per Table 13.8.
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Figure 12.8 — Patterns on 80 meters for 135-foot, center-

fed dipole erected as a horizontal flattop dipole at 50 feet,
compared with the same dipole installed as an inverted V with
the apex at 50 feet and the ends at 10 feet. The azimuth pattern
is shown at A, where the dipole wire lies in the 90° to 270°
plane. At B, the elevation pattern, the dipole wire comes out of
the paper at a right angle. On 80 meters, the patterns are not
markedly different for either flattop or inverted V configuration.
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Figure 14.42 — Elevation response of “heroic effort” to
surmount the difficulties imposed by hill in Figure 14.36. This
effort involves a stack of four 4-element Yagis in a stack starting
at 120 feet and spaced at 30-foot increments on the tower. The
response is roughly equivalent to a single 4-element Yagi at 60
feet above flat ground, hence the characterization as being a
“heroic effort.” The elevation-angle statistics from New England
to Europe are overlaid on the graph for reference.
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Figure 14.54 — Rectangular plot comparing two 15-meter stacks
of 3-element Yagis — each antenna is spaced 30 feet from its
partner, but at different heights. The lobes are a complicated
function of the antenna height, not the spacing, since that
remains constant.
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Figure 11.27 — Radiation resistance and resonant length for
a 4-radial ground-plane antenna for various heights above
average ground for radial droop angle 6 = 45°.
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Figure 11.35 — Four networks used for shunt-feed matching
(see text).
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Figure 8.22 — Comparison of 80-meter elevation response of
40-foot high, horizontally polarized dipole over average ground
and a 40-foot high, vertically polarized half-square, over three
types of ground: average (conductivity c = 5 mS/m, dielectric
constant ¢ = 13), very good (c = 30 mS/m, ¢ = 20) and salt water
(c =5000 mS/m, € = 80). The quality of the ground clearly has

a profound effect on the low-angle performance of the half-
square. Even over average ground, the half-square outperforms
the low dipole below about 32°.





OEBPS/image_rsrc595.jpg
ANTO0351

Figure 8.32 — 80-meter Bobtail curtain’s free-space E-plane
pattern variation over the 80-meter band.
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Table 11.5

Inverted-L Overall Length for 80-30 Meters
Frequency (kHz) Feet Inches

3550 65.9 791
3750 62.4 749
3960 59.2 A
5370 43.6 523
7025 33.3 400
7125 32.8 394
7225 32.4 389

10125 23.1 277
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Figure 7.26 — Screen capture from Arrayfeed1 for “Simplest”
feed system for Four-Square feed system shown in Figure 7.25.
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Figure 6.14 — A V-beam (solid line) with 3-1 (209 feet at 14 MHz)
legs using an included angle of 50° between them, compared to
a 4-element Yagi (dotted line) and a dipole (dashed line).

The 3-dB beamwidth has now decreased to 178°.
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Figure 6.26 — Rhombic antenna dimensions for a compromise
design between 14- and 28-MHz requirements, as discussed in
the text.The leg length is 6 ). at 28 MHz, 3 ) at 14 MHz.





OEBPS/image_rsrc5C0.jpg
Figure 9.45 — Insulators can also be made from inexpensive
PVC pipe. At the top is a feed point insulator for parallel-
conductor feed lines. The feed line is attached to the inner
terminals and the loop to the output terminals which are
jumpered together (jumpers not shown). At the bottom is a
corner insulator. The support line is tied through the larger
oles and the loop conductors attached to the eyes of the






OEBPS/image_rsrc59Y.jpg
300 Q Phase line

See text for T and
gamma dimensions

75 Q Phase line

ANT1280

Figure 8.56 — General outlines of two versions of the HBOCV
array.
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Figure 13.17 — Gain, F/R and SWR performance versus
frequency for optimized 20 meter Yagis. At A, gain versus
frequency is shown for elght 20 meter Yagls whose booms
range from 8 feet to 80 feet long. Except for the 2-element
design, these Yagis have been optimized for better than

20 dB F/R and less than 2:1 SWR over the frequency
range 14.0 to 14.35 MHz. At B, front-to-rear ratlo for these
antennas is shown versus frequency, and at C, SWR over
the frequency range Is shown. At D, the taper schedule

for heavy-duty and for medium-duty 20 meter elements Is
shown. The heavy-duty elements can withstand 122-mph
winds without icing, and 89-mph winds with Y-inch radial
Ice. The medium-duty elements can survive 82-mph winds
without icing, and 60-mph winds with %-inch radial ice.
‘The wall thickness for each telescoping section of 6061-T6
aluminum tubing is 0.08 inches, and the overlap at each
telescoping Junction Is 3 Inches.
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Table 14.2
Fresnel Zones for Different Elevation Angles on 20 Meters
See Figure 14.25 for parameter definitions; height is over flat, unobstructed ground

Desired elevation angle — A 15° 10° 5P
Optimum antenna height — H (ft) 60 90 180
Fresnel zone near edge — dN (ft) 15 65 330
Fresnel zone maximum width — W (ft) 350 500 1000
Fresnel zone reference point — dR (ft) 200 500 2300
Fresnel zone far edge — dF (ft) 1300 3000 12,000
Fresnel zone reflecting area 8 acres 25 acres 200 acres

Optimum terrain roughness (ft) <15 <20 <45
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Figure 11.6 — An end-fed Zepp with a parallel-wire feed line
connected at one end. Tuned feeders can be used to create a
low impedance point for connecting coax as described in the
text
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Figure 12.43 — At A, the SWR of a dipole over a wide frequency range. At B, a nearby conductor is just close enough to interact with
the dipole. At C, when the second conductor is at the optimum spacing, the combination is matched at both frequencies.
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Figure 6.4 — An azimuthal-plane comparison between a 3-i (209
feet long) long-wire (solid line) and the comparison .-\ dipole
(dashed line) at 70 feet high (1 1) at 14 MHz.
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Figure 8.39 — Free-space directive diagrams of the 4-element
antenna shown in Figure 8.38. At A is the E-| .
axis of the elements lies along the 90° — 270° line. At B is the
free-space H-plane pattern, viewed as if one set of elements is
above the other from the ends of the elements.
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Figure 13.7 — Comparisons of three different 6-element
10 meter Yagi designs on 36-foot booms. At A, gain is shown
over the band. With more elements and a longer boom, the
tuning can be staggered even more to make the antenna gain
more uniform over the band. This narrows the gain differential
between the antenna designed strictly for maximum gain and
the antenna designed for an optimal combination of F/R,
SWR and gain. The average difference in gain is about 0.2 dB
throughout the band. At B, the F/R performance over the
band Is shown for the three antenna designs. The antenna
designed for optimal performance maintains an average of
almost 15 dB better F/R over the whole band compared to the
other designs. At C, the SWR bandwidth is compared. Again,
the antenna designed strictly for maximum gain exhibits a
high SWR of 4:1 at 28.8 MHz, and rises to more than 14:1 at
29 0 MHz.
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Figure 12.18 — The off-center-fed (OCF) dipole for 3.5, 7, and
14 MHz (A) and for 7, 14, 28, and 50 MHz (B) A 1:4 or 1:6 im-
pedance transformer and choke balun are used at the feed
point.
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Figure 12.29 — Construction details of the W8NX coaxial-
cable trap.
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Figure 9.19 —
Inductive loading in
the sides of

a %2-). loop to
increase the
directivity and gain.
Maximum radiation
or response is

in the plane of

the loop, in the
direction shown by
the arrow.
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Figure 9.24 — At A, the loop is unbalanced by capacitance to its
surroundings. At B, the use of an electrostatic shield overcomes
this effect.
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Figure 11.17 — Chart for determining
fos:y — approximate Inductance values for
oft-center-loaded dipoles shown in
Figure 11.16A. At the Intersection
T 1 of the appropriate curve from the
i ; ! i body of the chart for dimension
000 [10% ] —— Aand proper value for the coil
, / position from the horizontal scale
at the bottom of the chart, read the
required inductive reactance for
resonance from the scale at the
left. Dimension A Is expressed as
percent length of the shortened
antenna with respect to the length
of a halt-wave dipole of the same
conductor material (that is, how
much shorter than a full-size //2
dipole). Dimension B Is expressed
as the percentage of coll distance
from the feed point to the end
of the antenna. For example, a
shortened antenna, which Is 50% or
! half the size of a half-wave dipole
(144 overall) with loading colls
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Figure 11.55 — Example of R. variation with vertical height (H).
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Figure 11.65 — Loop antenna for LF/MF operation.
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Figure 14.32 — Graph showing 15 meter percentage of all
openings from Chicago to Southern Africa, together with overlay
of elevation patterns over flat ground for two 15 meter antenna
systems. On this long-distance, low-angle path, higher antennas
are again most effective.
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Figure 6.32 — The selectable azimuth looking down on the
V-beam. The arrow shows directions of maximum radiation with
wires 1 and 2 connected.
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Figure 10.23 — Pieces for the LPDA that require fabrication. At A is the forward
connector, made from 2-inch polycarbonate. At B is the rear connector, also
made from '2-inch polycarbonate. At C is the pattern for the phase-line spacers,
made from %-inch acrylic. Two spacers are required for the array.
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Figure 8.13 — The Bob-Zepp is an EDZ on 40 meters, an extended dipole on 80 meters, and a bi-directional array on 160 meters.
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Figure 12.39 — A set of fan verticals. The support must be high
enough to clear 2/4 on the lowest frequency band used. At
higher frequencies, the shorter elements can be held up with
ropes to the support rope as necessary. Radials are required to
provide a ground plane.
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Figure 14.6 — Alternatives to a guyed
tower are shown here. At A, the crank-
up tower permits working on antennas
at reduced height. It also allows
antennas to be lowered during periods
of no operation. Motor-driven versions
are available. The fold-over tower at

