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Compact Top-Band Vertical Yagis
Al Christman, K3LC

Grove City College, 100 Campus Drive, Grove City, PA 16127-2104
The performance of an existing quarter-wave radiator improves with the addition of parasitic elements to form a vertically-polarized Yagi. This study quantifies the improvement. 
The most-widely-used transmit antenna on the 160-meter band is probably a vertical monopole fed against an extensive system of radials. This article was written to illustrate how the performance of an existing quarter-wave radiator is improved when parasitic elements are added to create a vertically-polarized Yagi. One or more sloping wires can be suspended from the apex of the vertical radiator to create either two- or three-element arrays. Compact designs are presented, in which the ground screens of the parasitic elements fit entirely within the foot-print of the original antenna. A conventional four-square phased array is also examined for comparative purposes.

Computer Simulations

In practice, a top-band vertical monopole would probably be constructed from either zinc-clad steel or aluminum, and the radials would likely be made from aluminum or copper wire. Therefore, the decision was made to employ aluminum for all of the metallic conductors in the computer models. #14 AWG wire is used for the radials, which are buried at depths ranging from 1.5 to 6 inches. The soil was assumed to be average, with a conductivity of 0.005 S/m and a dielectric constant of 13. Each design reviewed in this article was simulated with the EZNEC software package, which is available from Roy Lewallen, W7EL.1 

A single 130-foot tower, similar to Rohn 25, was used as the reference antenna for this study. Figure 1 is a close-up drawing of the base region of the tower, showing the feed-point, a five-foot ground rod, and a pair of buried radials at the base of the monopole. The complete model has sixty 130-foot radials in the ground screen, with the radials buried to a depth of three inches.

Figure 2 displays the principal elevation-plane radiation pattern for this antenna, which has a peak gain of 1.12 dBi at a take-off angle of 22.7 deg above the horizon, when the frequency is 1830 kHz. The input impedance at this same frequency is 41.26 + j19.21 , while the tower itself is resonant at 1760 kHz. 

Table 1 lists the SWR data for the antenna (using a 50  reference) if there is no impedance matching employed, and also for the case where a series capacitance (4527 pF) is inserted at the base of the tower to cancel the input reactance at 1830 kHz. In either situation, the SWR is well below 2:1 across the range of frequencies from 1800 to 1860 kHz.

Two-element Yagi with Reflector
If the entire array must fit within the confines of the ground-screen of the existing tower, then a design such as that shown in Figure 3 may be constructed. The parasitic element is a sloping reflector (#10 AWG wire) whose length and distance from the monopole have been adjusted in order to maximize the gain of the antenna. Figure 4 illustrates the configuration of the reflector, which includes a short (1.5-foot) vertical section, topped by a long sloping wire whose upper end is anchored (via an insulating rope) to the apex of the 130-foot tower. For best performance at 1830 kHz, the length of the sloping portion of the reflector turned out to be 128.5 feet (total reflector length is 130 feet), while the spacing between the base of the reflector and the tower is 72 feet. 

Because of the location of the reflector, the radials in its ground-screen can be no longer than 58 feet, so 120 of them were installed at a burial depth of 1.5 inches. Recall that the radials in the ground-screen of the tower are buried 3 inches deep, as mentioned in the previous section. In order to keep EZNEC from crashing, which would occur if one or more radials accidentally touched each other, we will place each set of radials at a slightly-different burial depth. The base of the reflector must be connected directly to its ground-screen in order to be operational. If the reflector is open-circuited at the base, then it “disappears” from the circuit, and the antenna will function as a single-tower non-directional radiator.

When the reflector is active, the maximum forward gain of the resulting 2-element Yagi is 4.28 dBi at a take-off angle of 24.3 deg, for an operating frequency of 1830 kHz. (This is an improvement of 3.16 dB compared to the gain of the tower by itself.) A plot of the elevation-plane radiation pattern of the array is displayed in Figure 5. Notice that there is no distinct rear lobe, but the azimuth-plane radiation pattern (Figure 6) reveals a front-to-back ratio of 14.93 dB at the elevation angle where peak gain occurs. The half-power beamwidth is 131.7 degand the input impedance is 24.11 + j72.76 . At 45 deg to either side of the “nose” of the main lobe, the gain falls to 2.96 dBi, which is 1.32 dB less than the maximum value. 

