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CHAPTER 13CHAPTER 13

Yagis and Quads
 

Tim Duffy, K3LR, needs no 
introduction to readers of this 
book. The way Tim runs his 
Dayton Antenna Forum and his 
own super contest station tells a 
lot about the man. He is 
thorough, well organized, 
punctual, and a super host on 
top of it all! No wonder there’s a 
long line of operators who want 
to operate from K3LR in the big 
contests! 

Tim is Senior Vice President 
and Chief Technical Officer of 
Dobson Communications 
Corporation (the 9th largest 
Cellular Telephone company in 
the USA). He has been em
ployed in the broadcast and 
wireless engineering discipline 
for over 28 years. Tim is a 
graduate of The Pennsylvania State University and has 
been a licensed amateur radio operator for over 32 years. 
He currently maintains his large 9-tower, 12-operating 
position multi-multi station in Western Pennsylvania and 
experiments with large high-gain contest antennas. Tim 
took the time to review this chapter on Yagis and Quads, 
for which I am very thankful. 

Fig 13-1—Tim Duffy, 
K3LR, a well-known 
contester and 
superstation builder 
from Western 
Pennsylvania. 

On the higher HF bands, almost all dedicated DXers use 
some type of rotatable directional antenna. Directional 
antennas produce gain to be better heard. They also show 
directivity, which is a help when listening. Yagi and cubical
quad antennas are certainly the most popular antennas on 
those bands. 

On the low bands, rotatable directive antennas are 
large. Forty-meter Yagis and quads—even full-size—exist 
in greater numbers these days. On 80 meters there are only 
a few full-size Yagis and quads, while reduced-size Yagis 
and quads are a little more common. They seem to come and 
go, and are rather difficult to keep in the air. On 160 meters, 
rotatable Yagis still belong to dreamland. 

I have had the chance to operate a 3-element full-size 

quad, as well as a 3-element full-size Yagi, on 80 meters, and 
I must admit that it is only when you have played with such 
monsters that you appreciate what you are missing without 
them. The same is even more true on 40 meters, where full
size Yagis and quads appear in ever-growing numbers. Until 
the day I had my own full-size 40-meter Yagi, I always 
considered 40 as my worst band. Now that I have the full-size 
Yagi, I think it has become my “best” band. 

Much of the work presented in this chapter is the result 
of a number of major antenna projects that were realized with 
the help of R. Vermet, ON6WU, who has been a most 
assiduous supporter and advocate in all my antenna work. 

1. ARRAYS WITH PARASITIC ELEMENTS 
In Chapter 11 on vertical arrays I discuss arrays of 

antennas, where each antenna element is fed with a dedicated 
feed line. During the analysis of these arrays I noticed that 
elements sometimes exhibit a negative impedance, which 
means that these elements do not draw power from the feed 
line but actually deliver power into the feed system. 

In such a case mutual coupling has already supplied 
enough (or too much) current into the element. Negative 
feed-point impedances are typical with close-spaced arrays, 
where the coupling is heavy. 

Parasitic arrays are arrays where (most often) only one 
element is fed, and where the other elements obtain their feed 
current only by mutual coupling with the various elements of 
the array. To obtain the desired radiation pattern and gain, 
feed-current magnitudes and phases need to be carefully 
adjusted. This is done by changing the relative positions of 
the elements and by changing the lengths of the elements. 
The exact length of the driven element will not influence the 
pattern nor the gain of the array; it will only influence the 
feed-point impedance. 

Unlike with driven arrays, you cannot obtain just any 
specific feed-current magnitude and angle. In driven arrays 
you “force” the antenna currents, which means you add (or 
subtract) feed current to the element current already obtained 
through mutual coupling. You could, for example, make a 
driven array with three elements in-line where all elements 
have an identical feed current. You cannot make a parasitic 
array where the three elements have the same current phase 
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and magnitude. Arrays with parasitic elements are limited in 
terms of the current distribution in the elements. 

2. QUADS VERSUS YAGIS 
It is not my intention to get into the debate of quads 

versus Yagis. But before I tackle both in more depth, let me 
clarify a few points and kill a few myths: 

•	 For a given height above ground, the quad does not 
produce a markedly lower radiation angle than the Yagi. 
The vertical radiation angle of a horizontally polarized 
antenna in the first place depends on the height of the 
antenna above ground. 

•	 There is a very slight difference (perhaps a few degrees, 
depending on actual height) in favor of the quad, as there 
is some more squeezing of the vertical plane due to the 
effect of the stacked two horizontal elements that make a 
horizontally polarized cubical quad (Ref 980). 

•	 For a given boom length, a quad will produce slightly more 
gain than a Yagi. This is logical since the aperture (capture 
area) is larger. The principle is simple: Everything being 
optimized, the antenna with the largest capture area has the 
highest gain, or can show the highest directivity. 

•	 Yagis as a rule are easier to build and maintain. A Yagi is 
two-dimensional, and the problems involved with low
band antennas are simplified by an order of magnitude. 
Problems of wire breaking are nonexistent with Yagis. 
Large Yagis are also easier to handle and to install on a 
tower than large quads. 

•	 There are other factors that will determine the eventual 
choice between a Yagi or a quad, such as material avail
ability, maximum turning radius (the quad takes less 
rotating space) and, of course, personal preference. 

3. YAGIS 
There have been a number of good publications on Yagi 

antennas. Until about 20 years ago, before we all knew about 
the effect of tapered elements, the W6SAI/W2LX Beam 
Antenna Handbook was in many circles considered the Yagi 
“bible.” I built my first Yagi based on information from 
this work. 

Dr Jim Lawson, W2PV (SK), wrote a very good series on 
Yagis back in the early 1980s. Later the ARRL published his 
work in the excellent book, Yagi Antenna Design (Ref 957). 
Lawson explained how he scientifically designed a winning 
contest station, based on high-level engineering work. 

Lawson was the first in amateur circles to methodically 
study the effect of tapered elements. He came up with a 
tapering algorithm that is still widely called the W2PV algo
rithm. It calculates the correct electrical length of an element 
as a function of the length and diameters of individual tapered 
sections. 

3.1. Modeling Yagi Antennas 
We now have very sophisticated modeling software 

available for Yagis, most of them based on the method of 
moments. See Chapter 4 to see what’s available. Here are 
some things you should keep in mind: 

•	 Make sure you know exactly what you want before you 
start: maximum boom length, maximum gain, maximum 
directivity, large SWR bandwidth, etc. 

•	 Always model the antenna first in free space. 
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•	 Always model the antenna on a range of frequencies (eg, 
7.0 to 7.3 MHz), so you can assess the SWR, gain and 
F/B of the design over the whole band. 

•	 Make sure the feed-point impedance is reasonable (it can 
be anything between 18 Ω and 30 Ω). 

•	 When the array is optimized and meets your requirements 
in free space, you should repeat the exercise over real 
ground at the actual antenna height, usually using a NEC-2
derived program such as EZNEC. 

•	 If the antenna is stacked with other antennas, include the 
other antennas in the model as well. This is especially so 
when considering stacking Yagis for the same band. F/B 
may be totally ruined due to stacking. Stacks need to be 
optimized as stacks! 

•	 If you consider making a Yagi with loaded elements, first 
model the full-size equivalent. When applying the loading 
devices, don’t forget to include the resistance losses and 
possible parasitic capacitances or inductances. 

•	 If you are about to model your own Yagi using loading 
devices, such as linear-loading stubs or capacity-loading 
wires, you should be very careful. The best approach is to 
first model the antenna using all wires of the same diam
eter. This should prove the feasibility of the concept. Next, 
you should determine the resonant frequencies of the 
individual elements, by removing other elements from the 
model. These resonant frequencies are excellent guides 
for the actual tune-up of the antenna. 

3.2. Mechanical Design 
Making a perfect electrical design of a low-band Yagi is 

a piece of cake nowadays with all the magnificent modeling 
software available. The real challenge comes when you have 
to turn your model into a mechanical design! When building 
a mechanically sound 40-meter Yagi, there is no room for 
guesswork. Don’t ever take anything for granted when you are 
building a very large antenna. If you want your beam to 
survive the winds and ice loading you expect, you must go 
through a fair amount of calculations. The same holds true for 
an 80-meter Yagi, of course, but with the magnitude squared! 

Physical Design of Yagi Antennas, by D. Leeson, 
W6QHS, (Ref 964) covers all aspects of mechanical Yagi 
design. Leeson uses the “variable area” principle to assess 
the influence of wind on the Yagi. The book unfortunately 
does not give any design examples of practical full-size 40 
or for 80-meter Yagis. The only low-band antenna covered 
is the Cushcraft 40-2CD, a shortened 2-element 40-meter 
Yagi. Leeson’s modification to strengthen the Cushcraft 40
2CD has become a classic, and is a must for everyone who 
has this antenna and who does not want to see it ripped to 
piecesin a storm. 

Over the years standards dealing with mechanical is
sues for towers and antennas have evolved. The well- known 
EIA RS-222 standard has evolved from 222-C through 
suffix D and eventually to the RS-222-E standard. While the 
earlier versions of Leeson’s software that he supplied with 
his book were based on C, the latest versions are now based 
on E. The E-version (and also ASCE 74) treats wind statis
tics and force on cylindrical elements more realistically than 
C and D, and the difference shows up in the question of 
forces on cylinders at an angle to the wind. This affects boom 
strength and rotating torque. The article by K5IU (Ref 958) 
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uses the E approach, as well as the ON4UN LOW BAND 
SOFTWARE modules dealing with boom strength and torque 
balancing. 

Curt Andress, NI6W (now K7NV)wrote an interesting 
software package that addresses all of the mechanical issues 
concerning antenna strength. YS (Yagi Stress) is easy to use, 
has lots of data about materials and tubing in easy-to-access 
form. For information contact K7NV@contesting.com. A 
free trial download can be obtained from WXØB’s website at 
www.arraysolutions.com/Products/yagistress.htm. 

All of these tools deal with static wind-load models. The 
question, of course, is how reliable all these models are in a 
complex aerodynamic situation. As Leeson puts it, “. . . but 
we’re not dealing with mathematical models when the wind is 
roaring through here at 134 mi/h. Either model (C or E) results 
in booms that break upward in the wind if you ignore vertical 
gusting...” In particular locations, such as hilltop QTHs, there 
may be vertical updraft winds that can break a boom unless 
three-way boom guys are used. But these are rather extreme 
conditions, not the run-of-the mill situations. 

The real proof of the pudding is in the building of big 
antennas, and even more so keeping them up year after year. 
The mathematics involved in calculating all the structural 
aspects of a low-band Yagi element are rather complex. It is 
a subject that is ideally suited for computer assistance. To
gether with my friend R. Vermet, ON6WU, I have written a 
comprehensive computer program, YAGI DESIGN, which 
was released in early 1988 and updated a few times since. 

In addition to the traditional electrical aspects, YAGI 
DESIGN tackles the mechanical-design aspects. This is espe
cially of interest to the prospective builder of 40 and 80-meter 
Yagi antennas. While Yagis for the higher HF bands can be 
built “by feel,” 40 and 80-meter Yagis require much closer 
attention if you want these antennas to stay up. 

The different modules of the YAGI DESIGN software 
are reviewed in Chapter 4 on low-band software. This book is 
not a textbook on mechanical engineering, but a few defini
tions are needed in order to better understand some of the 
formulas I use in this chapter. 

3.2.1. Terms and definitions 
Stress: Stress is the force applied to a material per unit 

of cross-sectional area. Bending stress is the stress applied to 
a structure by a bending moment. Shearing stress is the stress 
applied to a structure by a shearing moment. The stress is 
expressed in units of force divided by units of area (usually 
expressed in kg/mm2 or lb/inch2). 

Breaking Stress: The breaking stress is the stress at 
which the material breaks. 

Yield Stress: Yield stress is the stress where a material 
suddenly becomes plastic (non-reversible deformation). The 
yield stress to breaking stress ratio differs from material to 
material. For aluminum the yield stress is usually close to the 
breaking stress. For most steel materials the yield stress is 
approximately 70% of the breaking stress. Never confuse 
breaking stress with yield stress, unless you want something 
to happen that you will never forget. 

Elastic Deformation: Elastic deformation of a material 
is deformation that will revert to the original shape after 
removal of the external force causing the deformation. 

Compression or Elongation Strain: Compression strain 

is the percentage change of dimension under the influence of 
a force applied to it. Being a ratio, strain is an abstract figure. 

Shear Strain: Shear strain is the deformation of a 
material divided by the couple arm. It is a ratio and thus an 
abstract figure. 

Shear Angle: This is the material displacement divided 
by the couple arm. As the angles involved are small, the ratio 
is a direct expression of the shear angle expressed in radians. 
To obtain degrees, multiply by 180/π. 

Elasticity Modulus: Elasticity modulus is the ratio 
stress/strain as applied to compression or elongation strain. 
This is a constant for every material. It determines how much 
a material will deform under a certain load. The elasticity 
modulus is the material constant that plays a role in determin
ing the sag of a Yagi element. The elasticity modulus is 
expressed in units of force divided by the square of units of 
dimension (unit of area). 

Rigidity Modulus: Rigidity modulus is the ratio shear
stress/strain as applied to shear strain. The rigidity modulus is 
the material constant that will determine how much a shaft (or 
tube) will twist under the influence of a torque moment (eg, 
the drive shaft between the antenna mast and the rotator). The 
rigidity modulus is expressed in units of force divided by 
units of area. 

Bending Section Modulus: Each material structure (tube, 
shaft, plate T-profile, I-profile, etc) will resist a bending 
moment differently. The section modulus is determined by the 
shape as well as the cross-section of the structure. The section 
modulus determines how well a particular shape will resist a 
bending moment. The section modulus is proper to a shape and 
not to a material. The bending section modulus for a tube is 
given by: 

OD4 − ID4 

S = π × (Eq 13-1) 
32 × OD 

where 

OD = outer diameter of tube 
ID = inner diameter of tube 

The bending section modulus is expressed in units of 
length to the third power. 

Shear Section Modulus: Different shapes will also 
respond differently to shear stresses. The shear stress modulus 
determines how well a given shape will stand stress deforma
tion. For a hollow tube the shear section modulus is given by: 

OD4 − ID4 

S = π × (Eq 13-2) 
16 × OD 

where 

OD = outer diameter of tube 
ID = inner diameter of tube 

The bending section modulus is expressed in units of 
length to the third power. 

3.3. Computer-Designed 3-Element 
40-Meter Yagi at ON4UN 

Let us go through the design of a very strong 3-element 
full-size 40-meter Yagi. This is not meant to be a step-by-step 
description of a building project, but I will try to cover all the 
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critical aspects of designing a sound and lasting 40-meter 
Yagi. The Yagi described also happens to be the Yagi I 
have been using successfully over the past several years on 
40 meters (it has brought several new European records in 
major contests on 40 meters). The design criteria for the 
Yagi are: 

•	 Low Q, good bandwidth, F/B optimized. 
•	 Survival at wind speeds up to 140 km/h with the elements 

broadside to the wind. 
•	 Maximum ice load 10 mm at 60 km/h wind. 
•	 Lifetime greater than 20 years. 
•	 Boom length 10.7 meters maximum (only because I hap

pened to have this boom) 

3.3.1. Selecting an electrical design 
Design number 10 from the database of the YAGI 

DESIGN software program meets all the above specifications. 
Fig 13-2 shows a copy of the TLW main screen for my 40
meter Yagi. While I could have selected another design with 
up to 0.5 dB more gain, I selected this design because of its 
excellent F/B pattern and wide bandwidth for SWR, gain and 
F/B. 

I mounted this Yagi 5 meters above my 20-meter Yagi 
(design number 68 from the database), 30 meters above ground. 
The combination of both antennas was modeled once more 
over real ground at the final height using a MININEC-based 
modeling program, to see if there would be an important 
change in pattern and gain due to the presence of the second 
antenna. The performance figures (gain, F/B) and directivity 
pattern of the 40-meter Yagi changed very little at the 5-meter 
stacking distance. 

3.3.2. Principles of Mechanical Load and Strength 
Calculations for Yagi Antennas 

R. Weber, K5IU, brought to our attention (Ref 958) that 
the variable-area method, commonly employed by most Yagi 
manufacturers, and used by many authors in their publications 
as well as software, has no basis in science, nor is there any 
experimental evidence for the method. 

The variable-area method assumes that the direction of 
the force created by the wind on an element is always in line 
with the wind direction, and that the magnitude is proportional 
to the area of the element as projected onto a plane perpendicu
lar to the wind direction (proportional to the sine of the wind 
angle). 

The scientifically correct method of analyzing the wind
force behavior, called the “cross-flow” principle, says that 
the direction of the force due to the wind is always perpen
dicular to the plane in which the element is situated and that 
its magnitude is proportional to the square of the sine of the 
wind angle. 

Fig 13-3 shows both principles. It is easy to see that the 
cross-flow principle is the correct one. The experiment de
scribed by K5IU can be carried out by anyone, and should 
convince anyone who has doubts: “Take a 1-meter long piece 
of aluminum tubing (approximately 25 mm in diameter) for a 
car ride. One person drives, while another sits in the passenger 
seat. The passenger holds the tube in his hand and puts his arm 
out the window positioning the tube vertically. The tube is 
now perpendicular to the wind stream (wind angle = zero). It 
is easy to observe a force (drag force) that is in-line with the 

13-4  Chapter 13 

Fig 13-2—Free-space performance data for full-sized 3
element Yagi design number 10 from the YAGI DESIGN 
software suite. This was created by the YW (Yagi for 
Windows) program. 

Fig 13-3—Most amateur literature uses the “variable 
area” method shown at A for calculating the effect of 
wind on an element. The principle says that the 
direction of the force created by the wind on an 
element is always in-line with the direction of the wind, 
which is clearly incorrect. If this were correct, no plane 
would ever fly! The “cross-flow” principle, illustrated at 
B, states that the direction of the force is always 
perpendicular to the element, and is the resultant of 
two components, the drag force and the cross force 
(which is the lifting force in the case of an airplane 
wing). See text for details. 
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wind (and at the same time perpendicular to the axis of the 
tube). The passenger now rotates the tube approximately 45°, 
top end forward. The person holding the tube will now clearly 
feel a force that pushes the tube backward (drag force), but at 
the same time tries to lift (cross force) the tube. The resulting 
force of these two components (the drag and cross force) is a 
force that is always perpendicular to the direction of the tube. 
If the tube is inclined with the bottom end forward, the force 
will try to push the tube downward.” 

This means that the direction of the force developed by 
the wind on an object exposed to the wind is not necessarily 
the same as the wind direction. There are some specific 
conditions where the two directions are the same, such as the 
case where a flat object is broadside to the wind direction. If 
you put a plate (1 meter2) on top of a tower, and have the wind 
hit the plate at a 45° angle, it will be clear that the push 
developed by the wind hitting the plate will not be developed 
in the direction of the wind, but in the direction perpendicular 
to the plane of the flat plate. If you have any feeling for 
mechanics and physics, this should be fairly evident. 

To remove any doubt from your mind, D. Weber states 
that Alexandre Eiffel, builder of the Paris Eiffel tower, used 
the cross-flow principle for calculating his tower. And it still 
stands there after more than 100 years. 

Now comes a surprise: Take a Yagi, with the wind hitting 
the elements at a given wind angle (forget about the boom at 
this time). The direction of the force caused by the wind 
hitting the element at whatever wind angle, will always be 
perpendicular to the element. This means that the force will be 
in-line with the boom. The force will not create any bending 
moment in the boom; it will merely be a compression or 
elongation force in the boom. All of this, of course, provided 
the element is fully symmetrical with respect to the boom. 

This force in the boom should not be of any concern, as 
the boom will certainly be strong enough to cope with the 
bending moments caused by wind broadside to the boom. 
These bending moments in the boom at the mast attachment 
plate are caused only by the force created by the wind on the 
boom only (by the same “cross-flow” principle) or any other 
components that have an exposed wind area in-line with 
the boom. 