B and the combination at C permit
working on antennas at ground level.
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Figure 14.71 — HFTA screen shot of “BIP/BOP” operation of two
4-element 15-meter Yagis at 93 and 46 feet above flat ground.
The elevation response in BOP (both out-of-phase, dotted line)
operation is shifted higher, peaking at about 21°, compared to
the BIP (both in-phase, solid line) operation where the peak is at
8°. The dashed line is response of single Yagi at 46 feet.
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Figure 8.49 — A 2-element end-fire array with reduced height.
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Figure 10.7 — The relative current magnitude on the elements
of model “8504” at 28 MHz without and with a stub. Note the
harmonic operation of the rear elements before a stub is added
to suppress such operation.
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Figure 11.51 — Comparison of elevation patterns for a full-
sized half wave sloper (solid line) on a 100-foot tower and a
half sloper (dashed line) on a 50-foot tower with a 5-element
20-meter Yagi acting as a top counterpoise. The performance is
quite comparable for these two systems.





OEBPS/image_rsrc5GZ.jpg
22' ‘

82uH

Ant0255 Twin Lead

Figure 12.24 — Five-band (3.5, 7, 14, 21, and 28 MHz) trap dipole
for operation with 75-Q feed line at low SWR. The balanced
(parallel-conductor) line indicated is desirable, but 75-Q coax
can be substituted with a choke balun at the feed point to
maintain symmetry. Dimensions given are for resonance
(lowest SWR) at 3.75, 7.2, 14.15, and 29.5 MHz. Resonance

is very broad on the 21-MHz band, with SWR less than 2:1
throughout the band.
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Figure 14.37 — Elevation response for terrain shown in Figure
14.32, using a 4-element 15 meter Yagi, 60 feet high. Note that
the shape of the response is essentially shifted toward the

left, toward lower elevation angles, by the angle of the sloping
ground. For reference, the response for an identical Yagi placed
over flat ground is also shown.
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Figure 14.48 — Comparison of elevation patterns on 15 meters
for a stack of 4-element Yagis at 120 and 60 feet and individual
Yagis at those two heights. The shape of the stack’s response is
determined mainly by that of the top antenna.
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Figure 7.30 — “Crossfire” array with hybrid termination.
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Figure 13.13 — Gain, F/R and SWR performance versus frequency for optimized 0 meter Yagis. At A, gain s shown versus frequency
for eight 10 meter Yagis whose booms range from 6 feet to 60 feet long. Except for the 2-element design, these Yagis have been
optimized for better than 20 dB F/R and less than 2:1 SWR over the frequency range 28.0 to 28.8 MHz. At B, front-to-rear ratlo for
these antennas Is shown versus frequency, and at C, SWR is shown over the frequency range. At D, the taper schedule Is shown

for heavy-duty and for medium-duty 10 meter elements. The heavy-duty elements can withstand 125-mph winds without icing, and
88-mph winds with %i-Inch radial ice. The medium-duty elements can survive 96-mph winds without icing, and 68-mph winds with
Vielnch radial Ice. The wall thickness for each telescoping section of 6061-T6 aluminum tubing Is 0.058 Inches, and the overiap at each
telescoping Junction Is 3 inches.
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Figure 11.23 — The ground-plane antenna. Power is applied
between the base of the vertical radiator and the center of the
ground plane, as indicated in the drawing. Decoupling from
the transmission line and any conductive support structure is
highly desirable.
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Figure 9.36 — Small loop efficiency simulated Iin NEC

(solid), calculated from loop equations (long dashes), and
measured using the Q method (short dashes). The close
agreement among three methods validates the analysis, the Q
measurements, and the completely independent NEC model.
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Figure 9.46 — At A, azimuth response of 142-foot long, 7-MHz Loop
Skywire, 40 feet In the ar at 7.2 MHz, compared with a % dipole
30 feet in the air. At B, response of same Loop Skywire at 14.2 MHz,
compared with a 12-1. 14.2-MHz dipole 30 feet In the alr. Now the
loop has some advantages in certain directions. At C, response of
the same Loop Skywire at 21.2 MHz compared to a 21.2-MHz dipole
at 30 feet. Here, the Loop Skywire has more gain in almost all
directions than the simple dipole. All azimuth patterns were made
at 10° elevation.
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Figure 11.16 — At A is a dipole antenna lengthened electrically
with off-center loading coils. For a fixed dimension A, greater
efficiency will be realized with greater distance B, but as B

is increase, L must be larger in value to maintain resonance.
At B, capacitive loading of the ends will reduce the required
inductance of the coils
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Figure 14.19 — Signal strengths
for the San Francisco to Los
Angeles path for a worst-case
month/SSN combination —
summer solstice, in June, for
a high level of solar activity
(SSN = 120). Now 80 meters
drops out more dramatically
o during the daylight hours, due to
increased D-layer absorption. At
this high level of solar activity,
40 meters remains open 24 hours
with reasonable signal levels.
However, the NVIS rule-of-thumb
still holds: Use 40 meters during
the day; 80 meters at night.

T
P
[
J
B
£
<)
2
2
(2]
s
g
=g
2

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23
QS0512-Straw06 UTC Hours






OEBPS/image_rsrc5A5.jpg
rd; 57m 4%7

Broadslde

LBDX04_10-007

Figure 9.7 — At A, a rectangular loop with its baseline approxi-
mately twice as long as the vertical height. At B and C, the
vertical and horizontal radiation patterns, generated over good
ground. The loop was dimensioned to be resonant at 1.83 MHz.
The azimuth pattern at C is taken at a 23° elevation angle.





OEBPS/image_rsrc56P.jpg
ey
Half — Power

Points

ANT0301

Figure 7.6 — The width of a beam is the angular distance
between the directions at which the received or transmitted
power is half the maximum power (-3 dB). Each angular
division of the pattern grid is 5°.
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Figure 12.9 — Patterns on 20 meters for two 135-foot dipoles.
One is mounted horizontally as a flattop and the other as an
inverted V with 120° included angle between the legs. The
azimuth pattern is shown in A and the elevation pattern is
shown in B.The inverted V has about 6 dB less gain at the peak
azimuths, but has a more uniform, almost omnidirectional,
azimuthal pattern. In the elevation plane, the inverted V has a
large high-angle lobe, making it a somewhat better antenna for
local communication, but not quite so good for DX contacts at
low elevation angles.
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Figure 14.31 — Graph showing 20 meter percentage of all
openings, this time from Seattle, WA, to Europe, together with an
overlay of elevation patterns over flat ground for two 20 meter
antenna systems. The statistically most likely angle on this path
is 5°, occurring about 13% of the time when the band is actually
open. Higher antennas predominate on this low-angle path.
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Figure 10.33 — Outline and sketch of the dimensions for the log-periodic antenna covering the 144, 222, and 432 MHz Bands.
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Figure 13.5 — Comparisons of three different 3-element

10 meter Yagi designs using 8-foot booms. At A, gain com-
parisons are shown. The Yagi designed for the best compromise
of gain and SWR sacrifices an average of about 0.5 dB com-
pared to the antenna designed for maximum gain. The Yagi
designed for optimal F/R, gain and SWR sacrifices an average of
1.0 dB compared to the maximum-gain case, and about 0.4 dB
compared to the compromise gain and SWR case. At B, the
front-to-rear ratio is shown for the three different designs. The
antenna designed for optimal combination of gain, F/R and SWR
maintains a F/R higher than 20 dB across the entire frequency
range, while the antenna designed strictly for gain has a F/R of
3 dB at the high end of the band. At C, the three antenna
designs are compared for SWR bandwidth. At the high end of
the band, the antenna designed strictly for gain has a very high
SWR
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Figure 14.10 — The percentage of time the 40 meter band is
open, at or below each elevation angle, for various DX paths
from Boston: to Europe, South America, southern Africa, Japan,
Oceania and south Asia. The angles are predominantly quite low.
For example, on the path from Boston to Japan, 90% of the time
when the 40 meter band is open, it is open at elevation angles
less than or equal to 10°. Achieving good performance at these
low takeoff angles requires very high horizontally polarized
antennas, or efficient vertically polarized antennas.
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Figure 7.37 — Directional switching for 90°, 90° spaced
2-element array fed with an L network, current-forcing feed
system.
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Figure 8.7 — E-plane pattern for the extended double Zepp of
Figure 8.6.This is also the horizontal directional pattern when
the elements are horizontal. The axis of the elements lies along
the 90°-270° line. The free-space array gain is approximately
495 dBi.
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Figure 14.62 — Simple feed system for 70/40-foot stack

of tribanders. Each tribander is fed with equal lengths of 0.5-
inch 75-Q Hardline cables (with equal lengths of flexible coax
at the antenna to allow rotation), and can be selected singly or
in parallel at the operator’s position in the station. Again, no
special provision is made in this system to equal SWR for any
of the combinations.