If we add a series capacitance of 1195 pF at the feed-point of the tower, then the input reactance can be cancelled, leaving a resistive impedance of about 24. , which can be converted to 50  using an “un-un” transformer. Under these conditions, the resulting 2:1 SWR bandwidth of the array extends from about 1816 to 1853 kHz (37 kHz), using 24.1  as the reference impedance.
Two-element Yagi with Director

Although the parasitic element described above works well as a reflector, it can also be converted into a director, enabling it to perform “double duty.” This is accomplished by inserting a capacitance (2050 pF) in series with the base of the reflector wire, at the point where it connects to the radial ground-screen. In this configuration, the peak forward gain (at 1830 kHz) is 3.37 dBi at a take-off angle of 23.1 degrees. This is an improvement of 2.25 dB, when compared to the gain of the tower by itself, but is 0.91 dB less than what can be obtained when the parasitic element serves as a reflector. Figure 7 displays the elevation-plane radiation patterns for the 2-element Yagi in both “director” and “reflector” modes. There is now a distinct rear lobe when the array is operating in “director” mode, but the front-to-back ratio is very low (only 3.18 dB). Both of the corresponding azimuth-plane radiation patterns are given in Figure 8. The half-power beamwidth is 140.5 deg and the input impedance is 14.57 + j35.98  for director-mode operation. 

The input reactance of the director-mode Yagi may be eliminated by adding a capacitance of 2417 pF in series with the feed-point. Then, using a reference impedance of 14.6 , the resulting 2:1 SWR bandwidth extends over about 40 kHz (1807 – 1847 kHz). 
Figure 9 depicts two identical “multi-mode” (reflector/director/open-circuit) parasitic elements installed at right angles to each other. An antenna like this could cover all four of the cardinal points of the compass, although its performance would be better in some quadrants than in others. The next logical step in the design process is to modify the array by utilizing both a reflector and a director at the same time.

Three-element Yagi
If we place one parasitic element directly opposite a second one, with the tower situated mid-way between them, we can create a reversible 3-element beam (see Figure 10). Each parasitic element may function either as a reflector (by short-circuiting its base to the ground-screen) or as a director (by inserting a series capacitor between the bottom of the wire and the ground-screen). Alternatively, we may also “remove” an element from the antenna system (rendering it electrically invisible) by open-circuiting that wire at its base. Since the radials used in conjunction with the two parasitic elements are not full-size, the reflector’s ground-screen does not overlap that of the director. As a result, all of these shortened radials may safely be placed at the same burial depth (which is 1.5 inches) in our EZNEC model.

Computer analysis reveals that the 3-element version of the array works best when the sloping portion of each parasitic wire element is shortened a bit, from 128.5 to 128.0 feet (reducing the overall wire length to 129.5 feet). Setting the base capacitance of the director equal to 2050 pF will yield a peak forward gain of 5.25 dBi at a take-off angle of 23.6 deg (Figure 11). The input impedance at 1830 kHz is 14.17 + j47.26 . There is no distinct rear lobe in the elevation-plane radiation pattern, but the F/B ratio is 19.23 dB at the elevation angle where maximum gain occurs (see Figure 12). In the azimuth plane, the half-power beamwidth is 108.5 degrees. The gain at 45 deg to either side of bore-sight is 3.23 dBi, or 2.02 dB less than on the nose of the main lobe. 

The input impedance of this Yagi can be made completely real by adding a capacitance of 1840 pF in series with the feed-point. Then, using a reference impedance of 14.2 Ω, the resulting 2:1 SWR bandwidth is about 51 kHz (1806 – 1857 kHz). Table 2 provides all of the important performance data for this array.