If the mast-to-boom plate is located in the center of the 
boom, the wind areas on both sides of the mast are identical, 
and the bending moments in the boom on both sides of the 
mast (at the boom-to-mast plate) will be identical. This means 
there is no mast torque. If the areas are unequal, mast torque 
will result. This mast torque puts extra strain on the rotator, 
and should be avoided. Torque balancing can be done by 
adding a boom dummy, which is a small plate placed near the 
end of the shorter boom half, and which serves to reestablish 
the balance in bending moments between the left and the right 
side of the boom. 

This may seem strange since intuitively you may have 
difficulty accepting that the extreme case of a Yagi having one 
element sitting on one end of a boom would not create any 
rotating torque in the mast, whatever the wind direction is. 
Surprisingly enough, this is the case. You cannot compare this 
situation with a weathervane, where the boom area at both 
sides of the rotating mast is vastly different. It is the vast 
difference in boom area that makes the weathervane turn into 
the wind. 

Fig 13-4 shows the situation in theory, and what’s 
likely to happen in the real world. At A and B the wind only 
sees the element (the boom is not visible), and if the element 
is fully symmetrical with respect to the boom, there will be 
no torque moment at the element-to-boom interface. Hence 
this is a fully stable situation. At C the situation where the 
boom is facing the wind is shown. The element is invisible 
now and as the boom is supposed to be wind-load balanced, 
the boom by itself creates no torque at the boom-mast 
interface. At D we see that the cross-flow principle only 
creates a force in-line with the boom. This means that this 
example still guarantees a well-balanced situation, and the 
structure will not rotate in the wind. 

But let’s be practical. The wind blowing on the long 
flexible elements of a Yagi will make the elements bend 
slightly, as shown in Fig 13-4E. In this case now it is clear that 
the pressure induced by the wind on side (a) of the element will 
be much greater than on side (b) as side (a) now faces the wind 
much more than side (b). In this case the antennas will tend to 
rotate in the sense indicated by the arrow. 

Taking all of this into account it seems to be a good idea 
not only to try to achieve full boom (area) symmetry but full 
element (area) symmetry as well. Leeson came to the conclu
sion that he prefers to balance in the element plane by offset-

Fig 13-4—Analysis of the influence of the wind on the 
mast torque for a single element sitting on the end of a 
boom. In all cases, A through D, no mast torque is 
induced. Only in case E, where the element is deformed 
by the wind, will mast torque be induced. See text for 
details. 
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ting the element ensemble to eliminate the need for a torque 
balancing element, then using a vane (boom torque compen
sating plate) on the now unbalanced boom. If offsetting the 
element ensemble creates an important weight imbalance, this 
can always be compensated for by inserting some form of 
weight in the boom near one tip. 

Not adding extra dummy elements seems to be a good 
idea, as in dynamic situations (wind turbulence) these may 
actually deteriorate the situation rather than improve it. Since 
in principle the Yagi elements do not contribute to the boom 
moments, and therefore not to the mast torque, it makes no 
sense to create dummy elements to try to achieve a torque
balanced Yagi. 

The MECHANICAL YAGI BALANCE module of the 
YAGI DESIGN software addresses all the issues as explained 
above and uses the cross-flow principle. It uses latest data 
from the latest EIA/TIA-222-E specification, which is some
what different from the older EIA standard RS-222-C. 

3.3.3. Element strength calculation 
While it is standard procedure to correct boom sag using 

truss cables, element sag must be controlled to a maximum 
degree by using the properly designed tapered sections for 
making the element. Guyed elements are normally only used 
with 80-meter Yagis. Unguyed 40-meter full-size tubular 
elements (24 meters long) can be built to withstand very high 
wind speeds, as well as a substantial degree of ice loading. 

The mathematics involved are quite tedious, and a very 
good subject for a computer program. Leeson (Ref 964) 
addresses the issue in detail in his book, and he made a 
spreadsheet type of program available for calculating ele
ments. As the element-strength analysis is always done with 
the wind blowing broadside to the elements, the issues 

Table 13-1 
Element Design Data for the 3-Element 40-Meter 
Yagi Reflector, Driven Element and Director 
Section OD/Wall Dir. Dr. Ele. Refl. 
1 60/5 300 300 300 
2 50/5 285 285 285 
3 35/2 60 85 84 
4 30/2 60 112 100 
5 25/1.5 135 135 176 
6 15/1 60 80 82 
7 12/1 111 80 113 
Total length (cm) 1011 1077 1150 

Section OD/Wall Dir. Dr. Ele. Refl. 
1 2.375/0.154 144 144 144 
2 2.00/0.109 55 66 66 
3 1.25/0.11 34 42 50 
4 1.00/0.11 30 30 30 
5 1.00/0.058 30 38 42 
6 0.625/0.11 18 15 21 
7 0.625/0.058 28 30 34 
8 0.50/0.058 60 63 65 
Total length (inches) 399 428 452 

Note: This design assumes a boom diameter of 75 mm 
(3 inches) and U-type clamps to mount the element to the boom (L 
= 300 mm, W = 150 mm, H = 70 mm). Availability of materials will 
be the first restriction when designing a Yagi antenna. 

of variable area or cross-flow principle don’t have to be 
taken into consideration. 

The ELEMENT STRENGTH module of the YAGI 
DESIGN software is a dedicated software program that allows 
the user to calculate the structural behavior of Yagi elements 
with up to nine tapering elements. This module operates in the 
English measurement system as well as in the metric system 
(as do all other modules of the integrated YAGI DESIGN 
software). A drag factor of 1.2 is used for the element calcu
lations (as opposed to 0.66 in the older RS-222-C standard). 

Interactive designing of elements enables the user to 
achieve element sections that are equally loaded. Many pub
lished element designs show one section loaded to the limit, 
while other sections still exhibit a large safety margin. Such 
unbalanced designs are always inefficient with respect to 
weight, wind area and load, as well as cost. 

Each change (number of sections, section length, section 
diameter, wind speed, aluminum quality, ice load, etc) is 
immediately reflected in a change of the moment value at the 
interface of each taper section, as well as at the center of the 
element. When a safe limit is exceeded, the unsafe value will 
blink. The screen also shows the weight of the element, the 
wind area, and the wind load for the specified wind speed. 

It is obvious that the design in the first place will be 
dictated by the material available. Material quality, availabil
ity and economical lengths are discussed in Section 3.3.6 
where Table 13-2 shows a range of aluminum tubing material 
commonly available in Europe. 

A 40-meter Yagi reflector is approximately 23-meters 
long. This is twice the length of a 20-meter element. Design
ing a good 40-meter element can be done starting from a sound 
20-meter element, which is then lengthened by more tapered 
sections toward the boom, calculating the bending stresses at 
each section drop. 

When designing a Yagi element you must make sure that 
the actual bending moments (LMt) at all the critical points 
match the maximum allowable bending moments (RM) as 
closely as possible. LMv is the bending moment in the vertical 
plane, created by the weight of the element. This is the 
moment that creates the sag of the element. LMt is the sum of 
LMv and the moment created by the wind in the horizontal 
plane. Adding those together may seem to create some safety, 
although it can be argued that turbulent wind may in actual 
fact blow vertically in a downward direction. 

The reflector element for my 40-meter Yagi uses mate
rial with metric dimensions available in Europe. The design 
was done for a maximum average wind speed of 140 km/h, 
using F22 quality (Al Mg Si 0.5%) material. This material has 
a yield strength of 22 kg/mm2 (31,225 lb/inch2). For material 
specifications see Section 3.3.6. 

All calculations are done for a static condition. Dynamic 
wind conditions can be significantly different, however. The 
highest bending moment is at the center of the element. 
Inserting a 2-meter long steel tube (5 or 7-mm wall) in the 
center of the center element will not only provide additional 
strength but also further reduce the sag. 

Whether 140 km/h will be sufficient in your particular 
case depends on the following factors: 

•	 The rating of the wind zone where the antenna is to be 
used. The latest EIA/TIA-222-E standard lists the recom
mended wind speed by county in the US. 
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•	 Whether modifiers or safety factors are recommended (see 
EIA/TIA-222-E standard). 

•	 Whether you will expose the element to the wind or put the 
boom into the wind (see Section 3.3.4). 

•	 Whether you have your Yagi on a crank-up tower, so that 
you can nest it at protected heights during high wind 
storms. 

Fig 13-5 shows the 3-element full-size 40-meter Yagi 
placed 5 meters above my 5-element 20-meter Yagi, which 
has a similar taper design. Note the very limited sag on the 
elements. The telescopic fits are discussed in Section 3.3.7. 
Figs 13-6 and 13-7 show the section layout of the 40-meter 
reflector element, calculated for both metric and US (inch) 
materials. 

3.3.3.1. Element sag 
Although element sag is not a primary design parameter, 

I included the mathematics to calculate element sag in the 
ELEMENT STRENGTH module of the YAGI DESIGN soft
ware. While designing, it is interesting to watch the total 
element sag. Minimal element sag is an excellent indicator of 
a good mechanical design. Too much sag means there is 
somewhere along the element too much weight that does not 
contribute to the strength of the element. The sag of each of the 
sections of an element depends on: 

•	 The section’s own weight. 
•	 The moment created by the section(s) beyond the section 

being investigated (toward the tip). 
•	 The length of the section. 
•	 The diameter of the section. 
•	 The wall thickness of the section. 
•	 The elasticity modulus of the material used. 

The total sag of the element is the sum of the sag of each 

section. The elasticity modulus is a measure of how much a 
material can be bent or stretched without inducing permanent 
deformation. The elasticity modulus for all aluminum alloys 
is 700,000 kg/cm2 (9,935,000 lb/inch2). This means that an 
element with a stronger alloy will exhibit the same sag as an 
element made with an alloy of lesser strength. 

The 40-meter reflector designed above has a calculated 

Fig 13-5—Three-element 40-meter Yagi at ON4UN. The 
Yagi is mounted 5 meters above a 5-element 20-meter 
Yagi with a 15-meter boom, at a height of 30 meters. 
Note the very limited degree of element sag, which is 
proof of a good physical design. 

Fig 13-6—Mechanical layout of a 40-meter full-size reflector using metric materials. 
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sag of 129.5 cm, not taking into account the influence of the 
steel insert (coupler). The steel coupler reduces the sag to 
approximately 91 cm. These are impressive figures for a 
40-meter Yagi. With everything scaled down properly, the sag 
is comparable to that of most commercial 20-meter Yagis. 
After mounting the element, the total element sag was that 
calculated by the software. 

3.3.3.2. Alternative element designs using US 
materials 

The US design is made by starting from standard tubing 
lengths of 144 inches. Tables 13-3 and 13-4 list some of the 
standard dimensions commonly available in the US. The 
availability of aluminum tubes and pipes is discussed in 
Section 3.3.6. 

For the two larger-diameter tubes, I used aluminum pipe. 
The remaining sections are from the standard tubing series 
with 0.058-inch wall thickness. From the design table we see 
that for some sections I used a wall thickness of 0.11 inch, 
which means that we are using a tight-fit section of 1/8-inch 
less diameter as an internal reinforcement. 

The design table shows that the center sections would 
marginally fail at a 90-mi/h design wind speed. In reality this 
will not be a problem, since this design requires an internal 
coupler to join the two 144-inch center sections. This steel 
coupler must be strong enough to take the entire bending 
moment. The section modulus of a tube is given by Eq 13-1: 

OD4 − ID4 
S = π× 

32 ×OD 

where 

S = section modulus 
OD = tube outer diameter 
ID = tube inner diameter 

The maximum moment a tube can take is given by: 

Mmax = YS×S (Eq 13-3) 

where 

YS = yield strength of the material 
S = section modulus as calculated above 

or 

OD4 − ID4 

M = YS × π × (Eq 13-4)
max 32 ×OD 

The yield strength varies to a very large degree (Ref 964 
p 7-3). For different steel alloys it can vary from 21 kg/mm2 

(29,800 lb/inch2) to 50 kg/mm2 (71,000 lb/inch2). 
A 2-inch OD steel insert (with aluminum shimming 

material) made of high-tensile steel with a YS = 55,000 lb/ 
inch2 would require a wall thickness of 0.15 inches to cope 
with the maximum moment of 19.622 inch-lb at the center of 
the 40-meter reflector element. 

Note that the element sag (42.1 inches with a 2×40-inch
long steel coupler) is very similar to the sag obtained in the 
previous metric design example. It is obvious that for an 
optimized Yagi element (and for a given survival wind speed), 
the element sag will always be the same, whatever the exact 

Fig 13-7—Layout of the 40-meter reflector using US materials (inch dimensions). 
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taper scheme may be. In other words, a good 40-meter Yagi 
reflector element, designed to withstand a 140 km/h (87 mi/h) 
wind should not exhibit a sag of more than 40 inches (100 cm) 
when constructed totally of tubular elements. More sag than 
that proves it is a poor design. 

3.3.3.3. The driven element and the director 
Once we have designed the longest element, we can 

easily design the shorter ones. We should consider taking the 
“left over” lengths from the reflector for use in the director. 
The lengths of the different sections for the 3-element Yagi 
number 10 from the YAGI DESIGN database, according to 
the metric and US systems, are shown in Table 13-1. Typi
cally, if the reflector is good for 144 km/h, the director and the 
driven element will withstand 160 to 170 km/h. 

3.3.3.4. Final element tweaking 
Once the mechanical design of the element has been 

finalized, the exact length of the element tips will have to be 
calculated using the ELEMENT TAPER module of the soft
ware. You can also use a modeling programs such as EZNEC 
or YW and enter all the tapered sections directly. 

3.3.4. Boom design 
Now that we have a sound element for the 40-meter Yagi, 

we must pay attention to the boom. When the wind blows at a 
right angle to the boom, the maximum pressure is developed 
on the boom area. At the same time, the loading on the Yagi 
elements will be minimum. There is no intermediate angle at 
which the loading on the boom is higher than at a 90° wind 
angle, when the wind blows broadside onto the boom. 

3.3.4.1. Pointing the Yagi in the wind 
We all have heard the question, “Should I point the 

Fig 13-8—Boom moments in the horizontal plane as a 
result of the wind blowing onto the boom and the 
elements. The forces produced by the wind on the Yagi 
elements do not contribute to the boom moment; they 
only create a compression force in the boom (see text). 
The highest boom moments occur when the wind 
blows at a 90° angle, broadside to the boom. 

elements into the wind, or should I point the boom into the 
wind?” The answer is simple. If the area of the boom is smaller 
than the area of all the elements, then put the boom perpen
dicular to the wind. And vice versa. 

Let me illustrate this with some figures for a 40-meter 
Yagi. Calculations are done for a 140 km/h wind, with the 
boom-to-mast plate in the center of the boom. The figures 
below were calculated in the MECHANICAL YAGI 
BALANCE module of the YAGI DESIGN software. 

Zero-degree wind angle (wind blowing broadside to the 
elements): 

• Boom moment in the horizontal plane: Zero 
• Thrust on tower/mast 323 kg 
• Maximum bending moment in the elements 

90° wind angle (wind blowing broadside to the boom): 
• Boom moment 114 kg-m 
• Thrust on tower/mast: 87 kg 
• Minimum bending moment in the elements 

In this case it is obvious that we should at all times try to 
put the boom perpendicular to the wind during a storm with 
high winds. For calculating and designing the rotating mast 
and tower, I recommend, however, that you take into account 
the worst-case wind pressure of 323 kg. 

What about a long-boom HF Yagi? For a 6-element 
10-meter Yagi, putting the elements perpendicular to the wind 
would be the logical choice. But relying on the exact direction 
of the Yagi as a function of wind direction is a dangerous 
practice and I don’t want to encourage this. This does not 
mean that in case of high winds you couldn’t take advantage 
of the best wind angle to relieve load on the Yagi, mast or 
tower, but what is gained by doing so should only be consid
ered as extra safety margin only! 

Fig 13-9—Weight-balanced layout of the 3-element 
40-meter Yagi, showing the internal boom coupler. The 
net weight, without a match box (containing the 
Gamma or Omega matching capacitors) and without 
the boom-to-mast plate is 183 kg. 
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3.3.4.2. Weight balancing 
In Fig 13-8, I assumed that the mast is at the physical 

center of the boom. As the driven element is offset toward the 
reflector, the Yagi will not be weight balanced. A good 
physical design must result in a perfect weight balance, since 
it is extremely difficult to handle an unbalanced 40-meter 
monster on a tower when trying to mount it to the rotating 
mast. The obvious solution is to shift the mast attachment 
point in such a way that a perfect balance is achieved. 

The MECHANICAL YAGI BALANCE module of my 
software calculates weight-balancing for a Yagi. It automati
cally calculates the area of the required boom dummy plate 
(see Section 3.3.4), to reestablish torque balance. Compo
nents taken into account for calculating the weight balance 
are: 

•	 The Yagi elements 
•	 The boom 
•	 The boom coupler (if any) 
•	 The boom dummy (see Section 3.3.4.3 below) 
•	 The match box (box containing gamma/omega matching 

components). 

Fig 13-9 shows the layout that produces perfect weight 
balance. In our example I have assumed no match box. Slightly 
offsetting the driven element of the 3-element Yagi avoids the 
conflict between the location for the mast and for the driven 
element attach point. 

3.3.4.3. Yagi torque balancing 
The cause of mast torque has been explained in Sec

tion 3.3.2. If the bending moment in the boom on one side of 
the mast is not the same as the bending moment at the other 
side of the mast, we have a net mast torque. One moment is 
trying to rotate the mast clockwise, while the other tries to 
rotate the mast counterclockwise. 

Only when the boom areas on both sides of the mast are 
identical will the Yagi be perfectly torque-balanced. The wind 
area of the elements and their placement on the boom do not 
play any role in the mast torque, as the direction of the force 
developed by the wind on an element is always perpendicular 
to the element itself, which means in-line with the boom. As 
such, element wind area cannot create a boom moment, but 
merely loads the boom with compression or elongation. 

It is the mast torque that makes an antenna windmill in 
high winds. A good mechanical design must be torque-free at 
all wind angles. During our weight-balancing exercise earlier, 
we shifted the mast attachment point somewhat to reestablish 
weight balance. This causes the boom moments on both sides 
of the mast to become different. To reestablish balance, we 
mount a small boom dummy plate near the end of the shorter 
boom half. This plate has an area of 133 cm2 and should be 
mounted 50 cm from the reflector for torque-balance. 

3.3.4.4. Boom moments 
I calculated the boom moments after torque-balancing 

and found that the boom bending moments have increased 
slightly, from 114 kg-m for the “non-weight-balanced Yagi” 
to 120 kg-m after weight balancing and adding the boom 
dummy. This is a negligible price to pay for having a weight
balanced Yagi. 

The software calculate everything related to the boom 
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design. The material stresses are computed for the coupler, as 
well as for the boom. The boom stress is only meaningful if the 
boom is not split in the center. With a split boom it is the 
coupler that takes the entire stress. 

Even for a 140-km/h wind, the stresses in the boom are 
low. But as we will likely point the boom into the wind in 
windstorms (Section 3.3.4.1), we should build in a lot of 
safety. Also, as mentioned before, the 140-km/h does not 
include any safety factors or modifiers, as may be prescribed 
in the standard EIA/TIA-222. 

To me, it is proof of poor engineering to design a boom 
that needs support guys to make it strong enough to with
stand the forces from the wind and the bending moments 
caused by it. If guy wires are employed to provide the 
required strength, guying will have to be done in both the 
horizontal as well as the vertical plane. Guy wires can be 
used to eliminate boom sag. This will only be done for 
cosmetic rather than strength reasons. 

Three-way guying may be necessary where vertical gusts 
can be expected (hilltop QTHs) to prevent the boom from 
dancing up and down due to vertical up drafts. 

3.3.4.5.Boom sag 
The boom as now designed will withstand 140-km/h 

winds, with a good safety factor. The same boom, however, 
without any wind loading will have to endure a fair bending 
moment in the vertical plane, caused by the weight of the 
elements and the weight of the boom itself. 