OEBPS/image_rsrc5DS.jpg
ANT1292

Coaxial cable shield bonded to one
spiral arm and the inner conductor
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Figure 10.39 — A frequency independent planar spiral antenna cut from a large ground plane or etched on PCB material. The antenna
generates circularly polarized radiation broadside to the page — see text. (after Kraus, 2nd edition, Figure 15-6)
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Figure 11.11 — The center insulator is constructed from a PVC
pipe tee with end caps covering each end. A similar crosspiece
separates the wires at the ends of the antenna. Stainless steel
eyebolts are used to hold the ends of the cage and solder lugs
with jumpers connect to the cage wires. Inside the tee, jumpers
connect the eyebolts to the SO-239 on the third pipe cap. A
piece of PVC pipe is U-bolted to the inner crosspieces of both
cage sections. The entire assembly is supported by a sidearm
from one of the W1AW towers. The antenna was constructed by
W1AW Chief Operator Joe Carcia, NJ1Q.
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Figure 8.21 — An 80-meter half-square configured for 40-foot-
high supports. The ends have been bent inward to re-resonate
the antenna. The performance is compromised surprisingly
little.
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Figure 8.31 — Typical SWR plot for an 80-meter Bobtail curtain
in free space. This is a narrow-band antenna.





OEBPS/image_rsrc5BG.jpg
— ___center
\4

center

=-n,C,

(13)





OEBPS/image_rsrc55T.jpg
ANTO51C

Max. Gain = 15.46dBi Azimuth Plot
Freq = 28.0MHz Elevatlon Angle = 6°

Figure 6.15 — The same 209-foot-per-leg V-beam as Figure 6.14,
but at 28 MHz. Again, the two close-in sidelobes tend to spread
out the azimuthal response some at 28 MHz.
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Figure 6.27 — At left, azimuthal pattern for 3-2. (at 14 MHz)
terminated rhombic (solid line) shown in Figure 6.26,
compared with 4-element 20-meter Yagi (dotted line) on

a 26-foot boom and a 20-meter dipole (dashed line). All
antennas are mounted 70 feet (1 ) above flat ground. The
rearward pattern of the terminated rhombic is good and
the forward gain exceeds that of the Yagi, but the frontal
lobe is very narrow. Above, elevation-plane pattern of
terminated rhombic compared to that of a simple dipole
at the same height.
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Table 10.3

10 Meter 2-element LPDA Tubing Sizes
EZNEC diameter (mm) Tubing size (inches)
15.88 0.625 (%)

12.7 0.500 (V%)
9.525 0.375 (%)
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Figure 6.9 — Two long wires and their
respective patterns are shown at the left.
If these two wires are combined to form
aV with an angle that is twice that of the
major lobes of the wires and with the
wires excited out of phase, the radiation
along the bisector of the V adds and the
radiation in the other directions tends to
cancel.
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Table 11.3
Effective Loading of Common Yagi Antennas

Antenna Boom Area Equivalent
Length  (sqft) Loading
(feet) (feet)

3L 20 24 768 39

5L 15 26 624 35

4L 15 20 480 31

3L15 16 384 28

5L 10 24 384 28

4L 10 18 288 24

3L 10 12 192 20

TH7 24 - 40 (estimated)

TH3 14 - 27 (estimated)
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Table 11.4

Inverted L Dimensions for 50 Q) Feed-Point
Resistance at 1.82 MHz

Vertical ~ Horizontal ~ Inductive Capacitance
Height  Length Reactance Required
(m) (m) @) (PF)

10 59.9 1238 7

20 39.7 517 169

30 21 235 372

Results modeled by EZNEC 5.0 over real ground. Capacitance
specified as series value to cancel inductive reactance.
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Figure 13.23 — Three-dimensional geometry of the 4-element
40-meter OWA Yagi.
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Figure 13.34 — Comparison of gain, F/R and SWR over the 14.0
to 14.35-MHz range for an optimized three-element quad and an
optimized three-element Yagi, both on 26-foot booms. The quad
exhibits almost 0.5 dB more gain for the same boom length,
but doesn’t have as good a rearward pattern over the whole
frequency range compared to the Yagi. This is evidenced by the
F/R curve.The quad’s SWR curve is also not quite as flat as the
Yagi. The quad’s design emphasizes gain more than the other
two parameters.
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Figure 9.14 — Radiation patterns of vertically and horizontally
polarized delta loops on the same dB scale. At A, over very

poor ground, and at B, over very good ground. These patterns
illustrate the tremendous importance of ground conductivity
with vertically polarized antennas. Over better ground, the
vertically polarized loop performs much better at low radiation
angles, while over both good and poor ground the vertically
polarized loop gives good discrimination against high-angle
radiation. This is not the case for the horizontally polarized loop.
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Figure 13.19 — Gain, F/R and SWR performance versus
3 40 Mot Yogis, W s Froquency frequency for optimized 40 meter Yagis. At A, gain versus
frequency I shown for three 40 meter Yagls whose booms
range from 20 feet o 48 feet long, and which have been
optimized for better than 10 dB F/R and less than 2:1 SWR
j over the frequency range 7.0 to 7.2MHz. At B, front-to-rear
3 ratio for these antennas is shown versus frequency, and at
C, SWR over the frequency range is shown. At D, the taper
H schedule is shown for heavy-duty 40 meter elements, which
a can withstand 107-mph winds without icing, and 93-mph
2 ‘winds with Y-inch radial ice. Except for the 2Y-inch and
2-inch sections, which have 0.083 inch thick walls, the wall
thickness for the other telescoping sections of 6061-T6
aluminum tubing is 0.058 inches, and the overlap at the end
H telescoping junction is 3 inches. The 2-inch section utilizes
o - 7 = two machined aluminum reducers to accommodate the
tinch tubing.
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Figure 11.34 — Tap height and values of the gamma series
capacitor for a shunt-fed tower at 1.835 MHz. The tower diameter
is 25 cm (10 inches) and the gamma wire has a diameter of

10 mm (0.4 inches). Three sets of curves are shown for three
spacings (S). The spacing is the distance from the wire to the
tower center.
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Figure 11.41 — Sketch showing a modified 160 meter inverted-L,
with a single supporting 60-foot-high tower and a 79-foot-long
slanted top-loading wire. The feed point impedance is about

12 Q in this system, requiring a quarter-wave matching
transformer made of paralleled 50-Q coaxes.
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Figure 12.20 — At A, multiband antenna using paralleled dipoles
all connected to a common low-impedance transmission line.
The half-wave dimensions may be either for the centers of the
various bands or selected to fit favorite frequencies in each
band. Because of interaction among the various dipoles, the
builder should expect to adjust lengths for resonance on each
band. B shows a method of constructing the dipole that offers
less interaction between the dipoles, making it easier to tune.
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Figure 12.31 — Additional construction details for the W8NX coaxial-cable trap.
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Figure 9.13 — Vertical and horizontal radiation patterns for an

80 meter equilateral delta loop fed for horizontal polarization, with
the bottom wire at 3 meters. The radiation is essentially at very
high angles, comparable to what can be obtained from a dipole
or inverted-V dipole at the same (apex) height.
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Figure 12.13 — The ZS6BKW multiband antenna is a develop-
ment of the G5RV. The length of the matching section of feed
line is based on a velocity factor of 0.91 (91%). (See text.)
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Figure 8.40 — Vertical pattern of the 4-element broadside
antenna of Figure 8.38, when mounted with the elements
horizontal and the lower set 3/4 above flat ground. Stacked
arrays of this type give best results when the lowest elements
are at least 2/2 high. The gain is reduced and the wave angle
raised if the lowest elements are too close to ground.
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Figure 9.20 — Calculated small loop antenna radiation pattern.
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Figure 6.3 — A 3-D representation of the radiation pattern for
the 1-. long-wire shown in Figure 6.2. The pattern is obviously
rather complex. It gets even more complicated for wires longer
than 1 ..
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Figure 13.8 — Comparisons of three different 8-element
10 meter Yagi designs using 60-foot booms. At A, gain is shown
over the frequency band. With even more freedom to stagger-
tune elements and a very long boom on which to place them,
the average antenna gain differential over the band is now less
than 0.2 dB between the three design cases. At B, an excellent
24 dB F/R for the optimal design is maintained over the whole
band, compared to the average of about 12 dB for the other two
designs. At C, the SWR differential over the band is narrowed
between the three designs, again because there are more
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Figure 12.19 — The OCEF dipole detail shows the radiating portions A-C, details of the electrical feed point, and the common-mode
chokes at the feed line connection. See the full article in the online material for construction details.
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Figure 12.30 — Other views of a W8NX coax-cable trap.
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Figure 9.40 — A “flat top” delta loop for 14 MHz is shown at A. Suspended from two supports, its elevation angle of maximum
radiation is approximately 20 degrees. The version at B uses only a single support but its effective height is lower than for A,
raising the angle of peak signal.
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Figure 8.55 — Electrical dimensions for the 20-meter W7EL version of the ZL Special (A). Part B shows how the antenna is assembled
on spreaders of PVC pipe.
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Figure 10.38 — A logarithmic or log spiral. (after Kraus, 2nd
edition, Figure 15-4)
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Figure 11.10 — Construction details and dimensions of the coupled resonator 75/80-meter antenna including a 7./4 impedance
transformer of 75 Q) coax. Based on a coax velocity factor of 0.66 (66%) for solid polyethylene dielectric coax, the %./4 transformer
should be 43.3 feet long at 3.75 MHz. Measure and build the /4 transformer as described in the Transmission Line System
Techniques chapter. The original article recommended type #43 ferrite cores but type #31 will provide more choking impedance at
these frequencies.
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Figure 14.27 — Elevation patterns for a 5-element 20-meter Yagi
at the heights in Table 14.2. The effects of the first three Fresnel
zones are shown.
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Figure 8.12 — The pattern of the 20/15 meter EDZ on 15 meters.
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Figure 14.1 — A site map such this one is a useful tool for
planning your antenna installation.
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Figure 6.33 — The block diagram of the V-beam system. The antenna tuner must be able to accept balanced transmission line and a
built-in or external 4:1 balun is necessary.
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Table 7.1
Comparison of Dipoles with Negligible Coupling
(See Figure 7.1)