The gain of this Yagi may be increased somewhat, by making the director’s base-loading capacitance even larger. However, this reduces the input resistance, as well as the 2:1 SWR bandwidth. I decided to see how much gain I could get, with the stipulation that the resistance at the feed-point had to be at least 10  at f = 1830 kHz. Utilizing a capacitance of 2600 pF (rather than 2050 pF), the peak forward gain rises to 5.44 dBi at a take-off angle of 23.4 deg. However, the input impedance at 1830 kHz has now fallen to 10.23 + j47.20 . As usual, there is no distinct rear lobe in the elevation-plane radiation pattern, but the F/B ratio is now 21.26 dB at the elevation angle where maximum gain occurs. In the azimuth plane, the half-power beamwidth shrinks slightly, to 105.2 degrees. The gain at 45 deg to either side of bore-sight is 3.28 dBi, which is 2.16 dB less than on the nose of the main beam. 
The reactance at the Yagi’s feed-point may be cancelled by adding a capacitance of 1843 pF in series with the input terminals. Then, using a reference impedance of 10.2 , the resulting 2:1 SWR bandwidth is about 37 kHz (1809 – 1846 kHz). A listing of the details is given in Table 3.
If coverage of all compass directions is desired, then an array with four “multi-mode” parasitic elements can be built, as illustrated in Figure 13. Two of the parasitic wires would be active at any given time for Yagi functionality, but all four could be simultaneously open-circuited at their bases to achieve omni-directional radiation. Figure 14 overlays the azimuth patterns for all of the directions of fire. 

Comparison with a 4-Square

A conventional four-square phased array is shown pictorially in Figure 15. This is a full-size antenna with quarter-wave vertical elements, each of which incorporates a ground-screen composed of sixty 130-foot radials (buried at depths of either 1.5, 3.0, 4.5, or 6.0 inches). At 1830 kHz, the peak forward gain is 6.56 dBi at [image: image2.png]21.5°



 take-off angle, and the front-to-back ratio is 18.08 dB. The elevation-plane radiation patterns of this four-square array, along with the “max-gain” version of our three-element Yagi (peak gain = 5.44 dBi), are given for comparison in Figure 16. The performance of the Yagi is clearly inferior to that of the phased array, but the parasitic antenna is much smaller in size, and should be cheaper to build. Table 4 provides more information about the relative merits of both systems.

Conclusions

This article has described the performance of a variety of vertically-polarized Yagis for operation on the 160-meter band. The driven element is a base-insulated quarter-wave tower equipped with a ground screen made up of sixty 130-foot radials. The parasitic elements are sloping wires, with their bases anchored some distance from the bottom of the tower, while their tops are connected (via insulating ropes) to the apex of the radiator. Each parasitic element has its own separate ground-screen, and can serve as either a reflector or director (elements may also be electrically removed from the circuit). The ground-screens of the parasitic elements are limited in size, and do not extend beyond the boundaries of the tower’s ground system. The maximum gain of the 3-element compact Yagi falls about 1.1 dB below that of a classic four-square phased array, but requires less than half as much land area, and is also easier to feed. Finally, the designs shown here can easily be modified for utilization on other bands.
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Figure Captions
Figure 1 — Close-up drawing of the base region of the antenna. A 130-foot tower is used as a vertical monopole, operating at f = 1830 kHz. There are sixty 130-foot radials (only two are shown for clarity) and a 5-foot ground rod installed at the base of the tower. The dots indicate wire segmentation, and the small circle represents the feed-point.

Figure 2 — Elevation-plane radiation pattern for the reference antenna, which is a 130-foot tower 

with a ground-screen composed of sixty 130-foot buried radials. The peak gain is 1.12 dBi at 22.7 deg take-off angle, when the frequency of operation is 1830 kHz. The input impedance is 41.26 + j19.21 .
Figure 3 — A compact 2-element Yagi, based upon the reference tower which uses a ground-screen 

composed of sixty 130-foot radials buried 3” deep. The parasitic element is configured as a sloping-wire reflector, connected to a ground-screen of 120 radials that are 58 feet long, buried 1.5” deep. Note that the ground-screen of the reflector does not extend beyond the perimeter of the original antenna system.