Fig 13-10 shows the forces and dimensions that create 
these bending moments. The weight moments were obtained 
earlier when calculating the Yagi weight balance. 

Weight moments to the “left” of the mast: 
Element no. 1: –226.6 kg-m 
Element no. 2: –24.5 kg-m 
Boom left: –37.1 kg-m 
Boom insert left: –4.2 kg-m 
Boom dummy: –0.3 kg-m 
Total: –292.7 kg-m 

Weight moments to the “right” of the mast: 
Element no. 3: 243.6 kg-m 
Boom right: 45.2 kg-m 

Fig 13-10—Layout of the boom-support cables 
(trusses) with the forces and tensions involved. The 
truss cables are not installed to provide additional 
strength to the boom; they merely support the boom in 
order to compensate for the sag from the weight of the 
elements on the boom. 
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Boom insert right: 4.2 kg-m 
Total: 293 kg-m 

The weight moment to the left of the mast is the same as 
to the right of the mast since the Yagi is weight-balanced. Here 
comes another surprise: The boom is loaded almost three 
times as much by weight loading in the vertical plane 
(293 kg-m) than it is by wind loading at 140 km/h in the 
horizontal plane (120 kg-m). 

The maximum allowable bending moment for the boom 
steel insert with a diameter of 63 mm and 6-mm wall is 
619 kg-m as calculated with Eq 13-2 for a material yield 
strength of 20 kg/mm2. This steel coupler has a safety factor 
of two as far as the weight-loading in the vertical plane is 
concerned. Boom stress by weight will usually be the condi
tion that will specify the size of the boom with large low-band 
Yagis using heavy elements. 

The boom, using the above calculated coupler, does not 
require any guying for additional strength. However, the high 
weight loading of the very long elements sitting at the end of 
the boom halves will cause a very substantial sag in the boom. 
For my 40-meter beam the sag amounts to nearly 65 cm, which 
is really excessive from a cosmetic point of view. A sag of 
10 cm is due to the boom’s own weight and 55 cm is due to the 
weight of the elements at the tips of the boom. 

Fig 13-11—Details of the tension-equalizing system at 
the top of the support mast, where the two boom
support trusses are attached. The triangular-shaped 
plate can rotate freely around the 10-mm bolt, which 
serves to equalize the tensions in the two guy wires. 
See text for details. 

Fig 13-12—The element-to-boom mounting system as 
used on the ON4UN 40-meter Yagi. 

Again, I consider it a proof of good engineering to 
eliminate sag by supporting the boom using truss cables. The 
two boom halves are supported with two sets of dual parallel 
guy wires attached on the boom at a point 4.5 meters from the 
mast attachment point. The guy wires are supported from a 
1.4-meter high support mast made of a 35 mm OD stainless 
steel tube, which is welded to the boom-to-mast plate. See 
Fig 13-10. 

The weight that is supported is given by the previously 
calculated moment divided by the distance of the cable 
attachment point to the mast attachment point. Assuming the 
two boom halves are hinged at the mast, each support cable 
would have to support the total weight as shown above, 
divided by the sine of the angle the truss support cable makes 
with the boom. 

Leeson (Ref 964) covers guyed booms well in his book. 
In the case above we are not guying the boom to give it 
additional strength, we do it only to eliminate sag. Guying a 
boom is not a simple problem of moments, but a problem of a 
compressed column, where the slenderness of the boom and 
the compression force caused by the guy wire (usually in three 
directions) come into the picture. In our case these forces are 
so low that we can simplify the model as done above. In the 
above case we implicitly assumed that the boom has enough 
lateral strength (which we had calculated). For solving the 
wire-truss problem we assume that the boom is a “nonattached” 
cantilever. The fact that the boom is attached introduces an 
additional safety factor. 

If a single steel cable is used, a 6-mm (1/4-inch) OD cable 
is required to safely support this weight. I use two cables of 
4-mm (0.16-inch) OD Kevlar (also known as Phillystran in the 
US). I use this because it was available at no cost, and it does 
not need to be broken up with egg insulators (Kevlar is a fully 
dielectric material which has the same breaking strength as 
steel and the same elongation under load). Note that turnbuck
les may prove to be the weak link in the system and stainless
steel turnbuckles can be very expensive. If two parallel cables 
are used, a tension equalizer must be used to ensure perfect 
equal stress in both cables. In the case of two truss cables 
without equalization, one of the cables is likely to take most 
of the load. 

Let me go into detail why I use two parallel support guys. 

Fig 13-13—The Omega matching system and plastic 
“drainpipe” box containing the two variable capacitors. 
Note also the boom-to-mast mounting plate made of 1
cm thick stainless steel. The boom is attached to this 
plate with eight U bolts and double saddles. 
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Fig 13-11 shows the top of the support mast, on which two 
triangular-shaped stainless-steel plates are mounted. These 
plates can pivot around their attachment point, which consists 
of a 1-cm diameter stainless-steel bolt. The two guy wires are 
connected with the correct hardware (very important—con
sult the supplier of the cable!) at the base of these triangular 
pivoting plates. The pivoting plates now serve a double pur
pose: 

•	 They equalize the tension in the two guy wires. 
•	 They serve as a visual indicator of the status of the guy 

wires. 

If something goes wrong with one of the support wires, 
the triangular plate will pivot around its attachment point. At 
the same time the remaining support (if properly designed) 
will still support the boom, although with a greatly reduced 
safety factor. 

To install the support cables and adjust the system for 
zero or minimum boom sag if you don’t use turnbuckles, place 
the beam on two strong supports near the end of the boom so 
as to induce some inverse sag in the boom. Lift the center of 
the boom to control the amount of inverse sag. Now adjust the 
position of the boom attachment hardware to obtain the de
sired support behavior. 

Make sure you properly terminate the cables with 
thimbles. The loads involved are not small, and improper 
terminations will not last. This is especially true when Kevlar 
rope is used. 

3.3.5. Element-to-boom and boom-to-mast 
clamps 

With an element weighing well over 40 kg, attaching 
such a mast at the end of a 5-meter arm must be done with 
great care. The forces involved when we rotate the Yagi 
(start and stop) and when the beam swings in storm winds 
are impressive. 

After an initial failure, I designed an element-to-boom 
mounting system that consists of three stainless-steel 
U-channel profiles (50-cm long) welded together. The ele
ment is mounted inside the central channel profile using four 
U bolts with 12-mm wide aluminum saddles. Four double
saddle systems are used to mount the unit onto the boom (see 
Fig 13-12). U bolts must be used together with saddles and 
you must use saddles on both sides. The bearing strength of 
U bolts is far too low to provide a durable attachment under 
extreme wind loads without saddles on both sides. Never use 
U bolts made of threaded stainless-steel rods directly on the 
boom; if they can move but a hair, they become like perfect 
files that will machine a nice groove in the boom in no time! 

At the center of the boom I mounted a 60-cm wide, 1-cm 
thick stainless-steel plate to which the 1.5-meter long support 
mast for the boom guying is welded. The boom is bolted to the 
boom-to-mast plate using eight U bolts with saddles matching 
the 75-mm OD boom (see Fig 13-13). On the tower, this plate 
is bolted to an identical plate (welded to the rotating mast) 
using four 18-mm OD stainless-steel bolts. 

3.3.6. Materials 
In the metric world (mainly Europe), aluminum tubes are 

usually available in 6-meter sections. Table 13-2 lists dimen
sions and weights of a range of readily available tubes. 
Aluminum tubing in F22 quality (Al Mg Si 0.5%) is readily 
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available in Europe in 6-meter lengths. The yield strength is 
22 kg/mm2. 

Tables 13-3 and 13-4 show a range of material dimen
sions that are available in the US. The ARRL Antenna Book 
also lists a wide range of aluminum tubing sizes. Make sure 
you know which alloy you are buying. The most common 
aluminum specifications in the US are: 

6061-T6: Yield strength = 24.7 kg/mm2 

6063-T6: Yield strength = 17.6 kg/mm2 

6063-T832: Yield strength = 24.7 kg/mm2 

6063-T835: Yield strength = 28.2 kg/mm2 

Economical Lengths 
When designing the Yagi elements, a maximum effort 

should be made to use full fractions of the 6-meter tubing 
lengths, in order to maximize the effective use of the material 
purchased. A proper section overlap is 15 cm (6 inches). The 
effective net lengths of fractions of a 600-cm tube are 285, 
185, 135, 85 and 60 cm. 

In the US, aluminum is available in 12-ft lengths. The 
effective economical cuts (excluding the 6-inch overlap) are 
66, 42, 30, 22.8 inches, etc. 

3.3.7. Telescopic Fits 
You can make well-fitting telescopic joints as follows: 

With a metal saw, make two slits of approximately 30-mm 
length into the tip of the larger section. To avoid corrosion, use 
plenty of Penetrox (available from Burndy) or other suitable 
contact grease when assembling the sections. A stainless-steel 
hose clamp will tighten the outer element closely onto the 
inner one (with shimming material in-between if necessary). 
A stainless-steel Parker screw will lock the sections length
wise. For large diameters and heavy-wall sections, a stainless 
steel 6 or 8-mm bolt is preferred in a pre-threaded hole. 

Table 13-2 
Dimensions and Weight of Aluminum Tubing in 
F22 Quality 
OD Wall Weight OD Wall Weight 
mm mm g/m mm mm g/m
  10 1 76   40 1.5 489
  12 1 93   44 2 541
  13 1 103   48 1.5 603
  14 1 110   50 5 1923
  15 1 127   50 2 820
  19 1.5 227   52 1.5 654
  20 1.5 235   57 2 940

  22 2 339   60 5 2350

  22 1.5 261   60 3 1460
  25 2.5 477   62 2 1040

  25 2 398  70 5 2757

  25 1.5 298   70 3 1718
  28 1.5 336   80 5 3181

  30 3 687   80 4 2579

  30 2 484   84 2 1385

  32 1.5 387   90 5 3605

  35 2 564 100 5 4029

  36 1.5 438 100 2 1676

  40 5 1495 110 5 4485

  40 2 644
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Metric tube sections do not provide as snug a telescoping 
fit as do the US series with a 0.125-inch-diameter step and 
0.058-in. wall thickness. At best there is a 1-mm difference 
between the OD of the smaller tube and the ID of the larger 
tube. A fairly good fit can be obtained, however, by using a 
piece of 0.3-mm-thick aluminum shimming material. The slit, 
hose clamp, Parker screw and heat-shrink tube make this a 
reliable joint as well. 

Sometimes sections must be used where the OD of the 
smaller section is the same as the ID of the larger section. To 
achieve a fit, make a slit approximately 5 cm (2 inches) long 
in the smaller tube. Remove all burrs and then drive the 
smaller tube inside the larger to a depth of 3 times the slit 
length (eg, 15 cm). Do this after heating up the outer tube with 
a flame torch and cooling down the inner tube in ice water. The 
heated-up outer section will expand, while the cooled-down 
inner section will shrink. Use a good-sized plastic hammer 
and enough force to drive the inner tube quickly inside the 
larger tube before the temperature-expansion effect disap
pears. A solid unbreakable press fit can be obtained. A good 
Parker screw or stainless-steel bolt (with pre-threaded hole) is 
all that’s needed to secure the taper connection. 

Under certain circumstances a very significant drop in 
element diameter is required. In this case a so-called doughnut 

Table 13-3 
List of Currently Available Aluminum Tubing in 
the US 
OD Wall Weight OD Wall Weight 
inches inches lb/foot inches inches lb/foot 

0.250 0.058 0.04 1.625 0.058 0.34 
0.375 0.058 0.07 1.750 0.058 0.36 
0.500 0.058 0.10 1.750 0.083 0.51 
0.625 0.058 0.12 1.875 0.058 0.39 
0.750 0.058 0.15 2.000 0.065 0.45 
0.875 0.058 0.18 2.000 0.083 0.59 
1.000 0.058 0.20 2.000 0.125 0.83 
1.125 0.058 0.23 2.500 0.065 0.59 
1.250 0.058 0.26 2.500 0.083 0.74 
1.375 0.058 0.28 2.500 0.125 1.06 
1.500 0.058 0.31 3.000 0.065 0.71 
1.500 0.065 0.34 3.000 0.125 1.30 
1.500 0.083 0.43 

Table 13-4 
List of Currently Available Aluminum Pipe in the 
US 
OD Wall OD Wall 
1.050 0.113 1.900 0.109 
1.050 0.154 1.900 0.145 
1.315 0.133 1.900 0.200 
1.315 0.179 2.375 0.065 
1.660 0.065 2.375 0.109 
1.660 0.109 2.375 0.154 
1.660 0.140 2.375 0.218 
1.660 0.191 2.875 0.203 
1.900 0.065 2.875 0.276 

is required. The doughnut is a 15-cm long piece of aluminum 
tubing that is machined to exhibit the right OD and ID to fill 
up the gap between the tubes to be fit. Often the donut can be 
made from short lengths of heavy-wall aluminum tubing. 

I always cover each taper-joint area with a piece of heat
shrinkable tube that is coated with hot-melt glue on the inside 
(Raychem, type ATUM). This protects the element joint and 
keeps the element perfectly watertight. 

3.3.8. Material ratings and design conditions 
All the above calculations are done in a static environ

ment, assuming a wind blowing horizontally at a constant 
speed. Dynamic modeling is very complex and falls out of the 
scope of this book. If all the rules, the design methodology and 
the calculating methods as outlined above and as used in the 
mechanical design modules of the YAGI DESIGN software 
are closely followed, a Yagi will result that will withstand the 
forces of wind, even in a normal dynamic environment, as has 
been proved in practice. My 40-meter Yagi was designed to be 
able to withstand wind speeds of 140 km/h, according to the 
EIA/TIA-222-E standard. The 140-km/h wind does not in
clude any safety factors or other modifiers. 

The most important contribution of all the above calcu
lations is that the stresses in all critical points of the Yagi are 
kept at a similar level when loading. In other words, the 
mechanical design should be well-balanced, since the system 
will only be as strong as the weakest. 

Make sure you know exactly the rating of the materials 
you are using. The yield stress for various types of steel and 
especially stainless steel can vary with a factor of three! Do 
not go by assumptions. Make sure. 

3.3.9. Element finishing 
As a final touch I always paint my Yagi beams with three 

layers of transparent metal varnish. It keeps the aluminum 
nice and shiny for a long time. 

3.3.10. Ice loading 
Ice loading greatly reduces an antenna’s wind-survival 

speed. Fortunately, heavy ice loading is not often accompa
nied by very high winds, with an exception for the most harsh 
environments (near the poles). 

Although we are almost never subject to ice loading here 
in Northern Belgium, it is interesting to evaluate what the 
performance of the Yagi would be under ice loading condi
tions. Table 13-5 shows the maximum wind survival speed 
and element sag as a function of radial ice thickness. As the ice 
thickness increases, the sections that will first break are the 
tips. The reflector of our metric-design element will take up to 
16 mm of radial ice before breaking. At that time the sag of the 
tips of the reflector element will have increased from 100 cm 
without ice to approximately 500 cm with ice. If the Yagi must 
be built with heavy ice loading in mind, you will have to start 
from heavier tubing at the tips. The ELEMENT STRENGTH 
module will help you design an element meeting your require
ments in only a few minutes. 

3.3.11. Material fatigue 
Many have observed that light elements (thin-wall, low 

wind-survival designs) will oscillate and flutter under mild 
wind conditions. Element tips can oscillate with an amplitude 
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of well over 10 cm. Under such conditions a mechanical 
failure will be induced after a time. This failure mechanism is 
referred to as material fatigue. 

Element vibrations can be prevented by designing ele
ments consisting of strong heavy-wall sections. Avoid tip 
sections that are too light. Tip sections of a diameter of less 
than about 15 mm are not recommended, although they may 
be difficult to avoid with a large 40-meter Yagi. Through the 
entire length of each element I run an 8-mm nylon rope, which 
lies loosely inside the element. This rope dampens any self
oscillation that might start in the element. 

At both ends, the rope is fastened at the element tips by 
injecting a good dose of silicone rubber into the tip of the 
element and onto the end of the rope. The tip is then covered 
with a heat-shrinkable plastic cable-head cover with internal 
hot-melt glue. And at both ends of the element you must drill 
a small hole (3 mm) at the underside of the element about 5 cm 
from the tip of the element to drain out any condensation water 
that may accumulate inside the element. 

Make sure the rope lays loosely inside the element. The 
method is very effective, and not a single case of fatigue 
element failure has occurred when these guidelines were 
followed. A simple test consists of trying to hand excite the 
elements into a vibration mode. Without internal rope this can 
usually be done quite easily. You will become really frustrated 
trying to get into an oscillation mode when the rope is present. 
Try for yourself! 

3.3.12. Matching the Yagi 
The only thing left to do now is to design a system to 

match the antenna feed-point impedance (28 Ω to the feed
line impedance (50 Ω). The choice of the omega match is 
obvious: 

• No need for a split element (mechanical complications). 
• No need to adjust the length of a gamma rod. 
•	 Fully adjustable from the center of the antenna. 

Only a true “plumber’s delight” construction, with no 
floating or insulated elements, can guarantee proper operation 
as a top loading device (eg for 160 meter) on top of a tower. 
With floating elements the insulation may flash over and be 
destroyed when the Yagi is near or at the top of the tower, and 

Table 13-5 
Ice Loading Performance of the 40-Meter Beam 

Radial Ice Max Wind SpeedSag 
mm inch kph mph cm inch 
2.5 0.1 116 72 132 52 
5.0 0.2 96 60 183 72 
7.5 0.3 79 49 242 95 
10 0.4 64 40 310 122 
12.5 0.5 47 29 386 152 
15 0.6 25 15 435 171 
16 0.63 0 0  Break 

Note: As designed, the Yagi element will break with a 16-mm 
(0.63 inch) radial ice thickness at zero wind load, or at lower 
values of ice loading when combined with the wind. The design 
was not optimized to resist ice loading. Optimized designs will use 
elements that are overall thicker, especially the tip elements. 

cause destruction of the beam and erratic functioning as a 
loading device on 160 meters. 

The two Omega-match capacitors are mounted in a hous
ing made of a 50-cm long piece of plastic drainpipe (15-cm 
OD), which is mounted below the boom near the driven 
element (Fig 13-13). This is a very flexible way of construct
ing boxes for housing Gamma and Omega capacitors. The 
drain pipes are available in a range of diameters, and the length 
can be adjusted by cutting to the required length. End caps are 
available that make professional-looking and perfectly water
tight units. 

The design of the Omega match is described in detail in 
Section 3.10.2. Fig 13-14 shows the SWR curve of my 
40-meter Yagi. The 1.5:1 SWR bandwidth turned out to be 
210 kHz. 

3.3.13. Tower, mast, mast bearings, drive shaft 
and rotator 

If you want a long-lasting low-band Yagi system, you 
must pay attention : 

• The tower. 
• The rotating mast. 
• The mast bearings. 
• The rotator. 
• The drive shaft. 

3.3.13.1. The tower 
Your tower supplier or manufacturer will want to know 

the wind area of your antenna. Or maybe you have a tower 
that’s good for 2 meters2 of top load. Will it be okay for the 
40-meter antenna? 

Specifying the wind area of a Yagi is an issue of great 
confusion. Wind-thrust force is generated by the wind hitting 
a surface exposed to that wind. The thrust is the product of the 
dynamic wind pressure multiplied by the exposed area, and 
with a so-called drag coefficient, which is related to the shape 
of the body exposed to the wind. The resistance to wind of a 
flat-shaped body is obviously different (higher!) than the 

Fig 13-14—SWR curve of the ON4UN 40-meter Yagi, as 
shown on the screen of a PC running the Alpha 
Network Analyzer. 
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resistance of a ball-shaped or tubular-shaped body. 
This means that if we specify or calculate the wind area 

of a Yagi, we must always specify if this is the equivalent wind 
area for a flat plate (which really should be the standard) or if 
the area is simply meant as the sum of the projected areas of 
all the elements (or the boom, whichever has the largest 
projected area; see Section 3.3.4.1). 