Relative Relative Gain
Output Input Power in
Dipoles Power Power Gain dB
A only 1 1 1 0
A and B 4 2 2 3
A,BandC 9 3 3 4.8
A,B,CandD 16 4 4 6
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Figure 11.46 — Details and dimensions for gamma-match
feeding a 50-foot tower as a 1.8-MHz vertical antenna. The
rotator cable and coaxial feed line for the 14-MHz beam is taped
to the tower legs and run into the station from ground level. No
decoupling networks are necessary.
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Figure 6.20 — Azimuthal-plane pattern of resonant
(unterminated) rhombic (solid line) with 3-) legs on 14 MHz,
at a height of 70 feet above flat ground, compared with a 6-%
per leg V-beam (dashed line) at the same height. Both azi-
muthal patterns are at a takeoff angle of 10° . The sidelobes
for the resonant rhombic are suppressed to a greater degree
than those for the V-beam
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Figure 8.18 — Layout for the half-square antenna.





OEBPS/image_rsrc5G0.jpg





OEBPS/image_rsrc57V.jpg
Main Feed

ANT0999

Figure 7.36 — Directional switching for 90° fed, 90° spaced
2-element array fed with a “simplest” feed system. The switch
adds line to create a total length of L2 to the right-hand element.
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Figure 8.6 — The extended double Zepp. This system gives
somewhat more gain than two A-sized collinear elements.
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Figure 14.26 — Optimum antenna height as a function of
frequency and elevation angle.
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Figure 9.25 — Distortion in loop pattern resulting from antenna
effect
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Figure 8.50 — A 4-element array combining collinear broadside
elements and parallel end-fire elements, popularly known as a
two-section W8JK array.
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Figure 12.34 —The
terminated folded dipole
adds a 600-Q terminating
resistor to smooth out
the feed point impedance

variations over a wide range.
The terminating resistor
dissipates some of the input
power in order to provide a
consistent match.
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Figure 9.23 — Example of orientation of loop antenna for
maximum response.
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Table 9.4
Optimum Sizes of Individual Wires Used in Litz Wire

Frequency Range Optimum AWG
60 Hz to 1 kHz 28
1 kHz to 10 kHz 30
10 kHz to 20 kHz 33
20 kHz to 50 kHz 36
50 kHz to 100 kHz 38
100 kHz to 200 kHz 40
200 kHz to 350 kHz 42
350 kHz to 850 kHz 44
850 kHz to 1.4 MHz 46
1.4 MHz to 2.8 MHz 48

(After Table 2 from New England Wire Technologies
“Litz Wire Technical Information”)
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Figure 10.24 — The generic layout for the lower HF wire LPDA.
Use a 4:1 balun on the forward connector. See Tables 10.1 and
10.2 for dimensions.
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Figure 8.44 — Representative H-plane pattern for a 2-element
end-fire array with 90° spacing and phasing. The elements lie
along the vertical axis, with the uppermost element the one of
lagging phase. Dissimilar current distributions are taken into
account.
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ure 14.30 — Graph showing results of stacking antennas at
different heights on the same tower to cover a wider range of
elevation angles, in this case for the path from Connecticut (W1)
to all of Europe on 20 meters. The optimized stack at 120/80/40
feet covers the needed range of elevation angles better than the
stack at 140/70/35 feet or the single Yagi at 140 feet.
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Figure 10.28 — SWR sweep from 28 to 30 MHz of the antenna in
Figure 10.27.
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Figure 8.24 — Varying the horizontal and vertical lengths of

a half-square. At A, both the horizontal and vertical legs are
varied, while keeping the antenna resonant. At B, the height of
the horizontal wire is kept constant, while its length and that
of the vertical legs is varied to keep the antenna resonant. At
C, the length of the horizontal wire is varied and the legs are
bent inwards in the shape of “vees.” At D, the ends are sloped
outward and the length of the flattop portion is varied. All these
symmetrical forms of distortion of the basic half-square shape
result in small performance losses.
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Figure 8.34 — 80-meter free-space E-plane directive patterns for
the Bruce arrays shown in Figure 8.33.The 5-element’s pattern
is a solid line; the 4-element is a dashed line; the 3-element is a
dotted line, and the 2-element version is a dashed-dotted line.
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Figure 14.5 — The radiation patterns for the 10 meter Yagi. The
solid line is the 10 meter Yagi by itself. The dashed line is for
the same Yagi, with all other antenna interactions. The dotted
line shows the worst-case pattern, with the stacked Yagis on
the 100-foot tower facing the 70-foot tower and the 10 meter
Yagi pointed toward the Caribbean. Again, the peak response of
the 10 meter Yagi has dropped about 1.5 dB in the worst-case
situation.
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Figure 10.6 — The modeled free-space gain of three relatively
small LPDAs of different design. Note the relationship of

the values of T and of o for these arrays with quite similar
performance across the 14-30 MHz span.
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Figure 7.38 — Directional switching of a four-element rectangular
array. All interconnections must be very short. As usual, grounds
and cable shields have been omitted for clarity.
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Figure 8.8 — Resistive and reactive feed point impedance of a
40 meter extended double Zepp in free space.
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Figure 12.10— Patterns on 10 meters for same antenna confi-
gurations as in Figs 10.6 and 10.7. Once again, the inverted V
configuration yields a more omnidirectional pattern, but at the
expense of almost 8 dB less gain than the flattop configuration
at its strongest lobes.
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Figure 11.28 — The folded monopole antenna. Shown here is

a ground plane of four 7/4 radials. The folded element may be
operated over an extensive counterpoise system or mounted
on the ground and worked against buried radials and the earth.
As with the folded dipole antenna, the feed point impedance
depends on the ratios of the radiator conductor sizes and their
spacing.
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Figure 13.12 — Typical construction techniques for an HF Yagi. Photo A shows a typical element-to-boom clamp. U-bolts are used
to hold the element to the plate and muffler clamps hold the plate to the boom. Photo B shows a hairpin match on a driven element
insulated from a mounting plate that is attached to the boom with muffler clamps and saddles. Outdoor-rated gray PVC conduit
sleeves insulate the element from the mounting plate. U-bolts hold the element on the plate. The feed line is connected to the

two screws to which the hairpin inductor is attached. Note that the hairpin inductor’s center point is attached to the boom at an
electrically neutral point. All mounting hardware should be galvanized or stainless steel. The latter requires the use of an anti-seize
compound to prevent thread galling.
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Figure 11.64 — A grounded tower radiator with the feed point
and loading inductor at the top with top-loading.
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Figure 14.44 — Elevation responses computed by HFTA

for N6BV/1 terrain shown in Figure 14.39, for a stack of two
4-element 20 meter Yagis at 120 and 60 feet, together with the
response for a single Yagi at 120 feet and a 120/60-foot stack
over flat ground for reference. Due to the response, many
diffraction and reflection components is quite complicated!
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Figure 14.56 — Four spacing scenarios for two large
7-element 15-meter Yagis (on 64-foot booms). Again, a
0.65-). spacing (30 feet) provides the most stacking gain.
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Figure 7.24 — Pattern and layout of the four-element Four-