Figure 4 — A close-up of the base region of the parasitic reflector from Figure 3. Here, only two radials are shown for clarity, along with a 3-foot ground rod. The parasitic element is composed of a short vertical section (length = 1.5 feet) and a much-longer sloping section (length = 128.5 feet for the 2-element Yagi). The dots indicate wire segmentation.

Figure 5 — Elevation-plane radiation pattern for the 2-element Yagi of Figure 3. The peak gain is 4.28 dBi at 24.3 deg take-off angle, when f = 1830 kHz. There is no distinct rear lobe, but the front-to-back ratio is 14.93 dB at the elevation angle where maximum gain occurs.

Figure 6 — Azimuth-plane radiation pattern for the 2-element Yagi of Figure 3. The front-to-back ratio is 14.93 dB a 24.3 deg take-off angle, and the half-power beamwidth is 131.7 deg at the same elevation angle, when f = 1830 kHz.
Figure 7 — Elevation-plane radiation patterns for the two-element Yagi when operating in either director or reflector mode, at a frequency of 1830 kHz. Note that the director-mode pattern has been reversed, so that both main lobes are pointing toward the right. [Primary trace]: Director mode, where peak gain = 3.37 dBi at 23.1 deg  take-off angle and front-to-back ratio = 3.18 dB. [STA3e2 trace]: Reflector mode, where peak gain = 4.28 dBi at 24.3 deg take-off angle and front-to-back ratio = 14.93 dB at the same elevation angle.

Figure 8 — Azimuth-plane radiation patterns for the two-element Yagi when operating in either director or reflector mode, at a frequency of 1830 kHz. [Primary trace]: Director mode, where peak gain = 3.37 dBi at 23.1 deg take-off angle, front-to-back ratio = 3.18 dB, and half-power beamwidth = 140.5 deg. [STA3a2 trace]: Reflector mode, where peak gain = 4.28 dBi at 24.3 deg  take-off angle, front-to-back ratio = 14.93 dB, and half-power beamwidth = 131.7 deg.
Figure 9 — Here there are two parasitic elements installed at right angles with respect to one another. The central tower can function as an omni-directional antenna when both of these parasitic elements are open-circuited at their bases. Alternatively, either element can be made to function as either a reflector or director, which yields four different 2-element Yagi configurations whose directions of fire are all 90 deg apart from one another. (The gain would be higher in the two quadrants where the system was operating in reflector-mode, when compared to director-mode.)
Figure 10 — The central tower is augmented by two parasitic elements which are positioned on opposite sides of the vertical monopole. A 3-element Yagi is created when one of the sloping-wire elements functions as a reflector while the other serves as a director. By reversing the roles of the two parasitic elements, the direction of fire can be switched by 180 deg.

Figure 11 — Elevation-plane radiation pattern for the 3-element Yagi of Figure 10. The peak gain is 5.25 dBi at a take-off angle of 23.6 deg and the input impedance is 14.17 + j47.26  at 1830 kHz. There is no distinct rear lobe in this pattern, but the F/B ratio is 19.23 dB at the elevation angle where maximum gain occurs.

Figure 12 — Azimuth-plane radiation pattern for the 3-element Yagi of Figure 10. The peak gain is 5.25 dBi at a take-off angle of 23.6 degrees. The front-to-back ratio is 19.23 dB, and the half-power beamwidth is 108.5 degrees. The gain at 45 deg to either side of bore-sight is 3.23 dBi.
Figure 13 — If the central tower is supplemented by four parasitic elements which are positioned at 90 deg intervals around the monopole, then two reversible 3-element Yagis may be implemented. This strategy allows the array to fire into any of four quadrants, with equal performance in all directions.

Figure 14 — A view of the four azimuth-plane radiation patterns which can be generated by the antenna system displayed in Figure 13. Each of the four identical parasitic wire elements can function as either a reflector or director (and may also be electrically removed from the circuit by open-circuiting its base).