In the former case we must use a drag coefficient of 2.0 
(according to the latest EIA/TIA-222-E standard) to calculate 
the wind load, while for an assembly of long and slender tubes 
a coefficient of 1.2 is applicable. This means that for a Yagi 
consisting only of tubular elements (Yagi elements and boom), 
the flat-plate wind area will be 66.6% lower (2.0/1.2) than the 
round-element wind area. 

The 40-meter Yagi, excluding the boom-to-mast plate, 
the rotating mast and any match box, has a flat-plate equiva
lent wind area of 1.65 meters2. As the projected area of the 
three elements is 2.5 times larger than the projected area of the 
boom, the addition of the boom-to-mast plate and the match 
box will not change the wind load, which for this Yagi is only 
determined by the area of the elements. The round-element 
equivalent wind area for the Yagi is 2.74 meters2. 

The wind thrust generated by this Yagi at a wind speed 
of 140 km/h is 302 kg. This is for 140 km/h winds, without 
any safety margins or modifiers. Consult the EIA/TIA-222-E 
standard or your local building authorities to obtain the cor
rect figure you should use in your specific case. 

Let me make clear again that the thrust of 302 kg is only 
generated with the elements broadside to the wind. If you put 
the boom into the wind, the loading on the tower will be 
limited to 90 kg. However, I would not advise using a tower 
that will take less than 300 kg of top load. Consider the margin 
between the boom in the wind and the elements in the wind as 
a safety margin. 

3.3.13.2. The rotating mast 
Leeson (Ref 964) covered the issue of masts very well. 

Again, what you use will probably be dictated in the first place 
by what you can find. In any case, make sure you calculate the 
mast. My 3-element 40-meter beam sits on top of a 5-meter 
long stainless-steel mast, measuring 10 cm in diameter with a 
wall thickness of 10 mm. This mast is good for a wind load of 
579 kg at the top. I calculated the maximum wind load as 
302 kg. At the end of a 5-meter cantilever the bending moment 
caused by the beam is 1510 kg-m. Knowing the yield strength 
of the tube, we can calculate the minimum required dimen
sions for our mast using Eq 13-2. 

104 − 84 
Mmax = YS×π× = YS× 58 

32 ×10 

where YS = yield strength. 
The stainless-steel tube I used has a yield strength of 

50 kg/mm2. 

Mmax = 5000 × 58 = 290,000 kg-cm 

It appears that we have a safety factor of 75% versus the 
moment created by the Yagi (1510 kg-m). I have not included 
the wind load of the mast itself, but the safety margin is more 
than enough to cover the bending moment caused by the mast. 

In my installation I welded plates on the mast at the 

heights where the beam needs to be mounted. These plates are 
exact replicas of the stainless-steel plates mounted on the 
booms of the Yagis (the boom-to-mast coupling plates). When 
mounting the Yagi on the mast, you do not have to fool around 
with U bolts; the two plates are bolted together at the four 
corners with 18-mm-OD stainless-steel bolts. 

One word of caution about stainless-steel hardware. Do 
not tighten stainless-steel bolts as you would do with steel 
bolts. Stainless-steel bolts gall when over tightened and are 
very difficult to remove later. It is always wise to use a 
special grease before assembling stainless-steel hardware. 
Also, where safety is a concern, use one normal bolt, doubled 
up with a special safety self-locking bolt (with plastic in
sert). Between the two plates a number of stairs have been 
welded in order to provide a convenient working situation 
when installing the antennas. 

3.3.13.3. The mast bearings 
The mast bearings are important parts of the antenna 

setup. Each tower with a rotating mast should use two types of 
bearings: 

•	 The thrust bearing—it should take axial weight as well as 
a radial load. 

•	 The second bearing should only take a radial load. 

The thrust bearing should be capable of safely bearing 
the weight of the mast and all the antennas. The thrust-bearing 
assembly must be waterproof and have provisions for periodic 
lubrication. Fig 13-15A shows the thrust collar being welded 
on the stainless-steel mast inside my top tower section. Notice 
the stainless-steel housing of the thrust bearing. The bearing 
is a 120-mm ID, FAG model FAG30224A (T4FB120 accord
ing to DIN ISO 355). In my tower the thrust bearing is 
2 meters below the top of the tower. 

My tower’s second bearing is mounted right at the top of 
the tower and consists of a simple 10-cm long nylon bushing 
with approximately 1-mm clearance with the mast OD. Note 
that the thrust bearing could instead be at the top, with the 
radial bearing at the lower point. The choice is dictated by 
practical construction aspects. 

The mast and antenna weight should never be carried by 
the rotator. In my towers I have the rotator sitting at ground 
level, with a long drive shaft in the center of the self-support
ing tower. The drive shaft is supported by the thrust bearing 
near the top of the tower. The fact that the heavy drive shaft 
hangs in the center of the tower adds to the stability of the 
tower. I can easily replace the rotator. The coupling between 
the rotator and the drive shaft is a cardan axle from a heavy 
truck, as shown in Fig 13-15B. 

3.3.13.4. The rotator 
I would not dare to suggest using one of the commer

cially available rotators with antennas of this size. Use a prop
pitch or a large industrial-type worm-gear reduction with the 
appropriate reduction ratio and motor. For example, the 
Prosistel “Big Boy” rotator is available from Array Solutions 
at www.arraysolutions.com/. 

3.3.13.5. The drive shaft 
The drive shaft is the tube connecting the rotating mast 

with the rotator. The drive shaft must meet the following 
specifications: 
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•	 It must act as a torque absorber when starting and stopping 
the motor. This effect can be witnessed when you start the 
rotator and the antenna actually starts moving a second 
later. This relieves a lot of stress on the rotator. Leeson 
(Ref 964) uses an automotive transmission damper as a 
torque absorber spring. 

•	 The drive shaft should not have too much spring effect, so 
that the antenna points in the right direction even in high 
winds. If there is too much springiness, excessive swing
ing of the antenna could damage the antenna. The accel
eration and the forces induced by the swinging of the 
elements could induce failure at the element-to-boom 
mounts. 

The torque moment will deform (twist) the drive shaft 
(hollow tube). The angle over which the shaft is twisted is 

(A) 

(B) 

Fig 13-15—At A, the thrust bearing for the 100-mm 
OD-mast inside the top section of the 24-meter tower at 
ON4UN. At B, base of the self-supporting 25-meter 
tower (measuring 1.5 meters across), with the prop
pitch motor installed 1 meter above the ground. The 
drive shaft is coupled to the prop-pitch motor via a 
cardan axle from a heavy truck. Having the motor at 
ground level facilitates service, and takes torque load 
off the tower. In addition, the long drive shaft acts as a 
shock (momentum) absorber, greatly reducing strain 
on the motor. 
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directly proportional to the length of the shaft. In practice, we 
should not allow for more than ±30° of rotation under the 
worst torque moment. 

In an ideal world, the Yagi is torque-balanced, which 
means that even under high wind load there is no mast 
torque. In practice nothing is less true: Wind turbulence is 
the reason that the large wind capture area of the Yagi always 
creates a large amount of momentary torque moment during 
wind storms. 

When rotation is initiated, the inertia of the Yagi induces 
twist in the drive shaft. The same is true after stopping the 
rotator, when the antenna overshoots a certain degree before 
coming back to its stop position. 

In practice you will have to make a judicious choice 
between the length of the drive shaft and the size of the shaft. 
Using a long drive shaft and the rotator at ground level has 
the following advantages (in a non-crank-up, self-support
ing tower): 
•	 No torque induced on the tower above the point where the 

rotator isolated. 
•	 Motor at ground level facilitates maintenance and super

vision. 
•	 Long crank shaft works as torsion spring and takes torque 

load off the motor. 
•	 The disadvantage is that you will need a sizable shaft to 

keep the swinging under control. 

3.3.13.6. Calculating the drive shaft 
It is difficult, if not impossible, to calculate the torque 

moment caused by turbulent winds. I have estimated the 
momentary maximum torque moment to be 3 times as high as 
the torque moment on one side of the boom, as calculated 
before for a wind speed of 140 km/h. This is 360 kg-m. This 
means that the wind turbulence momentarily causes the an
tenna to rotate in only one direction, and that we disregard the 
forces trying to rotate the antenna in the opposite direction. In 
addition, I added a 200% safety factor. I use this figure as the 
maximum momentary torque moment to calculate the require
ments for the drive shaft. I have not found any better approach 
yet, and it is my practical experience that this approach is a fair 
approximation of what can happen under the worst circum
stances with peak winds in a highly turbulent environment. 

Assumed momentary maximum torque moment T = 
360,000 kg-mm, calculate the section shear modulus (Z): 

D4 − d4 
Z = π× 

16× D 

Assume the following: 

D = 8 cm 
d = 6.5 cm 
Z = 56.7 cm3 

Calculate the shear stress (ST): 
ST = T/Z 

where 
Z = modulus of section under shear stress 
T = applied torque moment 
ST = 36,000 kg-cm/56.7 cm3 = 635 kg/cm2

          = 6.35 kg/mm2 

This is a low figure, meaning the tube will certainly not 
break under the torque moment of 36,000 kg-cm. Calculate 
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the maximum twist angle (TW). The twist angle of the shaft is 
directly proportional to the shaft length. In my case the rotator 
is 21 meters below the lower bearing, which makes the shaft 
21 meters long. The critical part of the whole setup is the 
shaft-twist angle under maximum mast torque, where: 

T = applied torque (360,000 kg-mm) 
L = length of shaft (21,000 mm) 
G = rigidity modulus of the material = 8000 kg/mm2 

J = section modulus × radius of tube =
         56,700 mm3 × 40 mm = 2,268,000 mm4 

TW = 0.44 radians = 25° 

A twist angle of 25° is an acceptable figure. The twist 
should in all cases be kept below 30° to keep the antenna from 
excessively swinging back and forth in high winds. It is clear 
that the same result could be obtained with a much lighter 
tube, provided it was much shorter in length. 

3.3.14. Raising the antenna 
A 3-element full-size 40-meter Yagi, built according to 

the guidelines outlined in the previous paragraphs, is a “mon
ster.” Including the massive boom-to-mast plate, it weighs 
nearly 250 kg (500 lbs). A few years ago I befriended a man 
who has his own crane company. He has a whole fleet of 
hydraulic cranes that come in very handy for mounting large 
antennas on towers. 

Fig 13-16 shows the crane arm extended to a full 
48 meters, maneuvering the 40-meter Yagi on top of the 
30-meter self-supporting tower. With the type of boom-to
mast plates shown in Fig 13-13, it takes but a few minutes to 
insert the four large bolts in the holes at the four corners of the 
plates and get the Yagi firmly mounted on the mast. 

3.3.15. Conclusion 
Long-lasting, full-size low-band Yagis are certainly 

not the result of improvisation. The 40-meter Yagi I’ve 
described here has been up for over 15 years now, without 
any repairs. Long lasting Yagis, especially for the low bands 
are the result of a serious design effort, which is 90% a 
mechanical engineering effort. Software is now available 
that will help design mechanically sound, large low-band 
Yagis. This makes it possible to build a reliable antenna 
system that will out-perform anything that is commercially 
available by a large margin. It also brings the joy of home
building back into our hobby, the joy and pride of having a 
no-compromise piece of equipment. 

3.4. A Super-Performance, 
Super-Lightweight 3-Element 40-Meter Yagi 

Nathan Miller, NW3Z, designed a very novel and attrac
tive 3-element Yagi that was featured in QST (Ref 979). See 
Fig 13-17. It weighs only a tiny fraction of the battleship 
described in Section 3.3. The NW3Z antenna can be turned 
with a run-of-the-mill good-quality rotator. The antenna is 
based on a similar 2-element design by Jim Breakall, WA3FET. 

This 3-element Yagi also uses the principle of instanta
neous pattern reversal, which I described about 7 years ago in 
a previous edition of this book (see also Section 3.5). Basi
cally this Yagi uses two directors, symmetrically located with 
respect of the driven element. By using small relays an 
inductance is inserted in the middle of the parasitic element to 

turn it into a reflector to make instantaneous direction switch
ing possible. You must have experienced this feature in order 
to fully appreciate it! 

3.4.1. Electrical performance 
I modeled the antenna using EZNEC, both in free space 

as well as over real ground. The dimensions shown in Fig 13-18 
are very close to those published by NW3Z. In free space the 
antenna exhibits 7.34 dBi gain, with a feed impedance of 
40.5 Ω, using a loading inductance with a reactance of 138 Ω 
as shown in the QST article. The gain is more than 7.1 dBi, 
across the whole 40-meter band. The F/B performance in free 
space is illustrated in Fig 13-19. 

This is a fairly low-Q antenna, yielding a feed-point 
impedance of nearly 50 Ω, which means that the antenna is 
split fed with a current balun. The computer SWR values are 
shown in Table 13-6. 

I also modeled the antenna over real ground, at a height 
of 21 meters. We learned in Chapter 5 that for most DX paths 
an elevation angle between 10° and 15° seems to be optimum. 
If the angle is 15°, a Yagi at 0.6 λ will lose about 1.5 dB 
compared to its brother at 1 λ, but it will have much better 
high-angle rejection. The high antenna rejects a signal at a 
wave angle of 60° in the forward direction by about 8 dB. The 
antenna at 0.6 λ will reject the same signal, about 18 dB! 

This antenna is within reach of many and it can perform 
quite outstandingly at a 0.5 to 0.6-λ height. Fig 13-20 shows 

Fig 13-16—The ON4UN 40-meter Yagi is lowered on top 
of the rotating mast at a height of 30 meters using a 
48-meter hydraulic crane. 
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the radiation patterns for 7.05 MHz. Note that in order to 
obtain best F/B at that frequency, the reactance of the loading 
coil should be changed from 138 Ω to 130 Ω. The SWR curve 
becomes a little steeper, especially on the low side. 

3.4.2. Mechanical design 
The prototype was made using two types of aluminum 

tubing: The 2.5 and 2.25-inch-OD tubing is an extruded 6061-
T6 alloy with 0.125-inch walls. All other tubing is 6063-T832 
with 0.058-inch wall. The parasitic elements are made of #10 
aluminum plated steel wire. Copper-clad steel wire or bronze 
wire would also be appropriate. 

Table 13-6 
SWR Performance of the WA3FET/NW3Z Yagi 
Modeled in Free Space, Using XL = 138 Ω.Ω.Ω.Ω.Ω.
7.0 MHz 7.05 MHz 7.1 MHz 7.2 MHz 7.3 MHz 
1.4:1 1.2:1 1.1:1 1.3:1 1.7:1 

Table 13-7 
SWR Performance of the WA3FET/NW3Z Yagi at 
21 Meters Over Average Ground, Using 
XL = 132 Ω.Ω.Ω.Ω.Ω.
7.0 MHz 7.05 MHz 7.1 MHz 7.2 MHz 7.3 MHz 
1.6:1 1.3:1 1.2:1 1.3:1 1.8:1 

Fig 13-17—The 3-element 40-meter NW3Z Yagi is 
mounted on a 21-meter crankup tower at the Penn State 
University Dept of Electrical Engineering research 
facility at Rock Springs. 

Fig 13-18—Layout of the 
NW3Z/WA3FET light-weight 
3-element 40-meter Yagi. 

The boom, for which the taper schedule is shown in 
Fig 13-21 weights only 9 kg. The entire Yagi weighs well 
under 50 kg, which makes this really a super lightweight 
3-element full-size 40-meter antenna! 

3.4.3. The parasitic element supports 
Miller used an aluminum spreader (1.5-inch OD) tubing 

broken up with fiberglass rods to minimize loading of the 
director. Also, where the element supports are attached to the 
driven element, he uses a 30-cm long fiberglass rod, to keep 
the metal of the support far enough from the driven element. 
A valid alternative would of course be to use fiberglass poles 
along the entire length. 

3.4.4. Truss wiring 
Because of the additional cross-arm and parasitic-wire 

Fig 13-19—Horizontal radiation pattern in free space for 
the NW3Z/WA3FET 40-meter Yagi. The F/B is 20 dB or 
better from 7.0 to 7.1 MHz, and still a usable 17 dB at 
7.2 MHz. 
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Fig 13-20—At A, horizontal radiation pattern at 
21-meter height over average ground for the NW3Z/ 
WA3FET 40-meter Yagi. The patterns are for 7.05 MHz. 
Reducing the value of the loading reactance from 138 
to 132 ΩΩΩΩΩ improves the F/B performance. 

weight loading on the tips, the full-size driven element re
quires a supporting truss. The antenna uses Phillystran (PVC 
coated Kevlar rope) for the purpose. The boom is also guyed. 
Both sets of guy wires are attached to a support about 2 meters 
above the antenna. Horizontal support guys are used from the 
driven-element tip to the ends of the parasitic supports to 
counter the tension in the parasitic wires, as shown in Fig 13-22. 

3.4.5. Tuning the Yagi 
The shorted-stub loading reactance of 132 to 139 Ω 

represents an inductance of 3 to 3.1 µH. You can achieve an 
unloaded Q of more than 500 with a well-designed coil 
compared to a Q of about 100 with a linear-loading stub. So I 
designed a high-Q coil for this application: 

Required inductance: 3.1 µH 
Coil diameter: 7.5 cm (3 inches) 
Coil length: 11.3 cm (4.5 inches) 
Number of turns: 8 air-wound 
Conductor: 6mm (1/4 inch) copper tubing 

To tune the coil to the required exact value, just stretch 
or squeeze the turns. For a constant diameter (7.5 cm) and for 
8 turns the inductance will vary from 2.8 µH to 3.8 µH by 

Fig 13-22—The parasitic-wire, cross support, parasitic 
elements, horizontal and vertical supports in place on 
the NW3Z/WA3FET Yagi. 

Fig 13-21—Taper schedule for the 
driven element (A) and boom (B) of 
the NW3Z/WA3FET Yagi. The driven
element taper schedule is quite 
different from an ordinary Yagi 
element taper, since the element 
supports the 6-meter (20-foot) long 
cross bars at the end, which in turn 
support the ends of the parasitic 
wires. In this design the driven 
element is more like a boom, while the 
boom can be much lighter because it 
only supports the centers of the 
parasitic wires. The driven element 
weighs about 22 kg. 
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changing the coil length from 11.3 cm (4.5 inches) to 15 cm 
(6 inches). 

The NEC model shows that the reflector is resonant on 
7.7 MHz, and the director on 7.0 MHz by themselves. The 
best way to make sure that the parasitic elements are resonant 
on 7.7 MHz would be to feed the elements temporarily with 
λ/2 feed lines and cut them for zero reactance using a network 
analyzer or an antenna analyzer. While doing this the driven 
element and the second parasitic element must be left “open.” 
Adjusting the loading coil or stub can be done the same way: 
Connect the feed line in series (not in parallel!) with the 
loading coil. 

3.4.6. Feeding the Yagi 
The original design uses a very simple split-element 

feed, since the antenna impedance is around 40 Ω. This re
quires a split driven element. A fiberglass rod used as a 
element insert can be used for the purpose. When direct feed 
is used, a choke balun is required. Alternatively, you could use 
any of the other matching systems described in Section 3.8. 

3.4.7. Conclusion 
Considering that the NW3Z antenna only trades 0.2 dB 

of forward gain vs my heavy-weight 3-element Yagi, and 
given its additional feature of instant direction reversal, this 
antenna is one of the most interesting designs that has been 
published for a long time, and deserves great popularity. 
When will we see the first 80-meter version of this design? 

3.5. Loaded 80-meter Yagi designs 
Full-size 80-meter Yagis are obviously not for everyone. 

The investment is very important, and they are, let it be said, 
difficult to keep up. If carefully designed and well-made, 
Yagis with shortened elements can perform almost as well as 
a full-size Yagi. A three-element Yagi with shortened element 
can be made to have just as good a directivity as its full-sized 
brother. It may, however, give up a fraction of a dB in gain. Let 
me review some interesting designs that have appeared re
cently in literature or on the Internet. 