Square array. Gain is referenced to a single similar element;

add 55 dB to the scale values shown.
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Figure 10.1 — The basic components of a log periodic dipole
array (LPDA). The forward direction is to the left in this sketch.
Many variations of the basic design are possible.
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Figure 13.24 — Model dimensions for the 4-element 40-meter OWA
Yagi.
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Figure 13.35 — Comparison of gain, F/R and SWR over the
28.0 to 28.8-MHz range for an optimized five-element quad and
an optimized five-element Yagi, both on 26-foot booms. The
gain advantage of the quad is about 0.25 dB at the low end of
the band. The F/R is more peaked in frequency for the quad,
however, than the Yagi.
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Figure 9.15 — Radiation resistance of (A) horizontally and (B) vertically polarized equilateral delta loops as a function of height above
average ground. The delta loop was first dimensioned to be resonant in free space (reactance equals zero). Those dimensions were
then used for calculating the impedance over real ground. Modeling was done at 3.75 MHz over good ground, using NEC.
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Figure 8.11 — The pattern of the 20/15 meter EDZ on 20 meters.
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Figure 13.2 — E-Plane (electric field) and H-Plane (magnetic field)
response patterns for 3-element 20 meter Yagi in free space. AtA
the E-Plane pattern for a typical 3-element Yagi is compared with
a dipole and an Isotropic radiator. At B the H-Plane patterns are
compared for the same antennas. The Yagi has an E-Plane half-
power beamwidth of 66°, and an H-Plane half-power beamwidth of
about 120°. The Yagi has 7.28 dBl (5.13 dBd) of gain. The front-
to-back ratio, which compares the response at 0° and at 180, is
about 35 dB for this Yagi. The front-to-rear ratio, which compares
the response at 0° to the largest lobe in the rearward 180° arc
behind the antenna. is 24 dB. due to the lobes at 120° and 240°.
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Figure 11.1 — Details of center-fed coax-fed dipole construction. The dipole at B can also be fed with open-wire or ladder-line.
Note that the electrical length of the dipole extends to the tips of the loops of wire attached to the insulators.
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Figure 11.12 — The construction of a double bazooka dipole (A)
showing the construction of the stubs and connection to the
feed line. A variation is the crossed bazooka antenna at B.
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Figure 11.42 — Overlay of the elevation responses for the
inverted-L antennas in Figure 11.40 (solid line) and Figure 11.41
(dashed line). The gains are very close for these two setups,
provided that the ground radial system for the antenna in Figure
11.41 is extensive enough to keep ground losses low.
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Figure 14.22 — Geographic coverage plots for December, SSN = 20, 0300 UTC. At A, antennas are 20-foot-high inverted V dipoles
over Average soil. At B, antennas are 2-foot-high flattop dipoles over Average soil. The response for the 2-foot-high antennas is down
about 2 S Units, 8 to 12 dB for a typical communications receiver.
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Figure 10.35 — Mounted on a tripod using PVC
plumbing adapters, this small LPDA is used

for table-top EMC troubleshooting. Note the
placement of the coaxial cable and that it secured
to stay in place along the center of the antenna.
(Photo courtesy Ken Wyatt, KX7KW)
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Figure 8.1 — Methods of showing and checking the phase of
currents in elements and phasing lines.
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Figure 14.63 — Stacking dissimilar Yagis. In this case a
7-element 10-meter Yagi is stacked over two 5-element Yagis.
Note the displacement of the 7-element Yagi’s driven element
compared to the position of the two 5-element Yagis. This leads
to an undesired phase shift for the higher antenna.





OEBPS/image_rsrc5JE.jpg
Table 13.4
Optimized 17 Meter Yagi Designs.
Two-element 17 meter Yagi, 6 foot boom

Element Spacing
File Name

Reflector 0.000°

Driven Element  66.000"
Three-element 17 meter Yagi, 14 foot boom
Element Spacing

File Name

Reflector 0.000°

Driven Element  65.000"

Director 1 97000°

12 behind Dir. 1
Four-element 17 meter Yagi, 20 foot boom

Element Spacing
File Name

Reflector 0.000°

Driven Element  48.000°

Director 1 48.000"

Director 2 138.000°
Compensator 12" behind Dir. 2
Five-element 17 meter Yagi, 30 foot boom
Element Spacing

File Name

Reflector 0.000°

Driven Element  48.000"

Director 1

Director 2

Director 3

Compensator 12" behind Dir. 3
Sixelement 17 meter Yagi, 48 foot boom
Element Spacing

File Name

Reflector 0.000*

Driven Element  52.000"

Director 1 51.000"

Director 2 87000°

Director 3 204.000"

Director 4 176.000°
Compensator 12 behind Dir. 4
Six-element 17 meter Yagi, 60 foot boom
Element Spacing

File Name

Reflector 0.000°

Driven Element  54.000"

Director 1 54.000"

Director 2 180.00¢

Director 3 235.000°

Director 4 191.000"

Compensator 12" behind Dir. 4

Heavy-Duty Tip
217-068H.YW
61000
48.000°

Heavy-Duty Tip
II7-14H YW
61500°
52.000°
46.000°
12625

Heavy-Duty Tip
417:20HYW
61500°
54.250°
52625
40500
42500

Heavy-Duty Tip
517:30H.YW
61875°
52.250°
49.625°
49,875
43500
54375

Heavy-Duty Tip
617-48H.YW
63000
52500
45.500°
47875"
47000"
42000
68250

Heavy-Duty Tip
617-60H.YW
61250°
54.750"
52.250"
46.000"
44,625
41500"
62875

Medium-Duty Tip
217-06M.YW
89.000"

76.250°

Medium-Duty Tip
317-14M.YW
91500"

79500

73.000"

10.750"

Medium-Duty Tip
417-20MYW

89.50
82,62
81125"
69.625"
36.250"

Medium-Duty Tip
517-30M.YW
89.875"

80.500"

78250"

78.50(
72.500°
45.875"

Medium-Duty Tip
617-48M.YW
90.250"

80,501

74.375"

76.625"

75.875"

71125

57500°

Medium-Duty Tip
B17:60M.YW
89.250"

83.125"

80.750"

74875

73.625"

70.625"

53.000°

These 17 meter Yagi
designs are optimized for
>20 dB F/R, and SWR

< 2:1 over entire frequency
range from18.068 to
18.168 MHz, for heavy-
duty elements (123 mph
wind survival) and for
medium-duty (83 mph wind
survival). Only element tip
dimensions are shown. All
dimensions are in inches.
Torque compensator ele-
mentis made of 2.5" OD
PVC water pipe placed

12" behind last director,
and dimensions shown for
compensators is one-half
of total length, centered on
boom.






OEBPS/image_rsrc5A2.jpg
Broadside
Endfire

LBDX04 10004

Figure 9.4 — Azimuth and elevation patterns of the horizontally
polarized quad loop at low height (bottom wire 0.0375 % above
ground). At an elevation angle of 30°, the loop has a front-to-
side ratio of approximately 8 dB.
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Figure 12.42 — Evolution of coupled-resonator antennas: At A,
the coaxial-sleeve dipole; at B, the open-sleeve dipole; and at C,
a coupled-resonator dipole, the most universal configuration.
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Figure 10.18 — Gain at peak elevation angle at 55 feet over
average ground.
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Figure 14.35 — Elevation response for rays launched at terrain
in Figure 14.30 from a height of 60 feet using a 4-element Yagi.
This was computed using a simple Geometrical Optics (GO)
reflection-only analysis. Note the hole in the response between
6° to 10° in elevation. It is not reasonable for a 10-foot high rock
to create such a disturbance at 21 MHz!
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Max. Galn = 8.95 dBI ANT0344

Figure 8.17 — Free-space E-plane pattern of a 4-element
broadside array using parallel elements (Figure 8.16). This
corresponds to the horizontal directive pattern at low wave
angles for a vertically polarized array over ground. The axis of
the elements lies along the 90° — 270° line.
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Figure 13.27 — “Christmas Tree” stack of 20/15/10 meter Yagis
spaced vertically on a single rotating mast.
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Figure 14.41 — Elevation response computed by HFTA for
“Hill-Ahead” terrain shown in Figure 14.36. Now the hill blocks
direct rays and also precludes possibility of any constructive
reflections. Above 10°, diffraction components add up together
with direct rays to create the response shown.





OEBPS/image_rsrc5N6.jpg
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Figure 14.53 — Various stacks toward Europe from New
England for 15 meters. The stack at 120 and 30 feet is clearly
suboptimal, since the second lobe is higher than the first lobe.
The 120/60-foot stack is better in this regard, but is still not

as good a performer as the 90/60/30-foot stack. It's debatable
whether going to four Yagis in the 120/90/60/30-foot stack is

a good idea because it drops below the performance of the
90/60/30-foot stack at about 10° in elevation. The exact distance
between practical HF Yagis is not critical to obtain the benefits
of stacking. For a stack of tribanders at 90, 60 and 30 feet, the
distance in wavelengths between individual antennas is 0.87 %
at 28.5 MHz, 0.65 ). at 21.2 MHz, and 0.43 ). at 14.2 MHz.
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Figure 11.57 — Base current (Ip) and voltage (Vo) versus
antenna height (H) at A. B shows the required input power (P;) to
radiate the maximum allowed power, (P,) versus height with the
same loading inductors as in the previous section.
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Figure 12.2 — If the antenna length is 135 to 140 feet, a parallel-
tuned coupling circuit (A) can be used on each amateur band
from 3.5 through 30 MHz, with the possible exception of the
10-, 18- and 24-MHz bands. C1 should be from 500-1000 pF with
plate spacing capable of withstanding several hundred volts.
L1 should be chosen to resonate with 20-80% of C1’s maximum
value. If the wire is 67 feet long, series tuning can be used on
3.5 MHz as shown at the left; parallel tuning will be required on
7 MHz and higher frequency bands. The L network shown in
Figure 12.1B is also suitable for these antenna lengths.
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Figure 13.9 — Gain versus boom length for three different

10 meter design goals. The goals are: (1) designed for maximum
gain across band, (2) designed for a compromise of gain and
SWR, and (3) designed for optimal F/R, SWR and gain across
28.0 to 28.8 MHz portion of 10 meter band. The gain difference is
less than 0.5 dB for booms longer than approximately 0.5 ..
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Table 9.3
Values of the
Constant H
for Distributed
Capacitance

Length to

Diameter Ratio H
0.10 0.96
0.15 0.79
0.20 0.78
0.25 0.64
0.30 0.60
0.35 0.57
0.40 0.54
0.50 0.50

1.00 0.46
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Figure 7.3 — Representative broadside arrays. At A, collinear
elements, with parallel elements at B.
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Freq = 14.2 MHz Dipo/le at 30"

Max. Gain = 6.63 dBi Azimuth Angle = 45.0 deg.