Figure 15 — A drawing of the classic four-square phased-vertical array, using 0.25  spacing and 

progressive 90 deg  current phasing. Each element has a height of 0.25 , with a ground system composed of sixty 130-foot radials. The antenna is designed for operation at a frequency of 1830 kHz.

Figure 16 — Elevation-plane radiation patterns for the 4-square array shown in Figure 15, along with the “max-gain” version of the 3-element vertical Yagi from Figure 13. [Primary trace]: 3-element Yagi, where peak gain = 5.44 dBi at 23.4 deg take-off angle, and front-to-back ratio is 21.26 dB. [STA7e trace]: 4-square array, where peak gain = 6.56 dBi at 21.5 deg  take-off angle, and front-to-back ratio is 18.08 dB. 

Table 1.
Input SWR (50  reference) for a 130-foot tower operating on the 160-meter band. The ground screen consists of sixty 130-foot radials buried 3 inches deep. 

Feed-point Configuration:
Frequency (kHz)
 No matching network
 series capacitance (4527 pF)
1800
1.42:1
1.36:1

1830
1.58:1
1.21:1

1860
1.81:1
1.26:1

Table 2.

Performance data for the compact 3-element Yagi, when the director utilizes a base-loading capacitance of 2050 pF. A capacitance of 1840 pF is placed in series with the feed-point, and the reference impedance (for SWR measurements) is 14.2 . The 2:1 SWR bandwidth is about 51 kHz under these conditions.

Parameter
1806 kHz
1830 kHz
1857 kHz
Peak Gain and take-off angle(dBi at deg)
4.84 at 23.6
5.25 at 23.6
5.19 at 23.4

Front-to-Back Ratio (dB)
8.13
19.23
11.08 

Half-power beamwidth in azimuth plane, deg
105.9
108.5
105.4 

Input Impedance ()
10.04 ‑ j7.23
14.17 + j0.0
10.93 + j7.83
SWR 14.2  reference)
1.98:1
1.0:1
1.95:1

Table 3. 

Performance data for the compact 3-element Yagi, when the director utilizes a base-loading capacitance of 2600 pF. A capacitance of 1843 pF is placed in series with the feed-point, and the reference impedance (for SWR measurements) is 10.2 . The 2:1 SWR bandwidth is about 37 kHz under these conditions.

Parameter
1809 kHz 
1830 kHz 
1846 kHz

Peak Gain and Take-off Angle (dBi and deg)
5.19 at 23.5
 5.44 at 23.4
5.37 at 23.2 

Front-to-Back Ratio (dB)
10.75 
21.26 
12.98 

Half-power Beamwidth in Azimuth plane, deg 
 105.1 
105.2 
102.0 

Input Impedance ()
9.08 ‑ j6.71
10.23 + j0.0
8.28 + j6.13

SWR (10.2  reference) 
2.0:1
1.0:1
1.98:1

Table 4. Performance comparison between a classic 4-square phased array and the “max-gain” 

version of the compact 3-element vertical Yagi described in the text (director 
utilizes a base-loading capacitance of 2600 pF).

Parameter
4-square
Yagi
Peak gain and take-off angle (dBi and deg)
6.56 at 21.5
5.44 at 23.4

Front-to-back ratio (dB)
18.08
21.26 
Half-power beamwidth in azimuth plane, deg
100.1
105.2 
Gain at 5 deg take-off angle (dBi)
2.11
0.78

Gain at 10 deg take-off angle (dBi)
5.15
3.84
Gain at 15 deg take-off angle (dBi)
6.21
4.96
Gain at 20 deg take-off angle (dBi)
6.55
5.37
Gain at 25 deg take-off angle (dBi)
6.49
5.42
Gain at 30 deg take-off angle (dBi)
6.15
5.25
Gain at 35 deg take-off angle (dBi)
5.60
4.91
Gain at 40 deg take-off angle (dBi) 
4.85 
4.44
Gain at 45 deg take-off angle (dBi)
3.91
3.87