3.5.1. Loading coils instead of linear-loading 
Until the mid 1990s it was commonly understood that 

linear-loading devices (such as used for many years by KLM, 
Force 12 and M-Squared) were the best solution for low-loss 
loading of shortened low-band Yagis. Linear loading was 
assumed to have very low losses. Until then, for some strange 
reason, coil loading was generally assumed to be a lossy affair. 
Was that another tall tale? 

As a consequence of a lot of experimenting and modeling 
in the last years our knowledge in this matter has improved a 
great deal, we now know that coil loading can actually be 
much better than linear-loading. 

David Padrick, W6ANR (ex-KC7LU and WB6IIS), de
cided to analyze loading coils in detail and found out that most 
commercial coils did indeed exhibit poor unloaded Q. But 
David also came to the conclusion that it was not all that hard 
to make coils with Qs of 650 or even more. (Ref 694). 
However, David found that the dimensions are critical, and 
high-Q coils able to handle high power ended up being quite 
large! (See Figs 13-23 and 13-24.) 

A high-Q coil is not enough by itself. It is equally 
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important to make very low loss RF connections. This is 
where many commercial designs failed in the past. Good RF 
connections mean connections that are wide with respect to 
their length! RF conductor also are crucial. The location of the 
coils on the elements is important (see Chapter 7). With very 
high-Q coils we can afford putting them out further on the 
elements, which increases the radiation resistance without 
introducing additional losses, provided the Q remains high. 

Padrick found that commercially made Yagis using ele
ments loaded with sloping stubs exhibit two sorts of problems: 
Inferior F/B because of radiation off the sloping loading stubs, 
and accumulated resistive losses of loading stubs. He pointed 
out that the length of the linear-loading wire is 2 to 
3 times longer than the wire or tubing in a high-Q coil 
providing the same degree of loading. 

In addition, the gauge of a loading stub is usually only a 

Fig 13-23—Three-element 80-meter Yagi using 
shortened elements at W6KW. The Yagi uses the high-
Q loading coils developed by W6ANR. See text for 
details. The 55-meter high antenna sits on a knoll 
surrounded by flat terrain. To work on the antenna the 
platform visible along the tower is unfolded, and the 
Yagi is tilted 90° so that the center of the element is 
easily accessible from the platform. 

Fig 13-24—W6KW 
holding two of the 
coils for his new 
80-meter Yagi, as 
developed by 
W6ANR. These 
loading coils 
measure 7 inches 
in diameter and 
exhibit an 
unloaded Q of 
nearly 700! 
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fraction of what’s used for high-Q coils. Poor connections to 
the element and the relays and jumpers used to switch band
segments add to these problems, and all of these critical items 
have been found to deteriorate over time. 

Changing from a linear-loading stub to a coil actually 
yields a net increase in Rrad. More recently Tom, W8JI, tested 
linear-loading stubs and equivalent inductance coils. He found 
it was possible to build coils with Qs up to 800 (Ref 694), but 
also that the linear stubs never exceeded 100 (see Chapter 9)! 

Peter Dalton, W6KW’s new Yagi uses elements that are 
approximately 66% of full-size, and he has incorporated the 
loading coils out at about 55% of the total element length. 
Loading coils with an inductance of 17 µH were required to 
resonate the elements. See Fig 13-25. The final fine tuning 
of the parasitic elements was done by varying the length 
of the element tips. A Q of 650, as quoted by W6ANR, means 
a series loss resistance of only 0.624 Ω per coil. If you 
want to know all the details of loading coil design visit 
www.w8ji.com/loading_inductors.htm. 

I calculated the influence of the Q factor on the gain and 
directivity. The influence on gain can be seen in Table 13-8. 
In a typical 3-element coil-loaded Yagi, with the reflector 
spaced closer than the director and tuned for best F/B, the 
current magnitude in the reflector is almost the same as for the 
driven element, while the director only carries 15 or 20% that 
much current. As a consequence, the influence of coil losses 
on antenna gain is the same for the driven element and the 
reflector, but much less for the director. In other words, if you 
have a lossy coil, better put it in the director element. 

The Q factor has very little impact on directivity. An 
antenna that has been optimized for an excellent F/B with no 
coil losses, may actually show even marginally better direc
tivity when small losses (1 or 2 Ω) are introduced! High losses 
reduce the mutual coupling to a degree that proper current 
magnitude and phase can no longer be set up in the elements 
to achieve a good F/B. As far as directivity is concerned in the 
model I used, it was possible to achieve a little deeper null with 
Qs of 200, compared to 400. This is actually irrelevant and 
only says something about the model, not about what can be 
achieved with a real antenna. 

So far as directivity is concerned, you can say that there 
is very little to be gained by going for Q factors above 150 
or 200, but from the point of view of total antenna gain, the 
higher the Q, the higher the gain. The difference in antenna 
gain between a Q of 700 and a Q of 175 is about 1 dB, which 
is certainly not negligible—that is like losing 30% of your 
power! 

3.5.1.1. How to make high-Q coils 
The pictures of the loading coils made by K7ZV in 

Figs 13-24 and 13-25 give you part of the answer. Heavy 
gauge copper-tubing conductors (6 mm or 1/4 inch) and good 

low-loss contacts. But there is more. There are not only series 
losses involved, but also parallel losses. 

Any leakage current between adjacent turns of the coil 
causes parallel losses. If we keep the Q high (800), it means 
that we have an equivalent series resistance (for an inductive 
reactance of 400 Ω) of 400/800 = 0.5 Ω. This is the equiva
lent of a parallel loss resistance of 400 × 800 = 320 kΩ. If we 
allow dirt, smoke deposits, etc, to accumulate on the surface 
of the bare copper tubing of an unprotected coil, we can 
expect parallel losses to drop well below 320 kΩ, especially 
when it gets wet. Therefore the coil must be properly pro-

Fig 13-25—The 
W6ANR loading 
coil, wound using 
1/4-inch copper 
tubing on a 
grooved ABS coil 
form, measuring 
10 inches long and 
7 inches in 
diameter. Note the 
husky, large-area 
contact clamp used 

to connect the coil to the element. The 1/4-inch copper 
tubing is covered with a plastic head-shrink tube to 
protect it from surface contamination and surface 
leakage. 

Fig 13-26—Forty-meter very high-Q loading coil 
developed by W6ANR. Not that contact blocks where 
the heavy gauge special enameled copper wire (AWG 
#8 or 3.3-mm OD) attaches to the element. The contact 
block is actually welded to the element to minimize 
loss resistance. 

Table 13-8 
Influence of Coil Losses on Antenna Gain 
Loss R 0 Ω 0.5 Ω 1.0 Ω 1.5 Ω 2.0 Ω 2.5 Ω 3.0 Ω 
Q factor — 800 400 333 200 160 133 
Gain, dB 0 dB −0.34 –0.66 –0.97 –1.27 –1.55 –1.82
 Reference: 12.3 dBi 
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tected. One neat way to protect the copper tubing used to 
wind the coil with a heat-shrink tube of a material that has a 
good dielectric for HF and is UV-resistant (consult Raychem 
for such material). 

Later K7ZV models used very heavy AWG 3 gauge 
enameled copper wire. It doesn’t pay to reduce the serial 
losses to almost zero if you don’t take care of the parallel 
losses too. K7ZV, has a high-precision machine shop to 
construct the coils used at W6KW. He made clever use of 
readily available materials and machined them into real jewels 
of coil forms. In Fig 13-23 you can see the loading coils on 
W6KW’s 3 element 80-meter Yagi. Fig 13-26 shows a 40
meter loading coil also developed by W6ANR. 

If you are interested in a low-band antenna using these 
High-Q coil assemblies contact W6ANR (w6anr@ 
pcmagic.net). They are available for conversion of KLM 
and M-Squared 80-meter antennas only. For new antennas, 
contact M-Squared for the “W6RJ” version of the 80M3 
designed by W6ANR for use with these coil assemblies. This 
antenna includes all the aluminum required to build the 
array. It does not come with coil assemblies or Phillystran 
needed for boom and element guying. 

On his superb web-site (www.qsl.net/ve6wz/) Steve 
Babcock, VE6WZ, describes the design and construction 
details for his 2-element 80-meter Yagi ,which he uses from 
his city lot on a 28-meter crank up tower to produce the most 
dominant signal from VE6-land into Europe. He explains the 
construction of his coils in great detail at www.qsl.net/ve6wz/ 
coil.htm. See Fig 13-27. 

Steve used Coil.EXE (a DOS program from Brian Beezley, 
K6STI),to design his low-loss loading coils. He found that not 
only conductor size and coil dimensions were important, but 
that form loss plays a significant role in determining the 
unloaded Q. You must be very careful with the program, 
however, as it sometimes predicts unreasonably high Qs. The 
final coil measures 15 cm in diameter and 15 cm long, and 
uses 15.5 turns of 3/16-inch (~ 5mm) copper 
tubing. The final physical coil design at VE6WZ is mostly air 
core, but uses two black ABS strips to give the required 
mechanical rigidity to the coil. Steve estimated a final Q of 
around 500 to 1000 (a loss of 0.7 to 1.5 Ω). To prevent copper 
corrosion and to ensure maximum surface insulation (espe
cially important near the ABS strips), Steve painted the copper 
winding with red electrical Varnish (Q dope). 

Steve also took all possible precautions to minimize 
contact and connection resistance. Notice in Fig 13-27 how 
the wide and thick aluminum strip is used as mechanical 
support and electrical connection as well. Steve also used a 
redundant connection made of an insulated wire. 

3.5.1.2. Other big guns on 80 meters using short
ened Yagis 

Rich, K7ZV, lives in Oregon, close to the California 
border, in a county with lots of small mountains. One of those 
is his mountaintop. From his house the terrains slopes down in 
all directions. This is a real dream QTH, although there must 
be an important degree of signal scattering from the many 
other hilltops in just about all directions. Rich says it does not 
make much difference whether he has his antenna retracted to 
16 meters or at its full 40 meters of height—The effective 
height is impressive in both cases. Fully retracted the antenna 
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is about 40 ft. high. His 3 element is based on the “W6RJ” 
version of M2 aluminum, obviously with W6ANR/K7ZV 
loading coils. 

Using Yagistress (by K7NV), K7ZV redid the mechani
cal design of the standard 80-M3 80-meter Yagi by M2, 
which was very similar to the original KLM design. The 
original boom was lengthened from 17.5 to 20 meters and 
strengthened as well. The new design uses a totally different 
boom and element-guying system, which allows tipping the 
boom vertical to access the director or reflector without the 
need for a crane. This makes assembly, installation and 
maintenance much easier. The elements are different as well, 
and while maintaining a similar taper schedule they are much 
stronger, with double-wall tubing throughout most of the of 
the span. With guying just inboard of the coils at the center 
of the half element they are also much stronger. 

Rich’s most impressive tool is his bucket truck, which is 
permanently parked at the base of the antenna tower. Need to 
work on the antenna? Need to measure something? Just start 
the truck, up goes the basket and within minutes you can reach 
any part of the antenna, at a height where it still works! 

Rich’s 3 element Yagi has been designed for 3.8 MHz 
but can be switched to the CW end of the band by inserting the 
appropriate loading coils in the 3 elements. Fig 13-28 shows 
the center lengthening and hairpin coil for the driven element, 
in a plastic box together with switching relays. 

Bob Ferrero, W6RJ, eminent low band DXer and con
tester and owner of HRO, was formerly K6AHV. Bob is 
well-known in the world of 80-meter DXers. He built his 
dream station on a 1000-meter high mountaintop about 
70 km from his home on the east side of the San Francisco 
Bay. No neighbor within maybe 5 or 10 km—no noise, just 
nature and the sky. 

In Fig 13-29 you can see his 40-meter tall microwave 
tower, topped with the heaviest duty tower that US TOWERS 
makes. When fully extended, this can make the 3 element 
80-meter Yagi almost disappear in the sky… 

The crank-up tower and tilting boom allow all antenna 
work to be done from the large platform at the 40-meter level 
on the microwave tower. What an amazing sight! The tower 
and the shack sit right on top of the ridge, sloping quite steeply 
in most directions. This makes the effective height of the 
antennas very high. Bob told me it hardly makes any differ-

Fig 13-27—Steve Babcock, VE6WZ, also makes his own 
high-Q loading coils. The coils are air-wound except for 
the two lateral strips of insulating material to provide 
mechanical rigidity. Note the redundant connection 
made with insulated wire. 
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Fig 13-28—K7ZV’s driven element feed system. Relays 
add in loading inductors to switch from phone to CW 
band segments. Center coil is the hairpin matching 
inductor. 

ence whether he had the 
crank up extended or not. 
I think it does not make a 
bit of difference, given his 
QTH! 

Since winter 2003/ 
2004 Bob now also runs a 
wire Four-Square for 
160 meters from the top 
of the tower, and that does 
the trick for him on 
Topband. He also oper
ates the station on his 
mountaintop from his 
home by UHF remote 
control. 

World famous 
Martti Laine, OH2BH, is 
another owner of a 3-ele
ment 80-meter Yagi 
according to the W6ANR 
design with K7ZV coils. 
See Fig 13-30 .  The 
antenna was built using 
the “W6RJ” version of 
M2 aluminum, but was 
heavily reinforced with 
three-dimensional truss 
wires on the elements, to help them cope with Scandinavian 
wind and ice loads. Martti can also operate his station in the 
middle of the woods from his Helsinki downtown QTH using 
ADSL telephone lines. 

Fig 13-29— 3-element 
shortened 80-meter Yagi of 
W6ANR design with K7ZV coils 
at W6RJ’s mountaintop QTH. 

Steve Babcock, VE6WZ, was obviously inspired by the 
work done by W6ANR and K7ZV when he set out to build a 
2-element 80-meter Yagi that would fit into his city lot on a 
28-meter crankup tower. Steve told me, “You must also know 
that it was your book that inspired me to build it.” Steve has 
a Web site where he describes the design and construction of 
his antenna in great detail (www.qsl.net/ve6wz/). Steve also 
said, “This 2-element Yagi is by far the best homebrew 

Fig 13-30— OH2BH’s 3-element 80-meter Yagi was 
flown by helicopter from the assembly area to the 
tower, which is in the middle of the woods about 1 km 
away. 

antenna I have ever built. It has substantially exceeded my 
expectations! I have built many, many other homebrew anten
nas over the years, but none have ever performed so well.” 
Whereas K7ZV uses his bucket truck to get access to his 
antenna for measuring and experimenting, Steve uses the roof 
of his house as a work platform. His heavy-duty 28-meter 
crankup tower is just adjacent to his house. From the roof he 
has access to the whole antenna. To achieve the results Steve 
does, his antenna must be very carefully tuned. It certainly is 
not a plug-and-play design. But Steve is usually the first, if not 
the only one, I hear in Europe when the band decides to open 
up from his Northerly location. It is amazing what Steve does 
from a residential area. 

Charley, WØYG, is another addict of large loading coils. 
After a disappointing experience with a Yagi using linear 
loading stubs, he rebuilt his antenna with W6ANR/K7ZV 
loading coils. He now says, “If you doubt the efficiency of this 
design listen some time in an 80-meter pileup. The guys who 
really rule the roost use those W6ANR converted beams. They 
are all over the west coast, some in the interior of the States 
and some in Europe. The design is practical, tuning is a snap 
and results are, well, fantastic!” 

3.5.2. W7CY 2-element 80-meter Yagi 
Rod Mack, W7CY, developed an interesting 2-element, 

capacitively end-loaded 2-element Yagi for 80 meters. He 
published pictures and some raw dimensions on the Internet 
Web pages at www.ulio.com/ants.html. See Fig 13-31). He 
claims in excess of 20 dB F/B, which is in line with other 
antennas using capacitively coupled element tips, similar to 
the Moxon-type Yagis popularized by L. B. Cebik, W4RNL. 
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I modeled W7CY’s array using EZNEC and noticed 
some very interesting things. The layout of the array is shown 
in Fig 13-32. It uses a 24.4-meter long boom. At both ends of 
the boom he mounted 11-meter long spreaders, which serve as 
capacitive loading devices for the sloping elements. The 
center of the two elements is supported by an 11-meter boom, 
which is 3.6 meters above the main boom. This means that the 
central part of the elements is an inverted-V. 

Rod stated that the capacitive loading spreaders are, of 
course, insulated from the boom, since they carry very high 
voltages at their ends. This is where he tunes the array by 
varying their length. Modeling demonstrates that the distance 
between the tips of the loading devices near the boom is a very 
critical item! By varying this distance, you can control the 
coupling between the two elements to a fine degree. Again, 
this is similar to the “Moxon” type of Yagi design. 

For an element spacing of 11 meters, the ideal current 
relationship in the two elements is 1:1 for current magnitude 
and 125° for phase shift. You can model this easily by 
“planting” two verticals spaced 11 meters (on 3.8 MHz) and 
feeding them that way. If the tips are too close together you 
will have too much current in the reflector. With parts near 
the element tips so close together you can create a great deal 
of capacitive coupling. 

I developed a system by which I loaded the sloping 
elements in two different ways (both capacitively): By chang
ing the length of the horizontal loading wires (the support 
structure), and by adding some vertical aluminum tubing at 
the same point. By judiciously weighing the ratio of these two 
capacitive loading devices, I arrived to a point where the 
required current ratios in both elements were obtained. At that 
point the F/B was over 24 dB, together with a feed-point 
impedance of very close to 50 Ω. 

I could not obtain these results by loading the elements 
with only the horizontal “spreader” loading tubes; they gave 
me too much coupling between the two elements, as their tips 

came too close together. I found out by inserting a resistor in 
the reflector, which reduced the current magnitude with a 
sacrifice of gain. The same result was obtained by spacing the 
tips of the horizontal “loading wires” further apart. 

The array has a very nice bandwidth as well. Fig 13-33 
shows the radiation patterns for the array over a span of 
40 kHz, without retuning the reflector. It is of course possible 
to tune the reflector by installing a variable capacitor in the 
center of the element and changing its capacitance as you 
move around on the band. By doing so the same F/B can be 
achieved (20 to 25 dB) anywhere in the band. Even without 
doing any retuning, this array has an SWR of less than 2:1 over 
more than 150 kHz. Fig 13-34 shows some essential array 
data for a frequency range of 3750 to 3890 kHz. 

3.5.2.1. Duplicating the W7CY antenna 
First of all, it is important to know that the dimensions 

Fig 13-31—Rod, W7CY, stands proudly on the boom of 
his 2-element Moxon-type loaded 80-meter Yagi. 

Fig 13-32—Approximate dimensions of the W7CY 2-element 80-meter capacitively coupled Yagi. 
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shown in Fig 13-32 are ballpark figures. These are by no way 
“build-and-forget” dimensions. I modeled this antenna with 
several modeling programs: AO (MININEC based), ELNEC 
(MININEC), EZNEC2  (NEC-2 based) and EZNEC-PRO 
(NEC-4.1 based). Although all of these programs achieved 
essentially the same radiation patterns after fine-tuning, 
these results were all obtained with slightly different dimen
sions. The main reason for this is the inability of some of 
these programs to handle wires with vastly different diam
eters. The problem lies in modeling the capacitance hat, 
which is made out of aluminum tubing, while the rest of the 
element is made of a much thinner wire. As an example, with 
the dimensions optimized for 3.79 MHz using NEC-2, the 
frequency shifted down approximately 80 kHz using 
NEC4-1. The dimensions shown in Fig 13-32 are the results 
of modeling with the NEC4-1 engine, which is supposed to 
give the most accurate results in this case. 

Whereas these models may not give us the exact lengths 
for a precise operating frequency, they give us a good idea of 
what can be achieved so far as directivity is concerned. 
Further, it is very important to model in order to determine 
the resonant frequency of the parasitic reflector and the 
driven element. We can use this information to tune the array 
in real life. 

The models tell us that for an array optimized for 
3.79 MHz, the reflector is resonant on 3.80 MHz, and the 
driven element by itself is resonant on 3.94 MHz. This clearly 
shows what mutual coupling does! 