Figure 9.39 — Elevation-plane response of 7-MHz loop used
on 14.2 MHz. This is for a feed point at the center of one of the
two vertical wires. The dashed line is the response of a flattop
20-meter dipole at 30 feet in height for comparison.
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Figure 10.9 — A substitute for a large-diameter tubular element
composed of two wires shorted at both the outer ends and at
the center junction with the phase-line.
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Figure 14.7 — When antennas are compared on fading signals,
the time delay involved in disconnecting and reconnecting
coaxial cables is too long for accurate measurements. A simple
slide switch will do well for switching coaxial lines at HF. The
four components can be mounted in a tin can or any small
metal box. Leads should be short and direct. J1 through J3 are
coaxial connectors.
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Figure 12.12 — The G5RV multiband antenna covers 3.5 through
30 MHz. It may be fed directly on 14 MHz but its designer recom-
mends a matching network or antenna tuner on other bands.
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Figure 6.10 — Azimuthal-plane pattern at 10° elevation angle
for a 14-MHz V-beam (solid line) with 1-2 legs (68.5 feet long),
using an included angle of 75° between the legs. The V-beam

is mounted 1 . above flat ground, and is compared with a V-
dipole (dashed line) and a 4-element 20-meter Yagi on a 26-foot
boom (dotted line).
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Figure 8.48 — Six other variations of W8JK “flat-top beam” antennas.
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Figure 13.28 — Dimensions of K5RR’s trap-less tribander using “forward stagger” and open-sleeve techniques to manage interaction
between elements for different frequencies.
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Figure 6.19 — The resonant rhombic or diamond-shaped
antenna. All legs are the same length, and opposite angles of
the diamond are equal. Length ( is an integral number of half
wavelengths for resonance.
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Figure 14.65 — Schematic of WX0B’s StackMatch 2000 switchbox, which uses a broadband transmission line transformer using
trifilar #12 enamel-insulated wires. (Courtesy Array Solutions.)
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Figure 9.26 — Comparison of skin depth between conventional
(A) and Litz wire (B).
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Table 13.12

Dimensions for Optimized Monoband Quads in
Figs 13.34, 13.35 and 13.36, on 26-Foot Booms

Reflector

R-DE Spacing
Driven Element
DE-D1 Spacing
Director 1
D1-D2 Spacing
Director 2
D2-D3 Spacing
Director 3

Feed method

14.2 MHz
73 9"

17' 8"

71 8"

g 3"
68'7"

Direct 50Q

212 MHz
49'6"

7

476"

5

46' 8"

6 8"

46' 10"

71 40

45' 8"
Direct 50 Q

28.4 MHz
37'3"

6' 4"
35'9"
5'6"
34'8"
6'9"
35'2"
75"
34'2"
Direct 50 Q
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Figure 10.12 — The modeled free space gain from 14 to

30 MHz of an LPDA with 7 of 0.89 and o of 0.04. Squares: just
a stub to eliminate a weakness; Triangles: with a stub and
circularized elements, and Circles: with a stub, circularized
elements and a parasitic director.
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Table 13.6

Optimized 30 Meter Yagi Designs Three-element 30 meter Yagi, 34 foot boom

: Element Spacing Heavy-Duty Tip
Two-element 30 meter Yagi, 15 foot boom File Name 330-34H.YW
E[ement Spacing Heavy-Duty Tip Reflector 0.000" 53.750"
File Name i 230'15,"-|‘YW Driven Element 212" 29.000"
Rgflector 0.000 . 50.250“ Director 1 190" 14.500"
Gifeen Eldmiom LEH000 14825 These 30 meter Yagi designs are optimized for > 10 dB F/R, and
3-element 30 meter Yagi, 22 foot boom SWR < 2:1 over entire frequency range from 10.100 to 10.150 MHz
Element Spacing Heavy-Duty Tip fo_r hea\_/y-duty elements (105 mph wind survival). Only elem_ent tip ;
File Name 330-22H.YW dimensions are shown. See Fig 13.18D for element telescoping tubing

schedule. All dimensions are in inches. No torque compensator ele-

Reflector 0.000 59.375 ment is required.

Driven Element 135.000 35.000
Director 1 123.000 19.625
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Figure 6.6 — At A, the azimuth responses for a 5-%. long-
wire (350 feet long at 14 MHz — solid line) to the same
4-element Yagi (dotted line) and dipole (dashed line) as in
Figure 6.5. At B, the elevation-plane responses for the long-
wire (solid line) and the dipole (dashed line) by themselves.
Note that the elevation angle giving peak gain for each
antenna is just about the same. The long-wire achieves gain
by compressing mainly the azimuthal response, squeezing
Max. Gain = 12.75 6B Adimuth Plot the gain into narrow lobes; not so much by squeezing the
Freq=14.0 MHz Elevation Angle = 10° elevation pattern for gain.
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Figure 11.45 — Azimuthal pattern at a takeoff angle of 5° for an
80-meter version of the inverted-L (solid line) in Figure 11.40,
compared to the response for a 100-foot-high flattop dipole
(dashed line).
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Figure 12.27 — A W8NX multiband
dipole for 80, 40, 17, and 12 meters.
For this antenna, the high-impedance

output is used on each trap.The
resonant frequency of the traps is
7.1 MHz.
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Figure 7.13 — Minimum element spacing required for total field
reinforcement, curve A, or total field cancellation, curve B. Total
cancellation results in pattern nulls in one or more directions.
Total reinforcement does not necessarily mean there is gain
over a single element, as the effects of loss and mutual coupling
must also be considered.
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Figure 14.12 — The situation on 80 meters from Boston to the rest
of the DX world. Into Europe, 90% of the time the elevation angle
is less than or equal to 20°. Into Japan from Boston, 90% of the
time the angle is less than or equal to 12°.
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Table 11.1

Starting Lengths for Amateur Band Dipoles

Freq - Length in feet -----------
(MHz)  468/f 485/f 490/f
1.85 253.0 262.2 264.9
3.6 130.0 134.7 136.1
3.9 120.0 124.4 125.6
5.3 88.3 915 92.5
71 65.9 68.3 69.0
10.1 46.3 48.0 48.5
14.15 33.1 34.3 34.6
18.1 25.9 26.8 271
21.2 221 22.9 23.1
24.9 18.8 19.5 19.7
28.2 16.6 17.2 174
29 16.1 16.7 16.9

50.1 9.3 9.7 9.8
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Figure 11.13 — The matching network for the DXer’s Delight.
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Figure 14.21 — Elevation
response patterns for 80-meter
antennas over average soil.
The shapes track each other
rather well, remaining parallel
for heights from 2 to 66 feet
over flat ground. The 2-foot
dipole is substantially down,
about 9 dB, from the 20 foot
inverted V dipole at all angles.
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Figure 9.5 — Radiation angle and gain of the horizontally

and the vertically polarized square loops at different heights
over good ground. At A, for vertical polarization, and at B, for
horizontal polarization. Note that the gain of the vertically
polarized loop never exceeds 4.6 dBi, but its wave angle is
low for any height (14 to 20°). The horizontally polarized loop
can exhibit a much higher gain provided the loop is very high.
Modeling was done over average ground for a frequency of
3.75 MHz, using NEC.





OEBPS/image_rsrc58U.jpg
Half-Square @ 40 Flattop Dipole

Max. Gain = -3.15 dBi Elevation =5 deg.
ANT0196 Freq. = 3.75 MHz

Figure 8.23 — 80-meter azimuth patterns for shortened half-
square antenna (solid line) compared with flattop dipole
(dashed line) at 100 feet height. Average ground is assumed for
these cases.
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Figure 9.16 — Gain and radiation angle of (A) horizontally and (B) vertically polarized equilateral delta loops as a function of the
height above ground. Modeling was done at 3.75 MHz over average ground, using NEC.
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Figure 9.22 — Example of orientation of loop antenna that does
not respond to a signal source (null in pattern).
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Figure 7.31 — “Crossfire” array with transmitting-type design.
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Figure 11.36 — Principal detalils of the shunt-fed tower at K6SE.
The 1.8-MHz feed, left side, connects to the top of the tower
through a horizontal arm of 1-inch diameter aluminum tubing.
The other arms have standoff insulators at their outer ends,
made of 1-foot lengths of plastic water pipe. The connection for
3.5 to 4 MHz, right, is made similarly, at 28 feet, but two variable
capacitors are used to permit adjustment of matching with
large changes in frequency.
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Figure 13.11 — Tapering spacing versus constant element
spacing. At A, illustration of how the spacing of the reflector,
driven element and first director (over the first 0.19 . of the
boom) of an optimally designed Yagi is bunched together
compared to the Yagi at B, which uses constant 0.15 2. spacing
between all elements. The optimally designed antenna has more
than 22 dB F/R and an SWR less than 1.5:1 over the frequency
band 28 0 to 28 8 MHz.
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Figure 11.22 — How earth currents affect the losses in a short vertical antenna system. At A, the current through the combination

of Ccand Rz may be appreciable if C¢ is much greater than C,,, the capacitance of the vertical to the ground wires. This ratio can be
improved (up to a point) by using more radials. By raising the entire antenna system off the ground, C¢ (which consists of the series
combination of C., and C.,) is decreased while C,, stays the same. The radial system shown at B is sometimes called a counterpoise.
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Figure 7.25 — “Simplest” feed system for the Four-Square array
in Figure 7.24. Grounds and cable shields have been omitted for
clarity.
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Figure 14.36 — A long, gentle downward-sloping terrain. This
terrain has no explicit diffraction points and can be analyzed
using simple GO reflection techniques.
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Figure 10.17 — Free-space azimuth pattern at 21.5 MHz.
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Figure 14.43 — Terrain of N6BV/1 in Windham, NH, toward Japan.
HFTA identifies 52 different points where diffraction can occur.
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Figure 14.55 — Four spacing scenarios for two 3-element
15-meter Yagis. Things get very complicated. The optimal
spacing in terms of stacking gain is 30 feet, which is 0.65 .
The near-overhead lobes turn out to be ugly looking, but
unimportant for skywave propagation.
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Figure 12.35 — At A, theoretical gain (in dBi) versus frequency
for a 90-foot terminated folded dipole (600-Q termination) in
free space. At B, theoretical gain of a dipole and a 90-foot
TFD antenna over poor ground (conductivity of 1 mS/m), and
measured NVIS gain (the solid circles) for the B&W 370-15
antenna. All antennas were installed horizontally at 30 feet.
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Figure 14.29 — Graph showing 20 meter percentage of all
openings from New England to Europe versus elevation angles,
together with overlay of elevation patterns over flat ground for
three 20 meter antenna systems. The most statistically likely
angle at which the band will be open is 5°, although at any
particular hour, day, month and year, the actual angle will likely
be different. Note the deep null exhibited by the 140-foot high
antenna centered at 14°
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Figure 10.29 — Basic assembly for the 2-element 10-meter
BOPLA-2 LPDA antenna designed by GOKSC.
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Figure 8.10 — The 20/15 meter EDZ with feed line length
specified for low SWR on 20 and 15 meters.
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Figure 7.39 — Directional switching of the Four-Square array.
All interconnections must be very short.
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Figure 13.3 — Azimuth pattern for 6-element 20 meter Yagi on 60-
foot long boom, mounted 60 feet over ground. At A, the azimuth
pattern at 12° elevation angle is shown, compared to a dipole at
the same height. Peak gain of the Yagi is 16.04 dBi, or just over 8
dB compared to the dipole. At B, the elevation pattern for the same
two antennas is shown. Note that the peak elevation pattern of the
Yagi is compressed slightly lower compared to the dipole, even
though they are both at the same height over ground. This is most
noticeable for the Yagi’s second lobe, which peaks at about 40°,
while the dipole’s second lobe peaks at about 48°. This is due to
the greater free-space directionality of the Yagi at higher angles.
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Figure 11.50 — Radiation pattern for a typical half sloper (solid
line) mounted on a 50-foot-high tower with a large 5-element

20 meter beam on the top compared to that for a flattop dipole
(dashed line) at 100 feet. At a 5° takeoff angle typical for DX
work on 80 meters, the two antennas are pretty comparable in
the directions favored by the high dipole. In other directions, the
half sloper has an advantage of more than 10 dB.
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Figure 9.33 —The
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term results in an
erroneous infinite null
depth.






OEBPS/image_rsrc5NS.jpg
Figure 14.70 — 3D representation of the pattern for two
4-element 15-meter Yagis, with the top antenna at 95 and the
bottom at 65 feet, but pointed in the opposite direction.





OEBPS/image_rsrc56J.jpg
ANTO297

Figure 7.2 — At A, parallel and at B, collinear antenna elements.
The array shown at C combines both parallel and collinear
elements.
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Figure 11.44 — Azimuthal pattern comparison for inverted-L
antennas shown in Figure 11.40 (solid line) and the compromise,
single-radial system in Figure 11.43 (dashed line). This is for a
takeoff angle of 10°.
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Figure 9.31 — Effect of ratio of Rg/R; on loop efficiency.
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Table 13.8
Optimized Hy-Gain 20 Meter Yagi Designs

Optimized 204BA, Four-element 20 meter Yagi,
26 foot boom

Element Spacing Element Tip
File Name BV204CA.YW
Reflector 0.000" 56.000"
Driven Element 85.000" 52.000"
Director 1 72.000" 61.500"
Director 2 149.000" 50.125"

Optimized 205CA, Five-element 20 meter Yagi,
34 foot boom

Element Spacing Element Tip
File Name BV205CA.YW
Reflector 0.000" 62.625"
Driven Element 72.000" 53.500"
Director 1 72.000" 63.875"
Director 2 74.000" 61.625"
Director 3 190.000" 55.000"

Director 3 190.000" 55.000"
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Figure 13.29 — Layout of Force 12 C-3 multiband Yagi. Note that
the 10 meter (driver/director) portion of the antenna is “forward
staggered” ahead of the 15 meter (reflector/driver) portion,
which in turn is placed ahead of the 20 meter (reflector/driver)
portion. The antenna is fed at the 20 meter driver, which couples
parasitically to the 15 meter driver and the two 10 meter drivers.
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Figure 7.7 — Four equivalent ways of representing the phase
and direction of the same current in a model of a dipole (see
text).
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Figure 7.14 — Resultant voltages and currents along a mis-

matched line. At A
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Table 14.3

Example, Spacing Between 15-Meter Yagis

Antenna

(dBi)
3 Elements, 12 Foot Boom
By itself 95 13.2
95'/65' (A 30") 16.08
95'60' (A35)  16.01
95/70' (A25")  15.81
95/55' (A40")  15.71
95'775' (A 20') 15.34
4 Elements, 18 Foot Boom
By itself 95 13.92
95/65' (A30")  16.63
95/60' (A35")  16.6
95'/55' (A 40') 16.36
95/70' (A25")  16.36
95/75' (A20")  15.92
5 Elements, 23 Foot Boom
By itself 95 14.26
95'65' (A30")  16.86
95/60' (A35")  16.86
95/55' (A40")  16.67
95'/70' (A 25') 16.59
9575' (A20")  16.18
7 Elements, 64 Foot Boom
By itself 95 17.93
95/65' (A30")  19.39
95760 (A35)  19.38
95Y55' (A40')  19.29
95/70' (A25")  19.26
95/75' (A20")  19.08

Peak Gain

Worst Lobe
(dB re Peak)

-0.9
-4.5
-6.2
-32
=847
-2.3

-1

—45
—6.2
-8.7
-3.3
25

=11

-4.6
-6.3
-8.8
-3.4
-2.6

22
-6.9
-8.6
-10.9
-55
-4.6

Worst Lobe
Angle (°)

21
25
24
24
24
23

21
23
24
24
24
23

21
24
24
24
24
23

21
243
24
24
23
23

FIB
(dB)

28.8
14.9
15.1
14.8
16.4
16.3

28.3
18.5
18.2
19.8
20.4
25.9

279
20.8
20.7
235
24.9
34.3

28.9
214
214
25.0
24
27

Overhead Lobe
(dB re Peak)

-175
-147
-10.9
-28
-1
-172

—20.4
-173
—138.1
-13.2
-318
-19

—22.3
-19

—14.4
—14.4
-34.4
—20.2

=171

-219
-16.9
-18.6
-35.3
—23.4
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Table 9.5
Transmitting Loop Equations

X, =2nfL

f X

L

T 2R, +R,)

NAJ =197CIN?