You must determine the resonant frequency of the driven 
element and the director with the other element removed from 
the model. For example, I decoupled the other element by 
inserting a load of R = 9999 Ω and X = 9999 Ω in the center 
of the element. Armed with this information, here is how we 
can tune the actual array: 

1. Build the array according to the dimensions of your model. 
Be prepared, however, to change the dimensions of the 
loading devices. 

2. Cut a feed line that is λ/2 at the resonant frequency of the 

Fig 13-33—Horizontal and vertical radiation 
patterns for the W7CY Yagi at a boom height of 
35 meters. The F/B is just short of spectacular for 
a 2-element Yagi. 

Fig 13-34—Gain over average ground, F/B and SWR for 
the W7CY 2-element shortened 80-meter Yagi as a 
function of frequency. 

reflector (in our case 3.8 MHz). For RG-213 cable the 
length is (0.66 × 299.8 ) / (3.8 × 2 ) = 26.03 meters. If you 
cannot reach the end of the feed line, you can use a full 
wavelength feed line as well (52.06 meters). 

3. Connect this feed line to the reflector, raise the antenna to 
final height, decouple the driven element (leave the center 
open) and now adjust the loading devices symmetrically on 
both sides until you get resonance on 3.8 MHz. That takes 
care of tuning the reflector. Remove the feed line and close 
the reflector. 

4. Now connect the feed line to the driven element, and prune 
the length of the loading devices for minimum SWR at the 
design frequency (3.79 MHz). 

3.5.3. The K6UA 2-element 80-meter Yagi 
Dale Hoppe, K6UA, must have been around 80-meter 

DXing almost as long as the band has been there. Some old 
timers may remember Dale as “W6 Very Strong Signal.” With 
his beautiful hilltop QTH on an avocado plantation, not only 
avocados grow well, but also antennas! 
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Although from this way-above-average QTH almost any 
antenna would work, Dale has been an avid antenna experi
menter and builder. The latest of his designs is a 2-element 
shortened 80-meter Yagi, which he described in CQ Magazine 
(Ref 978). It is clear that the tower and the boom, which I have 
seen at Dale’s place for ages, were what set him on his way to 
develop the array (see Fig 13-35). 

The boom of the array is a 22-meter long triangular 
tower, 30-cm wide. Fiberglass vaulting poles, measuring 
4.5-meters long were mounted at both ends of the boom, 
providing the 9-meter spacing between the driven element and 
the reflector. The 22-meter long horizontal elements are loaded 
at both ends by loading stubs, as shown in Fig 13-36. The 
linear-loading stubs also serve as vertical bracing for the 
vaulting poles. 

Dale reports raising and lowering the antenna about five 
times and cutting the length of the vertical trim wires to tune 
the array (see Ref 978). Tuning the reflector is quite critical, 
and changes of a few cm can make an important difference in 
antenna Q. If the reflector is too short, the feed-point imped
ance will be much lower than 50 Ω and the bandwidth will be 
very narrow. When properly tuned, the array exhibits a gain, 
F/B and SWR pattern as shown in Fig 13-37. The antenna has 
a fairly high bandwidth above its design frequency, and the 
gain remains fairly constant as well. Depending on the wave 
angle considered the F/B is >20 dB over approximately 50 kHz. 
This is quite a good figure for a 2-element Yagi. 

This array is very similar to the W7CY array, the only 
difference being a slightly shorter elements, closer spacing 
and partial inductive loading of the elements. As with the 
W7CY array, the position of the tips of the loading elements 
facing one another (the tips of the stubs), determine the degree 
of coupling of the 2 elements in the array. The amount of 
coupling is quite critical to obtain maximum F/B ratio. In the 
model I used, a physical spacing of approximately 4 meters 
between the tips of the loading stubs gave the best results. 

Instead of using aluminum-tubing capacitance hats, 
which cause a modeling problem due to the vast difference 
in diameter between the wires in the antenna (2 mm) and the 
tubes, I decided to keep the original K6UA approach and use 
“dangling” wires to tune the array. The length of these wires 
can be trimmed to change the frequency of the elements. To 
keep them more or less in place in the breeze, you could hang 
small weights at the end of those wires. The dimensions 
given in Fig 13-32 were obtained by modeling through 
EZNEC  (NEC-2 engine). 

One way of tuning the reflector is to watch the SWR 
about 30 kHz below the design frequency and adjust the 
reflector (shorten it) until the SWR is about 2:1 (see 
Fig 13-38). Tuning of the driven element to obtain lowest 
SWR at the design frequency is the last step in tuning the 
array. The antenna can be fed directly with a 50-Ω feed line 
via a choke balun. 

3.5.3.1. Alternative tuning method 
Raising the Yagi repeatedly in order to tune the antenna 

for best F/B may not be the most attractive job. There is an 
alternative way though, that brings you an additional advan
tage. I intentionally lengthened the reflector a substantial 
degree, and made the vertical tuning wires about 1 meter 
longer (6.1 vs 5.13 meters). Now we have a reflector that is 
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way too long and we can electrically tune it to where we want 
it, by simply inserting a capacitor in the center of the element. 
In the model case I achieved 23 dB F/B on any frequency 
between 3.75 MHz and 3.87 MHz, simply by adjusting the 
value of the capacitor from 663 pF on 3.75 MHz and 354 pF 
on 3.87 MHz (see Table 13-9)! Fig 13-39 shows the vertical 
radiation patterns obtained at various frequencies in that 
range. 

The same approach for remotely tuning the reflector 
can of course be used on the W7CY 2-element Yagi. In 
conclusion, this design is a good example of what can be 
achieved using locally available materials and a good deal of 
knowledge, insight and imagination. Listen for Dale’s big 
signal on 80 meters! 

3.6. Horizontal Wire Yagis 
Yagis require a lot of space and electrical height in 

Fig 13-35—The K6UA 2-element 80-meter array 
mounted on a Telrex rotating pole, just under a 
5-element 20-meter Yagi, which is dwarfed in 
comparison. 

Fig 13-36—Sketch of a 2-element 80-meter Yagi similar 
to K6UA’s design. The dimensions are approximate, 
and were used to calculate the patterns of the array. 
The wires of the loading stubs in this model are 
separated 20 cm. 
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order to perform well. Excellent results have been obtained 3.7. Vertical Arrays with Parasitic Ele
with fixed-wire Yagis strung between high apartment build
ings, or as inverted-V shaped or sloping elements from 
catenary cables strung between towers. There are few cir
cumstances, however, where supports at the right height and 
in a favorable direction are available. When using wire 
elements, it is easy to determine the correct length of the 
elements using a MININEC or a NEC-derived modeling 
program (eg, EZNEC). Wire Yagis have been described in 
detail in Chapter 12 (Other Arrays). 

ments (Vertical Yagis) 
Do vertical arrays with parasitic elements work on the 

low bands? If you are a Top Bander, look in your log for 
KØHA. He’s either there long time before anyone else from 
his area, or he’s there all by himself, or he’s there much 
stronger than anyone else. Bill Hohnstein, KØHA, swears by 
his vertical Yagis. His farm grows vertical parasitic arrays in 
all sorts and sizes (see Fig 13-40). 

There is no need to use full-size elements for putting 

Fig 13-38—Gain, F/B and SWR for the 2-element K6UA 
80-meter Yagi over average ground. 

Fig 13-39—Vertical radiation pattern for the K6UA 
Fig 13-37—Radiation patterns for the K6UA Yagi. The 2-element 80-meter Yagi, showing the directivity that 
F/B is 23 dB at the design frequency for an elevation can be obtained across 150 kHz of bandwidth by 
angle of 30°. remotely tuning the reflector with a variable capacitor. 

Table 13-9 
Values of the Capacitive Reactance (XC) and Corresponding Capacitance (pF) to Tune the K6UA for 
Best F/B Across a Wide Spectrum. Curve SWR (1) is for the Array Tuned for Best F/B at >23 dB (Rrad 
About 37 ΩΩΩΩΩ). SWR (2) is for the Array Adjusted for 50-ΩΩΩΩΩ Impedance (F/B Approximately 15 dB). 
Freq (MHz) 3.75 3.78 3.81 3.84 3.87 3.9 
XC (Ω) –64 –77 -90 –103 –116 –129 
C (pF) 663 547 464 403 354 317 
SWR (1) 2.0 1.5 1.3 1.5 1.9 >2.0 
SWR (2) 1.4 1.1 1.2 1.6 2.0 >2.0 
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together effective and efficient arrays. Bill uses a shunt-fed 
32-meter tower as the driven element, while his parasitic 
elements are approximately 26-meters high, and top loaded. 

It is obvious that in a parasitic array, neither the feed 
method nor the exact electrical length affect the performance 
of the array. Shunt or series feeding can be used without 
preference. The elements should, however, not be much 
longer than λ/4. 

I will take you on a little tour of some of the classic 
parasitic arrays, and point out what you should watch for if 
you want to build one. A modeling program seems to be 
essential, as you probably will be using existing towers as part 
of the antenna, and you will need to do some specific model
ing. Watch out that you understand what the modeling pro
gram tells you, and be aware of what it does not tell you. 

3.7.1. Turning your tower guy wires into parasitic 
elements 

Several good articles have been published on this subject 
(Refs 981, 982 and 983). I recommend reading those if you 
plan to try one of these antennas. 

3.7.1.1. One sloping wire 
It seems logical to think of a sloping guy wire as a 

reflector or a director. But, you can also use the sloper as a 
driven element, and use the tower as a parasitic element! This 
last case may not be so practical, since in many cases it will 
probably not be possible to tune the tower to the exact required 
length. The tower could be tuned by changing its length, or by 
tuning it—eg, at its insulated bottom by inserting a coil or 
capacitor to ground. 

I analyzed the case of a 40-meter high tower (25 cm 
equivalent effective diameter) with a 2-mm-OD wire measur
ing 40.5 meters, sloping from the top of the tower with a length 
of insulated rope to the ground point, 27 meters away from the 
tower base. This is an appropriate distance for the guy-wire 
anchor points for a 40-meter high tower. The top of the sloping 
wire is 4.7 meters from the tower. These dimensions are valid 
only for conductors of the diameter indicated. The resonant 
frequency of the vertical conductor by itself is 1.78 MHz, and 
the sloping wire is resonant at 1.822 MHz. These data make it 
possible to duplicate the array with conductors of different 
diameters. All you have to do is to dip the wires to the listed 
frequencies. 

With the tower fed, the wire acts as a perfect reflector, 
giving 3.4-dB gain over the tower by itself, and a useful 17 dB 
of F/B at 1.83 MHz. With the tower grounded, and feeding the 
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Fig 13-40—Bird’s eye view from the 
driven element of the 160-meter 
array at KØHA. The first director, on 
the left of the picture, is hiding from 
the second director. On the right a 
line of elements for the 80-meter 
array aims at Europe. It also appears 
that Bill enjoys some of the best 
ground conductivity around. No 
wonder he’s loud! 

Fig 13-41—Vertical radiation patterns for the tower and 
one sloping wire. See text for details. 

sloping wire, the array now shoots in the opposite direction. 
The tower now acted as a director, and the gain is about the 
same (3.5 dB), with a F/B of 15 dB on 1.83 MHz. Fig 13-41 
shows the vertical patterns of these arrays, as compared to the 
tower by itself. Modeling was done over average ground, and 
a perfect radial system was assumed for both conductors. 

Fig 13-42 shows the main performance data for both 
configurations. In most practical cases, however, you would 
probably try to use the sloping wire as either a director or as 
a reflector, in which case the sloping wire would need to be 
tuned with a reactive element (L or C). See Fig 13-43. This 
specific case is interesting as it demonstrates that perfect 
directivity and pattern reversal can be obtained without need 
of a capacitor or inductor. The feed-point impedance, in the 
case of the fed tower, is 43 + j 62 Ω on 1.83 MHz. When the 
sloping wire is fed, its feed impedance on 1.83 MHz is 43 + 
j 62 Ω. In both cases a small L-network (or just a series 
capacitor, if you can live with about 1.3:1 SWR at the design 
frequency) should be used to match the antenna to a 50-Ω 
feed line. 

Using the same sloping wire (dimensions, placement) I 
tuned it by a series capacitor (XC = –j 50 Ω) for best perfor
mance. With less than 4 dB of F/B the gain was 2.9 dB over the 
vertical by itself. Not a very spectacular result. This was also 
reported by J. Stanley, K4ERO (Ref 982). The gain obtained 
is also almost 1-dB less than for the reflector case. Note that 
the results of this configuration are far inferior to those 
obtained when feeding the sloping wire and using the tower as 
a director (see Fig 13-41). 

Most of the 40-meter tall towers used as 160-meter λ/4 
verticals are probably guyed in four directions. That means 
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Fig 13-42—Gain, F/B and normalized SWR for the vertical and sloping wire array. Case A is the array with the 
sloper being fed, and the tower acting as a reflector. Case B is the tower being fed with the sloper acting as a 
reflector. See text for details. 

Fig 13-43—The same sloping wire tuned as a reflector 
and as a director. The director configuration yields a 
poor F/B and mediocre gain. 

that we probably can hang four sloping wires from the top. 
This is the next case I investigated. 

3.7.1.2. A reflector and a director 
Continuing with the same physical configuration (the 

guy cables being anchored approximately 29 meters from the 
base of the 40-meter tower), the combination of using both a 
director as well as reflector was obvious. This combination 
can typically boost the gain another 1 dB, but has the disad
vantage of reducing the F/B by about 6 dB. Tuning the direc
tor with a series reactance of –j 70 Ω is a compromise situation 
that does not yield maximum gain, but still yields a more or 

Fig 13-44—Gain of the 3-element guy-wire array as a 
function of the equivalent ground-loss resistance. Case 
A is for a driven element with a fixed 1-ΩΩΩΩΩ loss 
resistance. 

less acceptable F/B ratio. This compromise was described in 
detail by Christman (Ref 389). The resonant frequencies of 
the parasitic elements, when fully decoupled from one another 
and from the driven element are: director: 1.952 MHz, reflec
tor: 1.822 MHz. 

It is clear that for all of the above arrays it is important to 
have a good ground radial system, not only for the driven 
element but also for the parasitic elements. Fig 13-44 shows 
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the gain of the array as a function of the equivalent ground loss 
resistance. Case A is for a radiator with an almost-perfect 
ground radial system (= 1 Ω) but for varying ground loss 
resistances at the parasitic elements. Whereas 1-Ω ground 
systems yield a gain of 5.6 dBi for the array, the gain drops to 
3.67 dBi if all elements have an equivalent ground loss of 8 Ω. 
If we have a 1-Ω loss resistance for the radiator, but a rather 
mediocre loss resistance of 8 Ω for the parasitic elements, the 
gain drops to 4.13 dBi. This shows that there really is very 
little room for a poor ground system under the parasitic 
elements too. It is obvious that it makes no difference whatso
ever how the driven element is fed, series or parallel. Fig 13-45 
shows the radiation patterns for three types of slant-wire 
parasitic arrays. 

3.7.2. Three-element vertical parasitic array 
The arrays I analyzed in the last section all showed rather 

substantial high-angle radiation, which is caused by the hori
zontal component of the sloping parasitic wires. To improve 
on that situation we can try to bring the sloping elements as 
vertical as possible. If you do not use the parasitic-element 
wires as guy wires for the tower, you can consider the configu
ration shown in Figs 13-46. 

The four cross arms mounted at the top of the tower 
support four sloping wires. The tower itself is a quarter-wave 
vertical. The bases of the parasitic elements are 0.125 λ away 
from the driven element. All four sloping wires are dimen
sioned to act as directors. When used as a reflector, a parasitic 
element is loaded with a coil at the bottom. The two sloping 
elements off the side are left floating. This array has a very 
respectable gain of 4.5 dB over a single vertical. At the main 
elevation angle the F/B ratio is an impressive 30 dB, as can be 
seen from the patterns in Fig 13-46. 

You can “grid dip” the sloping wires to tune them. Make 
sure the driven element as well as the other three sloping wires 
are left floating when dipping a parasitic element. The reso
nant frequency should be 4.055 MHz. (fdesign = 3.8 MHz). 
You can, of course also dip the wires with the loading coil in 

Fig 13-45—Vertical and horizontal radiation 
patterns (over excellent ground) of three types of 
slant-wire parasitic arrays: reflector parasitic, 
director parasitic and reflector plus director 
parasitic. These patterns are valid for parasitic 
elements spaced 0.18 λλλλλ from the driven element (at 
their bases), which appears to be a typical 
situation for guy wires on a 40-meter guyed tower. 
The horizontal patterns are for an elevation angle 
of 20°. 
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place to find the resonant frequency of the reflector. Again, all 
other elements must be fully decoupled when dipping one 
parasitic element. The resonant frequency for the reflector 
element is 3.745 MHz (f design = 3.8 MHz). 

If you want to totally eliminate the horizontal high angle 
radiation component, you can hang top-loaded elements from 
catenary cables, as shown in Fig 13-47. In this 160-meter 
(fdesign = 1.832 MHz) version the parasitic elements are top 
loaded with sloping T-shaped wires. These wires can be 
supported along the catenary support cable or may be an 
intrinsic part of the support structure. Such slanted top-load
ing wires do not produce far-field horizontal radiation because 
they are symmetrical with respect to the vertical wire. 

To make this an array that can be switched in four 
directions, you should slope four catenary cables at 90° 
increments from the top of the driven-element tower. With the 
appropriate hardware you can connect the parasitic elements 
directly to ground to serve as a director, to ground via a 
loading coil to serve as a reflector. Or you can leave the 
element floating, with the unused elements off the side of the 
firing direction. It’s a good idea to provide a position in your 
switching system to have all elements floating, in which case 
you will have an omnidirectional antenna. This may be of 
interest for testing the array, or for taking a quick listen around 
in all directions. 

The example I analyzed uses 23-meter-long vertical 
parasitic elements. Each is top-loaded with a 19.72-meter long 
sloping top wire that is part of the support cable. As the length 
of the top-loading wire is the same on both sides of the loaded 
vertical member, there is no horizontally polarized radiation 
from the top-loading structure. 

The four parasitic elements are dimensioned to be reso
nant at 1.935 MHz. The same procedure as explained above 
for the 80-meter array can be used to tune the parasitic 
elements. When used as a reflector, the elements are tuned to 
be resonant at 1.778 MHz. This can be done by installing an 
inductance of 3.65 µH (reactance = 42 Ω at 1.832 MHz) 
between the bottom end of the parasitic element and ground. 
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Fig 13-46—Three-element parasitic array, consisting of a 
central support tower with two support cross-arms 
mounted at 90° near the top. Two of the sloping wires 
are left floating, a third one is grounded as a director, 
and the fourth one is loaded with a coil to act as a 
reflector. The azimuth pattern at B is taken for a takeoff 
angle of 22°. Radials are required on all five ground 
points but they have been omitted on this drawing for 
clarity. 

Fig 13-47—This 160-meter 3-element parasitic array 
produces 4.8 dB gain over a single vertical, and better 
than 25 dB F/B over 30 kHz of the band. With such an 
array there is no need for Beverage receiving antennas! 
The drawing shows only two of the four parasitic 
elements. The two other elements are left floating. 

The radiation resistance of this array is around 20 Ω, and it has 
a gain of 4.8 dB over a single full-size vertical. Fig 13-48 
shows the radiation patterns of this array. The bandwidth 
behavior is excellent. The array shows a constant gain over 
more than 50 kHz and better than 25 dB F/B over more than 
30 kHz. When tuned for a 1:1 SWR at 1.832 MHz, the SWR 
will be less than 1.2:1 from 1.820 to 1.850 kHz. This really is 
a winner antenna, and it requires only one full-size quarter
wave element, plus a lot of real estate to run the sloping 
support wires and the necessary radials. 

The same principle with the sloping support wires and 
the top-loaded parasitic elements could, of course, be used 
with the 80-meter version of the 3-element vertical parasitic 
array. Tim Duffy, K3LR, made an almost exact copy of this 
array, after initially having used inverted Ls for the parasitic 
elements. Tim recognized that these inverted-L elements in
troduced a fair amount of horizontally polarized high-angle 
radiation. For a single-element vertical, this may be of very 
little importance, but for a parasitic element of an array, this 
will greatly reduce the directivity of the array, especially at 
high angles This can be important if the array is also used for 
receiving. Tim reported changing from inverted-L shaped 
elements to the sloping-T shaped elements and reported that 
the T-shaped elements work much better. 

At K3LR the parasitic directors were resonated at 
1.903 kHz, and the loading coils were 4.0 µH with a vertical 
length of 19.58 meters and a sloping-T-shaped top hat of 
17.78 meters (all made of #12 copperweld wire). The array is 
matched to a 75-Ω coaxial feed line with an L network (see 
Fig 13-49). The measured SWR is 1.3:1 on 1.8 MHz, 1:1 on 
1.83 MHz and 1.3:1 on 1.85 MHz. K3LR reports about 5 dB 
of gain and 30 dB of F/B at the design frequency (1.83 MHz). 
At 1.82 MHz the measured F/B is still 25 dB and at 1.84 MHz 
Tim measured 15 dB. 

Tim has an omnidirectional mode, where he floats all 
parasitic elements. See Fig 13-50. Tim can’t run many Bever-
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Fig 13-48—Horizontal and vertical radiation patterns for 
a 3-element vertical parasitic array for 160 meters. The 
azimuth pattern at B is for an elevation angle of 20°. 
Note the excellent pattern and F/B for the array. 

age antennas at his location. He has just one 1200 footer on 
Europe. He appreciates the excellent directivity for his 160
meter array on receive. Don’t forget that in order to make such 
an array work correctly, you need an impressive radial system 
under each of the elements. K3LR uses not less than 15 km of 
radials in this system! 

A recommended radial layout, which K3LR uses, is 
shown in Fig 13-51. Note that radials are even more impor
tant for a parasitic array than for an all-driven phased array. 
With parasitic arrays the gain seems to suffer even more 
quickly from poor ground systems, so a good radial system 
is mandatory. 

Incidentally, computer modeling indicates that elevated 
radials do not work well with parasitic arrays. No matter what 
kind of elevated radial system I modeled (different numbers of 
radials, varied lengths, and different orientations), the result 
was a badly distorted pattern. This is logical in view of the 
influence of the capacitive coupling of the raised resonant 
radials. Compare this situation with what was experienced 
with the top-loaded 80-meter Yagis designed by W7CY and 
K6UA. With phased arrays using current-forcing methods, 
the feed method itself is responsible for overcoming the 
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Fig 13-49—Feed point of the K3LR vertical Yagi for 
160 meters. The aluminum box contains an L network 
to transform the array impedance (about 20 ΩΩΩΩΩ) to the 
75-ΩΩΩΩΩ Hardline impedance. The coaxial cable coil to the 
right is a λ/λ/λ/λ/λ/4 shorted-stub that serves as a static drain 
and almost provides attenuation of the 80-meter 
harmonic. This is very important at a multioperator 
contest station! Note the 120 radials connected to the 
annular ring. 

Fig 13-50—A plastic food box contains the Air Dux 
loading coil and a small relay to switch the coil in and 
out of the circuit at each of the four parasitic elements. 
The box is covered by an inverted plastic trash 
container. The base of each parasitic element is also 
equipped with a λ/λ/λ/λ/λ/4 coaxial stub and complemented with 
no less than 120 radials. 
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effects of mutual coupling due to the proximity of the wires. 

3.7.3. The N9JW – K7CA array with parasitic 
elements 

In chapter 7, Section 1.32 I covered “Parasitic receiving 
arrays” Since you cannot make parasitic receiving arrays with 
lossy elements, such arrays are equally good transmitting 
arrays! The various parasitic arrays that were built in the Utah 
desert really put N7JW and K7CA in the front row when the 
show is on to Europe on Topband. 

3.7.4. The K1VR/W1FV Spitfire Array 
Fred Hopengarten, K1VR, and John Kaufmann, W1FV, 

designed a somewhat novel 3-element parasitic array, which 
they called the “Spitfire Array.” Fig 13-52 shows the layout of 
the antenna. John, W1FV, described the array as a 3-element 
parasitic array with a vertical tower as the driven element and 
two sloping-wire parasitics, one a director and one a reflector. 
He adds that the parasitic elements are not grounded and do 
not require a separate radial system of their own. Rather the 
parasitic wires are folded around to achieve the required λ/2 
wave resonances. The tower driven element does have its own 
radial system. 

The antenna was modeled with EZNEC, using the 
MININEC ground analysis method (the NEC-2 ground analy
sis method cannot be used because the driven element is a 
grounded element). Over average ground, the model shows a 
gain of 4.8 dB over a single vertical at a takeoff angle of 23°. 

The antenna has a substantial amount of high-angle 
radiation and its pattern resembles that of a EWE antenna (see 
Fig 13-53). The high angle radiation is mainly caused by the 
radiation of the bottom half of the sloping half-wave parasitic 
elements. You can consider the bottom half of each parasitic 
element as a single radiating radial that is bent backward 
toward the driven element. 

To change directions, you use a relay to switch in or out 
an additional wire segment on the lower horizontal portion of 

Fig 13-51—Radial layout used at K3LR on his 3-element 
160-meter parasitic array. A total of 15 km of wire is 
used for radials in this array! 

each parasitic to change from director to reflector operation. 
It is important to point out that this switching happens at high 
voltage points, and a well-insulated vacuum relay is certainly 
no luxury. 

A model for four switching directions can be constructed 
by adding an identical set of parasitic wires (for a total of four 
wires) oriented at right angles to the original two. Only two 
wires at a time are active. The other two are detuned so they 
don’t couple. Simply grounding them appears to accomplish 
this. 

3.7.4.1. Critical analysis 
If you compare this array with the classic 3-element 

parasitic array as described in Section 3.7, you will notice that 
the main difference is that this Spitfire array claims not to 
require radials for the parasitic elements. We learned in 
Chapter 9 about ground losses and radial systems for vertical 
antennas. I also pointed out that the Spitfire array has been 
modeled with a MININEC-based modeling program, which 
means that a perfectly conducting ground is assumed in the 
near field of the antenna. This is certainly not true in real life. 

The bottom half of the sloping parasitic elements are 
very close to ground, and undoubtedly will cause a great deal 
of near-field absorption losses in the lossy ground, unless the 
ground is hidden from these low wires by an effective ground 
screen. The model used to develop this antenna does not take 
any of this into account. What does that mean? It does not 
mean that the antenna will not be able to give good directivity. 
But it means that the quoted gain figures are probably several 
dB higher than what can be accomplished in real life, if no 
radial or ground screen system is used that effectively screens 
the lossy ground under the array from the antenna. This could 
be accomplished by using extra long radials on the driven 
element that extend at least λ/8 beyond the tips of the parasitic 
elements. This would mean radials that are al least 60-meters 
long, with their tips separated not more than 0.015 λ (see 
Chapter 11). This means that 157 radials, each 60-meters 
long, fulfill this requirement. Only under these circumstances 
will we achieve the same gain as with ground-mounted quar
ter-wave parasitic elements, each using their own elaborate 
radial system (à la K3LR). 

I modeled the same antenna, but using λ/4 grounded 

Fig 13-52—Layout and dimensions for the 160-meter 
Spitfire array. 
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Fig 13-53—Vertical and horizontal radiation 
patterns for the Spitfire array. The horizontal 
pattern was calculated for an elevation angle 
of 23°. 
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Fig 13-54—Vertical (at A) and horizontal (at B) 
radiation patterns for the Spitfire array, compared 
to the classic 3-element array using grounded λ/λ/λ/λ/λ/4 
parasitic elements. Note the reduction in high
angle radiation. The horizontal patterns are shown 
for a range of frequencies (at a takeoff angle of 
23°). At C, dimensions and layout for the classic 
3-element parasitic array with almost the same 
dimensions of the Spitfire array. 
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parasitic elements, and maintained the same average spacing 
from the tower. The sloping parasitic elements are both 
38.7-meters long, spaced 9.2 meters from the tower at the top 
and 29 meters from the tower at the bottom. The tops of the 
parasitic elements are at 33 meters, which is 6 meters below 
the top of the 39-meter tower. The directors can be tuned to 
become reflectors by loading them with a coil with an induc
tance of 2.85 µH. This classic antenna has 0.7 dB more gain 
than the Spitfire over a perfect ground, and has a F/B and 
bandwidth that is comparable to what’s been calculated for the 
Spitfire antenna. Most important is that the antenna does not 
show the high-angle radiation associated with the Spitfire 
array (see Figs 13-54 and 13-55). 

3.7.4.2. Conclusion 
Modeling tools are fantastic, but they are tools. Each 

tool has its limitations. As users of these tools, we should be 
aware of their limitations and know how to handle them. 
Elevated radials, half-wave parasitic elements, voltage-fed 
verticals, etc, do not have any magic properties. They do not 
make real ground vanish. It’s still there, and if it’s close to 
any radiating wires, it will cause losses, what we call the 
near-field absorption losses. 

Modeling programs based on MININEC use a perfect 
near-field ground, which means that the results from those 
models do not take into account these real-world losses. If you 
would use a NEC-4 based modeling program, where you can 
ground the driven element, you would likely still arrive at gain 
figures that are too high. This is because of a widely recog
nized flaw in NEC that results in too-low near-field losses for 
wires that are close to ground (see Chapter 9). 

All parasitic vertical arrays with grounded elements 
suffer from the drawback that the real gain rapidly diminishes 
when the resistive connection loss of an imperfect ground 
system is considered. This can easily be modeled on a 
MININEC-based program by inserting a small resistor in 

Fig 13-55—Performance characteristics of the Spitfire 
array compared to a classic 3-element parasitic array of 
essentially the same dimensions (Fig 13-54). Note that 
the gain for the Spitfire can only be achieved with an 
extensive radial or ground-screen, which is mandatory 
to prevent several dB of near-field ground-absorption 
losses of the half-wave elements that are very close to 
ground. 

series with the elements at their connection to ground. Not 
having a direct ground connection for the parasitic elements 
(as in the Spitfire) does not mean that there are no ground
related losses. The losses here are the near-field absorption 
losses, associated with low-to-the-ground wires, and these 
cannot be properly modeled with today’s modeling tools. This 
does not detract from the fact that they are there, and can 
account for several dB of signal loss! 

The Spitfire is an array that has its merits. The extra high
angle radiation may be an asset under certain circumstances, 
like in contesting where some extra local presence is welcome. 
Potential builders should know that a good ground screen is as 
essential with this antenna as it is for an array using grounded 
near-quarter-wave parasitic elements. Sorry, but again, there 
is simply no free lunch! 

3.8. Yagi matching systems 
The matching systems for Yagis I describe in this section 

are not only valid for the low bands. They work on higher 
frequencies just as well. I will cover the concept, design and 
realization of various popular matching systems used with 
Yagis, including: 

• Gamma match 
• Omega match 
• Hairpin match 
•	 Direct feed 

My YAGI DESIGN software contains modules that 
make it possible to design these matching systems with no 
guesswork. 

3.8.1. The Gamma match 
In the past, Gamma-match systems have often been 

described in an over-simplifying way. A number of home
builders must have gone half-crazy trying to match one of 
W2PV’s 3-element Yagis with a Gamma match. The reason 
for that is the low radiation resistance in that design, coupled 
with the fact that the driven-element lengths were too long as 
published. The driven element of the 3-element 20-meter 
W2PV Yagi has a radiation resistance of only 13 Ω and an 
inductive reactance of + 18 Ω at the design frequency for the 
published radiator dimensions of 0.489661 λ (Ref 957). Yagis 
with such low radiation resistance and a positive reactance 
cannot be matched with a Gamma (or an Omega) match. It is 
necessary to shorten the driven element to introduce the 
required capacitive reactance in the feed-point impedance! 

Yagis with a relatively high radiation resistance, say 
25 Ω, or with some amount of capacitive reactance, typically 
–10 Ω, can easily be matched with a whole range of Gamma
match element combinations. 

Fig 13-56 shows the electrical equivalent of the gamma 
match. Zg is the element impedance to be matched. The 
gamma match must match the element impedance to the feed
line impedance, usually 50 Ω. The step-up ratio of a Gamma 
match depends on the dimensions of the physical elements 
(element diameter, Gamma-rod diameter and spacing) making 
up the matching section. Fig 13-57 shows the step-up ratio as 
a function of the driven-element diameter, the gamma rod 
diameter and spacing between the two. 

The calculation involves a fair bit of complex mathemat
ics, but software tools have been made available from differ
ent sources to solve the Gamma-match problem. The YAGI 
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Fig 13-56—Layout and electrical equivalent of the 
Gamma match. 

DESIGN software addresses the problem in one of its modules 
(MATCHING SYSTEMS), as does YW (Yagi for Windows, 
supplied with late editions of The ARRL Antenna Book). 

To illustrate the matching problems evoked above, I have 
listed the gamma-match element variables in Table 13-10 for 
a Yagi with Rrad = 25 Ω, and in Table 13-11 for a Yagi with 
Rrad = 15 Ω. 

Table 13-10 shows that a Yagi with a radiation resistance 
of 25 Ω can easily be matched with a wide range of Gamma
match parameters, while the exact length of the driven element 
is not at all critical. It is clear that short elements (negative 
reactance) require a shorter Gamma rod and a slightly smaller 
value of Gamma capacitor. 

Table 13-11 tells the story of a high-Q Yagi with a 
radiation resistance of 15 Ω, similar to the 3-element W2PV 
or W6SAI Yagis. If such a Yagi has a “long” driven element, 
a match cannot be achieved, not even with a step-up ratio of 
15:1. With this type of Gamma (step-up = 15:1), the highest 
positive reactance that can be accommodated with a radiation 
resistance of 13 Ω is approximately +12 Ω. In other words, it 
is simply impossible to match the 13 + j 18-Ω impedance of 
the W2PV 3-element 20-meter Yagi with a Gamma match 
without first reducing the length of the driven element. 

The first thing to do when matching a Yagi with a 
relatively low radiation resistance is to decrease the element 
length to introduce capacitive reactance, perhaps –15 Ω in 
the driven-element feed-point impedance. How much short
ening is needed (in terms of element length) can be derived 
from Fig 13-58. Table 13-11 shows that an impedance of 15 
– j 15 Ω can be easily matched with step-up ratios ranging 
from 5 to 8:1. 

Several Yagis have been built and matched with Gamma 
systems, calculated as explained above. When the reactance of 
the driven element at the design frequency was exactly known, 
the computed rod length was always right on. In some cases 
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Fig 13-57—Step-up ratio for the Gamma and Omega 
matches as a function of element diameter (d2), rod 
diameter (d1) and spacing (S). (After The ARRL 
Antenna Book.) 

Fig 13-58—Capacitive reactance obtained by various 
percentages of driven-element shortening. The 
40-meter full-size taper is the taper described in 
Table 13-1. The 80-meter taper is that for a gigantic 
Yagi using latticed-tower elements, varying from 42 cm 
at the boom down to 5 cm at the tips. 

the series capacitor value turned out to be smaller than calcu
lated. This is caused by the stray inductance of the wire 
connecting the end of the gamma rod with the plastic box 
containing the gamma capacitor, and the wire between the 
series capacitor and the coaxial feed line connector. The 
inductance of such a wire is not at all negligible, especially on 
the higher frequencies. With a pure coaxial construction, this 
should not occur. 

A coaxial gamma rod is made of two concentric tubes, 
where the inner tube is covered with a dielectric material, 
such as heat-shrink tubing. The length of the inner tube, as 
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Table 13-10 
Gamma-Match Element Data for a Yagi with a Radiation Resistance of 25 ΩΩΩΩΩ

 Rod Step −20 Ω  −15 Ω  −10 Ω  −5 Ω  0 Ω  +5 Ω
 d S  up Rat. L C L C L C L C L C L C 
0.5 5.0 5.28 118 350 123 502 138 614 171 734 231 396 317 734 

4.0 5.42 131 342 135 488 151 592 184 700 255 376 331 700 
3.0 5.65 152 332 155 468 172 562 207 656 267 349 351 654 
2.5 5.83 169 324 172 452 189 540 224 634 285 332 369 624 

0.38 5.0 5.87 119 322 121 450 133 536 158 618 203 328 269 618 
4.0 6.08 132 314 133 434 145 514 171 588 216 311 281 584 
3.0 6.43 153 302 154 412 165 482 192 548 238 288 302 558 
2.5 6.71 170 292 169 396 188 462 208 520 255 273 319 520 

0.25 5.0 6.75 120 290 119 394 128 458 147 516 181 270 230 516 
4.0 7.07 133 282 131 374 140 430 158 482 192 251 239 482 
3.0 7.62 154 268 151 356 160 408 179 452 213 236 262 452 
2.5 8.06 172 258 167 340 175 398 195 428 230 223 278 428 

Design parameters: D = 1.0; Zant = 25 Ω; Zcable = 50 Ω. The element diameter is normalized as 1. Values are shown for a design 
frequency of 7.1 MHz. L is the length of the Gamma rod in cm, C is the value of the series capacitor in pF. The length of the Gamma rod 
can be converted to inches by dividing the values shown by 2.54. 

Table 13-11 
Gamma-Match Element Data for a Yagi with a Radiation Resistance of 15 ΩΩΩΩΩ

 Rod  Step −20 Ω  −15 Ω  −10 Ω  −5 Ω  0 Ω  +5 Ω

 d S  up Rat. L C L C L C L C L C L C
 
0.5 5.0 5.28 93 410 92 586 116 1180 — — — — — — 

4.0 5.42 103 400 102 566 121 1074 — — — — — — 
3.0 5.65 120 386 117 538 136 948 — — — — — — 
2.5 5.83 134 376 131 518 123 874 — — — — — — 

0.38 5.0 5.87 94 372 91 514 130 860 — — — — — — 
4.0 6.08 104 362 101 494 113 996 206 3906 — — — — 
3.0 6.43 121 346 117 466 128 716 208 1680 — — — — 
2.5 6.71 136 334 130 446 140 666 210 1306 — — — — 

0.25 5.0 6.75 96 334 91 442 99 660 147 1268 — — — — 
4.0 7.07 106 322 101 424 107 614 152 1060 376 1268 — — 
3.0 7.62 123 304 117 396 122 556 161 864 309 1188 — — 
2.5 8.06 138 292 131 376 135 518 172 766 295 982 — — 

Design parameters: D = 1.0; Zant = 15 Ω; Zcable = 50 Ω. The element diameter is normalized as 1. Values are shown for a design 
frequency of 7.1 MHz. C is expressed in pF; L in cm (divide by 2.54 to obtain inches). Note there is a whole range where no match can 
be obtained. If sufficient negative reactance is provided in the driven-element impedance (with element shortening), there will be no 
problem in matching Yagis even with a low radiation resistance. 

well as the material’s dielectric and thickness, determine the 
capacitance of this coaxial capacitor. Make sure to properly 
seal both ends of the coaxial gamma rod to prevent moisture 
penetration. 

Feeding a symmetric element with an asymmetric feed 
system has a slight impact on the radiation pattern of the Yagi. 
The forward pattern is skewed slightly toward the side where 
the gamma match is attached, but only a few degrees, which is 
of no practical concern. The more elements the Yagi has, the 
less the effect is noticeable. 

The voltage across the series capacitor is quite small 
even with high power, but the current rating must be sufficient 
to carry the current in the feed line without warming up. For 
a power of 1500 W, the current through the series capacitor is 
5.5 A (in a 50-Ω system) The voltage will vary between 200 
and 400 V in most cases. This means that moderate-spacing 

air-variable capacitors can be used, although it is advisable to 
over-rate the capacitors, since slight corrosion of the capacitor 
plates normally caused by the humidity in the enclosure will 
derate the voltage handling of the capacitor. 