R, = 3.12x104(T
X

V. =42PX,Q
L [FQ

XL
where

X = inductive reactance in ohms

f = frequency in Hz

Df = bandwidth in Hz

Rg = radiation resistance in ohms

R, = loss resistance in ohms (see text)

C,. = loop circumference in wavelengths

N = number of turns

A = area enclosed by loop in square meters

. = wavelength at operating frequency in meters
V¢ = peak voltage across capacitor

P = power in watts

I, = resonant circulating RMS current in the loop
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Table 13.5
Optimized 20 Meter Yagi Designs
Tivo-element 20 meter Yagi, 8 foot boom

Element Spacing
Fle Name
Reflector 0.000"
Driven Element  90.000"
Three-element 20 meter Yagi, 16 foot boom
Element Spacing
File Name.
Reflector
Driven Element
Director 1
Compensator 12" behind Dir. 1
Four-element 20 meter Yagi, 26 foot boom
Element Spacing
File Name
Reflector 0.000"
Driven Element  72.000"
Director 1 60.000"
Director 2 174.000"
Compensator 12" behind Dir. 2
Five-element 20 meter Yagi, 34 foot boom
Element Spacing
File Name
Reflector 0.000"
Driven Element  72.000"
Director 1 71000"
Diroctor 2 68.000"
Director 3 191.000"
Compensator 12 behind Dir. 3
Five-clement 20 meter Yagi, 40 foot boom
Element Spacing
File Name
Reflector
Driven Element
Director 1
Director 2
Director 3 181.000"
Compensator 12" behind Dir.3.
Five-clomont 20 meter Yagi, 48 foot boom
Element Spacing
File Name
Reflector 0.000"
Driven Element ~ 72.000"
Diector 1 88.000"
Director 2 199.000"
Dirctor 3 211000
Compensator 12" behind Dir.3
Six-element 20 meter Yagi, 60 foot boom
Element ‘Spacing
File Name
Reflector 0.000"
Driven Element ~ 84.000"
Director 1 91000"
Director 2 130.000"
Director 3 210000°
Director 4 199.000"
Compensator 12" behind Dir.4
Sixelement 20 meter Yagi, 80 foot boom
Element Spacing
Flle Name
Reflector 0.000"
Driven Element

rector 1

rector 2
Director 3
Direcor 4

Compensator 12" behind Dir. 4

Hoavy-Duty Tip
220-08HYW.
66.000"
46.000"

Heavy-Duty Tip
300-16HYW.
69.625"
51250"
42625"
33,375

Heavy-Duty Tip
420-26HYW.
65625
53,375
51750"
38625"
54.250"

Heavy-Duty Tip
520-34HYW
68.625"
52.250"
45875
45875
37000"
60.250"

Heavy-Duty Tip
520-40HYW
68.375"
53.500°
51500"
8375
38,000°
60.750"

Heavy-Duty Tip
520-48HYW.
66.250"
53,000
50,500
7375
39750
70325

Heavy-Duty Tip
620-60HYW.
67000"
51500°
5.125°
175"
46875
30.125°
72875

Heavy-Duty Tip
620-80HYW.
66.125"
52375"
9125
44500
2625
38750
78.750"

Medium-Duty Tip
220.08M.YW
£0.000"

59.000°

Medium-Duty Tip
320-18M.YW

38.250°

Medium-Duty Tip
420-26M.YW
78,000

65.375"

63875

51500°

44250°

Medium-Duty Tip
520-34M.
80.750"
65500
50.375"
50.375"
51000°
56.250"

Medium-Duty Tip
520-40M.YW
80.500"

66.625"

64625

61750"

52,000

56.750"

Medium-Duty Tip
520-48M YW
78.500"

66.000"

63750

60.875"

53625"

57325

Medium-Duty Tip
620-60M YW/
79250

65.000"

56750

55.125°

60375"

53.000°

50250

Medium-Duty Tip
620-80M YW/
78.375"

65500

62500

58.125°

56375"

52.605"

6a.125°

These 20 meter Yagi
designs are optimized for
5208 FIR, and SWR

<2:1 over entie frequency.
fange fiom 14.000 to

14350 MHz, for heavy-duty
elements (132 mph wind
survival) and for medium-
duty (82 mph wind survival).
Oniy element p dimensions
are shown. See Fig 13,17 for
element tlescoping lubing
Schedue. Alldimensions are
i inches Torque compensa-
o clomentis mado of 25"
OD PVC water pipe placed
12" behind last direclor and
dimensions shown for com-
pensators is one-half of otal
lengih, centered

onboom.
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Figure 14.64 — Comparison of elevation responses for
7/5/5-element 10-meter stacks, with and without compensation
for driven-element offset
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Figure 11.33 — Electrical length of a tower loaded with a Yagi
antenna. The chart is valid for 160 meters (1.825 MHz) and a
tower with an equivalent diameter of 30 cm (12 inches). For a
larger tower diameter, the electrical length will be shorter (4 to
7 degrees for a 60 cm (24 inch) tower).
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Figure 10.8 — A graph of the gain of model “8504” showing the
frequency region in which a “weakness” occurs and its absence
once a suitable stub is added to the array.
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Figure 8.43 — Gain over a single element of two out-of-phase
elements in free space as a function of spacing for various loss
resistances.
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Figure 6.5 — A comparison between the 3- long-wire (solid
line) in Figure 6.4, a 4-element 20-meter Yagi on a 26-foot boom
(dotted line), and a ¥.-2. dipole (dashed line), again at a height
of 70 feet. The main lobes of the long-wire are very narrow
compared to the wide frontal lobe of the Yagi. The long-wire
exhibits an azimuthal pattern that is more omnidirectional in
nature than a Yagi, particularly when the narrow, deep nulls in
the long-wire’s pattern are filled-in due to irregularities in the
terrain under its long span of wire.
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Figure 10.19 — Elevation pattern 55 feet over average ground at
215 MIHz.
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Figure 12.17 — At A, 20 meter azimuth patterns for a 132-foot

long off-center fed Carolina Windom and a 132-foot long center-
fed flattop dipole on 20 meters, both at a height of 50 feet

above saltwater. The response for the Carolina Windom is more
omnidirectional because the vertically polarized radiation from
the 22-foot long vertical RG-8X coax fills in the deep nulls. At B,
10 meter azimuthal responses for a 132-foot long, 50-foot high
Carolina Windom over saltwater (solid line) and over average
ground (dashed line), compared to that for a 20 meter half-wave

dipole at 50 feet (dotted line).
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Figure 12.28 — Schematic for the W8NX coaxial-cable trap.
RG-59 is wound on a 2%-inch OD PVC pipe.
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Figure 14.13 — From San Francisco to the rest of the world on
80 meters: 90% of the time on the path to Japan, the takeoff
angle is less than or equal to 17°; 50% of the time the angle is
less than or equal to 10°; 25% of the time the angle is less than
or equal to 6°. A horizontally polarized antenna would have to
be 600 feet above flat ground to be optimum at 6°!
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Figure 6.11 — The same V-beam as in Figure 6.10 at 28 MHz
(solid line), at an elevation angle of 6°, compared to a 4-element
Yagi (dotted line) and a dipole (dashed line). The V-beam’s
pattern is very narrow, at 18.8° at the 3-dB points, requiring
accurate placement of the supports poles to aim the antenna
at the desired geographic target.
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Figure 9.1 — Quad loops with a 1-) circumference. The current
distribution is shown for (A) horizontal and (B) vertical
polarization. Note how two opposite legs have opposing
currents. This results in cancellation of radiation in directions
along the axis of those legs in the plane of the loop. Currents
in the other legs are in-phase and reinforce each other in the
broadside direction (perpendicular to the plane of the antenna).
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Figure 13.26 — Gain and Front-to-Back ratio (F/B) of the
4-element 40-meter OWA Yagi model across the 40-meter band.
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Figure 11.56 — Effects of conductor diameter on R, at 475 kHz
(A) and 137 kHz (B).
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Figure 12.1 — At A, a random-length wire can be driven directly
from the pi-network output of a vacuum-tube transmitter. At B,
an L network (or antenna tuner) can be used with solid state
transmitters that do not have tunable output networks. C1
should have plate spacing sufficient for at least several hundred
volts; a maximum capacitance of 100 pF is sufficient if L1 is 20
to 25 pH. A suitable coil would consist of 30 turns of #12 AWG
wire, 22 inches diameter, 6 turns per inch. Bare wire should

be used so the tap can be placed as required for loading the
transmitter.
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Figure 6.18 — Elevation pattern for the same 209-foot-per-leg
V-beam (solid line), at 3.5 MHz, compared to an 80 meter dipole
at 70 feet (dashed line).
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Figure 9.38 — At A, azimuthal plane responses for the vertically
and horizontally polarized 7-MHz loop, compared to a flattop
50-foot-high dipole, all at a takeoff angle of 15° for DX work. The
solid line is for feeding the loop horizontally at the bottom; the
dashed line is for feeding the loop vertically at a side, and the
dotted line is for a simple flattop horizontal dipole at 50 feet in
height. For DX work, the vertically polarized loop is an excellent
performer.
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Figure 13.38 — A comparison on 10 meters between an
optimized five-element quad and an optimized five-element Yagi,
both mounted 50 feet high over flat ground and both employing
26-foot booms. There is no appreciable difference in the peak
elevation angle for either antenna. In other words, a quad does
not have an appreciable elevation-angle advantage over a Yagi
mounted at the same boom height. Note that the quad achieves
its slightly higher gain by taking energy from higher-angle lobes
and concentrating that energy in the main elevation lobe. This is
a process that is similar to what happens with stacked Yagis.
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Table 6.1
Gain and Beamwidth of the V-Beam on Each Band

Frequency Gain at 106" 3 dB Beamwidth Gain at 60" 3 dB Beamwidth

(MHz) (dBi) at 106’ (°) (dBi) at 60’ (°)
715 1.9* Omnidirectional 2.4* Omnidirectional
10.12 3.6 133 3.7 Omnidirectional
14.15 6.7 71 4.1 137
18.11 8.5 42 4.1 136
21.2 9.1 33 6.0 63
24.93 9.7 28 6.1 61
28.3 10.7 23 7.3 40

*Essentially omnidirectional with maximum gain nearly perpendicular to the wire bisector.