3.8.2. The Omega match 
The Omega match is a sophisticated Gamma match that 

uses two capacitors. Tuning of the matching system can be 
done by adjusting the two capacitors, without having to adjust 
the rod length. Fig 13-59 shows the Omega match and its 
electrical equivalent. Comparing it with the Gamma electrical 
equivalent of Fig 13-56 reveals that the extra parallel capaci
tor, together with the series capacitor, now is part of an L 
network that follows the original Gamma match. 

Again, the mathematics involved are complex, but the 
MATCHING section of the YAGI DESIGN software will do 
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Fig 13-59—Layout and electrical equivalent of the 
Omega match. 

the job in a second. From a practical point of view the Omega 
match is really unbeatable. The ultimate setup consists of a 
box containing the two capacitors, together with dc motors 
and gear-reductions. Fig 13-60 shows the interior of such a 
unit using surplus capacitors and dc motors from a flea market. 
This system makes the adjustment very easy from the ground, 
and is the only practical solution when the driven element is 
located away from the center of the antenna. 

The remarks given for the Gamma capacitors as to the 
required current and voltage rating are valid for the Omega 
match as well. The voltage across the Omega capacitor is of 
the same magnitude as the voltage across the Gamma capaci
tor, usually between 300 and 400 V, with a current of 2 to 4 A 
for a power of 1500 W. 

3.8.3. The hairpin match 
The feed-point impedance of a Yagi driven element that 

is about λ/2 long consists of a resistive part (the radiation 
resistance) in series with a reactance. The reactance is positive 
if the element is longer and negative if the element is shorter 
than the resonant length. In practice, resonance never occurs 
at a physical length of exactly 0.5 λ, but always at a shorter 
length. With a hairpin matching system we deliberately make 
the element short, meaning that the feed-point impedance will 
be capacitive. Fig 13-61 shows the electrical equivalent of the 
hairpin matching system. 

If we connect an inductor across the terminals of a short 
driven element, we can now consider the series capacitor and 
the parallel inductor to be the two arms of an L network. This 
L network can be dimensioned to give a 50-Ω output imped
ance. The parallel inductor is commonly replaced with a short 
length of short-circuited open-wire feed line having the shape 
of a hairpin, and hence the matching system’s name. 

The radiation resistance of the feed-point impedance 
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Fig 13-60—Motor-driven Omega matching unit. The two 
capacitors with their dc motors and gear boxes are 
mounted in-line on a piece of insulating substrate 
material. This can then be slid inside the housing, 
which is made of stock lengths of PVC water drainage 
pipe. The PVC pipe is easily cut to the desired length. 
The round shape of the housing also has an advantage 
so far as wind loading is concerned. 

changes only slightly as a function of length if the element 
length is varied plus or minus 5% around the resonant length. 
The change in the reactance, however, is quite significant. 
The rate of change will be greatest with elements having 
smaller diameters (see Fig 13-58). The required hairpin reac
tance is given by: 

Xhairpin = 50 × 
R rad (Eq 13-5)

50 − R rad 
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The formula for calculating the size of the shunt reac
tance depends on the shape of the inductor. There are two 
common types: 

• A hairpin inductor 
•	 A beta-match inductor 

The hairpin inductor is a short piece of open-wire trans
mission line. The boom is basically outside the field of the 
transmission line. In practice the separation between the line 
and the boom should be at least equal to twice the spacing 
between the conductors of the transmission line. The charac
teristic impedance of such a transmission line is given by: 

ZC = 276× log 
2 ×SP	 (Eq 13-6) 

D 

where 

SP = spacing between wires 
D = diameter of the wires 

In the so-called beta-match, the transmission line is 
made of two parallel conductors with the boom in between. 
This is the system used by Hy-Gain. The characteristic imped
ance of such a transmission line is given by: 

ZC = 553× log 
2 ×SP	 (Eq 13-7) 

D 

where 

SP = spacing of wire to center of boom 
D = diameter of wire 
DB = diameter of boom 

ZC is the characteristic impedance of the open wire line 
made by the two parallel conductors of the hairpin or beta
match. The length of the hairpin or beta-match is given by: 

Xhairpin
l° = arctan (Eq 13-8)

XC 

where 

l° is the length of the hairpin expressed in degrees 
arctan is the inverse tangent 

To convert to real dimensions (assuming a velocity factor 

of 0.98 for a transmission line with air dielectric): 

Lcm = l°× 
81.6 (Eq 13-9) 

f 

where 

f = design frequency, MHz 

The required driven element reactance is given by: 

XC = − 
4rad × 50 

(Eq 13-10)
X hairpin 

Table 13-12 shows the required values of capacitive 
reactance in the driven element, as well as the required 

Fig 13-61—Layout and electrical equivalent of the 
hairpin match. 

Table 13-12 
Required Capacitive Reactance in Driven Element and in Hairpin Inductance 

Antenna  Inductance Length hairpin (cm) 
Rrad Reactance Hairpin  (SS = 10D)
 Ω Ω Ω 3.65 MHz 7.1 MHz 

10.0 −20.0 25.0 89 46 
12.5 −21.6 28.9 103 53 
15.0 −22.9 32.7 117 60 
17.5 −23.8 36.7 130 67 
20.0 −24.5 40.8 144 74 
22.5 −24.9 45.2 160 82 
25.0 −25.0 50.0 177 91 
27.5 −24.9 55.3 194 100 
30.0 −24.5 61.2 216 111 

Note: The feed-point impedance is 50 Ω. To obtain the hairpin length in inches, divide values shown by 2.54. 
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reactance for a range of radiation resistances. (For a hairpin 
with S = 10D as in the table, Z = 359 Ω.) The question now is 
how long the driven element must be to represent the required 
amount of negative reactance (–XC). Fig 13-58 lists the reac
tance values obtained with several degrees of element short
ening. Although the exact reactance differs for each one of the 
listed element diameter configurations, you can derive the 
following formula from the data in Fig 13-58. 

XC = −Sh × A	 (Eq 13-11) 

where 

Sh = shortening in % versus the resonant length 
XC= reactance of the element in Ω 
A = 8.75 (for a 40-meter full-size Yagi) or 7.35 (for an 

80-meter full-size Yagi) 

This formula is valid for shortening factors of up to 5%. 
The figures are typical and depend on the effective diameter 
of the element. 

3.8.3.1. Design guidelines for a hairpin system 
Most HF Yagis have a radiation resistance between 20 Ω 

and 30 Ω. For these Yagis the following rule-of-thumb ap
plies: 

•	 The required element reactance to obtain a 50-Ω match 
with a hairpin is approximately– 25 Ω. (Table 13-12). 

•	 This almost constant reactance value can be translated to 
an element shortening of approximately 2.8% compared to 
the resonant element length for a 40-meter Yagi, and 3.5% 
for an 80-meter Yagi. 

•	 The value of reactance of the hairpin inductor is equal to 
twice the radiation resistance.
 

The length of the hairpin is given by:
 

l = 
9286 × R rad	 (Eq 13-12) 

f × Z 

where 

f = design frequency, MHz 
Z = impedance of hairpin line 
l = length in cm 

Fig 13-62—Layout of hairpin match combined with 
element loading, whereby the 50-ΩΩΩΩΩ point is found along 
the hairpin at some distance from the element. 
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The impedance of the hairpin line for a range of spacing
to-wire diameter ratios is shown in Table 13-13. 

The real area of concern in designing a hairpin matching 
system is to have the correct element length that will produce 
the required amount of capacitive reactance. As we have an 
split element, we can theoretically measure the impedance, 
but this can be impractical for two reasons: 

•	 The impedance measurement must be done at final installa
tion height. 

•	 The average ham does not have access to measuring equip
ment that can measure the impedance with the required 
degree of accuracy. A run-of-the-mill noise bridge will not 
suffice, and a professional impedance bridge or network 
analyzer is required. 

Let us examine the impact of a driven element that does 
not have the required degree of capacitive reactance. 

Table 13-14 shows the values of the transformed imped
ance and the resulting minimum SWR if the reactance of the 
driven element was off +5 Ω and –5 Ω versus the theoretically 
required value for an Rrad of 20 Ω. An error in reactance of 5 Ω 
either way is equivalent to an error length of 0.5% (see 
Table 13-15). In other words, an inaccuracy of 0.5% in 
element length will deteriorate the minimum SWR value from 
1:1 to 1.25 or 1.3:1. 

The mounting hardware for a split element will always 
introduce a certain amount of shunt capacitance at the driven
element feed point. This must be taken into account when 
designing a hairpin- or beta-match system (see example in 
Section 3.8.3.3). 

3.8.3.2. Element loading and a hairpin 
The length of the driven element that produces zero 

reactance at the design frequency is called the resonant length. 
This length also depends on the element diameter (in terms of 
wavelength). If any taper is employed for the construction of 
the element, the degree of taper will have its influence as well. 
Finally, the resonant length will differ with every Yagi design. 
This is caused by the effect of mutual coupling between the 
elements of the Yagi. For elements with a constant diameter of 
approximately 0.001 λ, the resonant-frequency length will 
usually be between 0.477 λ and 0.487 λ. The exact value for 
a given design can be obtained by modeling the Yagi or by 

Table 13-13 
Hairpin Line Impedance as a Function of 
Spacing-to-Diameter Ratio 
S/D Ratio Impedance, Ω 

5 193
 7.5 325 

10 359 
15 408 
20 442 
25 469 
30 491 
35 510 
40 525 
45 539 
50 552 
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obtaining it from a reliable database. 
If the exact resonant length is not known, then it is better 

to make the element somewhat too short, after which the 
element can be electrically lengthened by loading it in the 
center with a short piece of transmission line. Adjusting the 
amount of loading can often be done more easily than adjust
ing the element tips, especially if the driven element is located 
on the boom away from the tower. 

The loading can be done using a short length of open
wire line. The short length of line can have the same wire 
diameter and spacing as used for the hairpin, usually between 
300 Ω and 450 Ω. The layout and the electrical equivalent of 
this approach is shown in Fig 13-62. The transmission line 
acts as a loading device between the element feed point and the 
50-Ω tap, and as the matching inductor beyond the 50-Ω tap 
(the hairpin). Another method of changing the electrical length 
of the driven element is described in Section 3.10.3.5, where 
a parallel capacitor is used to shorten the electrical length of 
the driven element. 

Let us examine the impedance of the antenna feed point 
along a short 200-Ω to 450-Ω transmission line: 

•	 The value of the resistive part will remain almost constant 
(change negligible). 

•	 The value of the capacitive reactance will decrease by X 
ohms per degree, where X is given by: 

X 
= Z × 0.017	 (Eq 13-13)

degrees 

The change in reactance per unit of length is: 

X Z × f × 0.204 
= (Eq 13-14) 

cm 1000 

Table 13-14 
Values of Transformed Impedance and SWR for a 
Range of Driven-Element Impedances 
Driven Element Hairpin Resulting SWR 
Impedance Reactance, Ω Impedance (vs 50 Ω) 
20 − j 20 40.8 40 − j 0.81 1.25:1 
20 − j 24.5 40.8 50 − j 0 1.00:1 
20 − j 25 40.8 51.2 + j 0.26 1.02:1 
20 − j 30 40.8 64.5 − j 5.92 1.32:1 

where 
f = frequency, MHz 
Z = characteristic impedance of the line made by the two 

parallel wires of the hairpin or beta- match (see Eq 13-6 
and Table 13-13) 

Eqs 13-13 and 13-14 are valid for line lengths of 4° 
maximum. The line length required to achieve a given reac
tance shift X is given by: 

Lcm = 
X × 4900 (Eq 13-15) 

Z × f 

This formula is valid for values of X of 25 Ω maximum. 
Example: Let us assume that we start from a 20 – j 30 Ω 

impedance, and we need to electrically lengthen the driven 
element to yield an impedance of 20 – j 24.5 Ω (see 
Table 13-12). The design frequency is 7.1 MHz. 

The required reactance difference is X = 30 – 24.5 = 
5.5 Ω. The required 359-Ω-line length is: 

5.5×1929 
l = = 10 cm 

359× 7.1 

The length of the hairpin section can be determined from 
Table 13-12 as 111 cm. This means that we can electrically 
load the element to the required length by adding an extra 
piece of hairpin line. The length of this line will be only a few 
inches long. In this case the 50-Ω tap will not be at the element 
but at a short distance on the hairpin line. The length of the 
hairpin matching inductor will remain the same, but the total 
transmission-line length will be slightly longer than the match
ing hairpin itself. 

To adjust the entire system, look for the 50-Ω point on 
the line by moving the balun attachment point while at the 
same time adjusting the total length of the hairpin. The end of 
the hairpin shorting bar is usually grounded to the boom. 

Design Rule of Thumb: The transmission-line loading 
device can be seen as part of the driven element folded back 
in the shape of the transmission line. For a 359-Ω transmission 
line (spacing = 10 × diameter), the length of the loading line 
will be exactly as long as the length that the element has been 
shortened. In other words, for every inch of total element 
length you shorten the driven element, you must add an 
equivalent inch in loading line. This rule is applicable only for 
359-Ω lines and for a maximum length of 406/f cm, where 
f = design frequency in MHz. For other line impedances the 

Table 13-15 
Capacitive Reactance Obtained by Various Percentages of DrivenElement Shortening 
Shorten  Diameter in wavelengths 
Element 0.0010527 0.0004736 Light Taper Heavy Taper 
0% 0 Ω 0 Ω 0 Ω 0 Ω 
0.5	 –4.8 –5.5 –4.6 –4.8 
1.0	 –9.6 –11.1 –9.1 –9.7 
1.5 –14.3 –16.5 –13.6 –14.3 
2.0 –19.1 –22.2 –18.2 –19.2 
2.5 –23.8 –27.5 –22.7 –23.7 
3.0 –28.6 –32.8 –27.2 –28.6 
3.5 –33.5 –38.2 –31.7 –33.5 
4.0 –38.5 –43.5 –36.2 –38.3 
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calculation as shown above should be followed. 
Example 

A driven element is resonant at 7.1 MHz with a length of 
2200 cm. We want to shorten the total element length by 
25 cm, and restore resonance by inserting a 359-Ω loading 
line in the center. The length of the loading line will be 
approximately 25 cm. 

3.8.3.3. Hairpin match design with parasitic 
element-to-boom capacitance 

As explained in Section 3.4, it is virtually impossible to 
construct a split element without any capacitive coupling to 
the boom. With tubular elements a coaxial-type construction 
is often employed, which results in an important parasitic 
capacitance. 

The Hy-Gain Yagis, which use a form of coaxial-insulat
ing technique to provide a split element for their Yagis, exhibit 
the following parallel capacitances: 

• 205BA: 27 pF 
•	 105BA and 155BA: 10 pF 

Let’s work out an example for a Yagi designed at 7.1 MHz. 
We model the driven element to be resonant at that design 
frequency. Assume the resonant length is 1985 cm. 

The capacitance introduced by the split-element mount
ing hardware for a 40-meter element is 300 pF per side (I have 
measured this with a digital capacitance meter). Do not forget 
to measure the capacitance without the full element 
attached.The reactance of this capacitor is: 

106 

XC = = 75Ω


2π× 7.1×300 


The capacitance across the feed point is 150 pF (two 
300-pF capacitors in series): 

XC = 150 Ω 

Using the SHUNT NETWORK module of the NEW 
LOW BAND SOFTWARE, we calculate the resulting imped
ance of this capacitor in parallel with 28-Ω impedance at 
resonance as: 

Z = 27.1 – j 5 Ω 

The required inductance of the hairpin (using Eq 13-5) 
will be: 

= = 54.30 ΩXhairpin = 50 × 
Rrad 27.1 

50 − Rrad 50 − 27.1 

Assume we are using a hairpin with two conductors with 
spacing = 10 × diameter. The impedance of the line is given by 
Eq 13-6 as: 

2 × SP
ZC = 276× log = 276× log (20) = 359 Ω 

D 

The length of the hairpin is given by Eq 13-8 as: 

Xhairpin 54.3 
l = arctan = arctan = 8.6° 

ZC 359 
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The length in cm is given by Eq 13-9 as: 

81.6 81.6 
l = l°× = 8.6× = 98.5 cm 

f 7.1 

For an impedance of 27.1 Ω we need an reactance (using 
Eq 13-10) of: 

XC = − 
R rad × 50 

= 
27.1× 50 

= −24.95 Ω 
X hairpin 54.3 

This means we have to add another 19.95 Ω of negative 
reactance to our driven element. This can be done by shorten
ing the element approximately 2.2% (see Fig 13-58), which 
amounts to 

1985 × 
2.2 

= 44 cm  or 22 cm on each side. 
100 

Instead of shortening the element 22 cm on each side, we 
could shorten it, say, 42 cm on each side, which will now give 
us some range to fine tune the matching system. The 22 cm we 
have shortened the driven element on each side will be re
placed with an extra 20-cm length of transmission line at the 
feed point. The 50-Ω point will now be located some 20 cm 
from the split driven element. The hairpin will extend another 
98.5 cm beyond this point. Tuning the matching system con
sists of changing the position of the 50-Ω point on the hairpin 
as well as changing the length of the hairpin. 

If you use “wires” to connect the split driven element to 
the matching system, you must take the inductance of this 
short transmission line into account as well. 

3.8.3.4. Designing a hairpin match with the YAGI 
DESIGN software 

You can use the MATCHING SYSTEMS module in the 
YAGI DESIGN software to design a hairpin. From the prompt 
line you can change any of the input data, which will be 
immediately reflected in the dimensions of the matching 
system. The value of the “parasitic” parallel capacitance can 
be specified, and is accounted for during the calculation of the 
matching system. 

3.8.3.5. Using a parallel capacitor to fine-tune a 
hairpin matching system 

A parallel capacitance of reasonable value across the 
split element only slightly lowers the resistive part of the 
impedance, while it introduces an appreciable amount of 
negative reactance. 

Example 

A capacitor of 150 pF in parallel with an impedance of 
28 + j 0 Ω (at 7.1 MHz) lowers the impedance to 27.1 – j 5 Ω. 
This means that instead of fine-tuning the matching system by 
accurately shortening the driven element to obtain the required 
negative reactance, you can use a variable capacitor across the 
driven element to electrically shorten the element. This is a very 
elegant way of tuning the hairpin matching system “on the 
nose.” The only drawback is that it requires another vulnerable 
component. This method is an alternative fine-tuning method to 
the configuration where the length of the driven element is 
altered by using a short length of transmission line. 
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3.8.4. Direct feed 
If the driven element is split (not grounded to the boom), 

you can also envisage a direct-feed system. Most 3-element 
Yagis do not present a 50-Ω feed-point impedance, unless you 
design it with a low Q and trade matching ease for some 
forward gain. Three-element Yagis will typically show feed
point impedances varying between 18 Ω and 30 Ω. This means 
we really do have to use some kind of system to match the Yagi 
impedance to the feed-line impedance. In addition, if we want 
to use a feed system for an 80-meter Yagi, which has to cover 
both the CW and the SSB end of the band, we also will have 
to deal with the reactances involved. 

3.8.4.1. Split element direct feed system with 
series compensation 

You can often use a quarter-wave transformer to achieve 
a reasonable match between the Yagi impedance and a 50-Ω 
feed line. There are two solutions. For a feed-point impedance 
lower than 25 Ω you can use a λ/4 length of line with an 
impedance of 30 Ω. This can be made by paralleling a 50-Ω, 
λ/4 cable with a 75-Ω, λ/4 cable. The cable can be rolled up 
into a coil measuring about 30 cm in diameter, which will 
serve as common-mode choke balun. 

For impedances between 25 and 30 Ω the required im
pedance for a quarter-wave transformer is 37.5 Ω, made by 
paralleling two 75-Ω, λ/4-λ cables. An example of such a 
matching system is given in Fig 13-63. 

Let us analyze the case of a direct feed for the 80-meter 
Yagi described in Section 3.3. The real part of the impedance 
of the Yagi is around 28 Ω, which is easy to match to a 50-Ω 
feed line through a 37.5-Ω quarter-wave transformer made 
with two parallel 75-Ω cables. 

There are different approaches to handling the inductive 
part of the impedance at the opposite end of the band. You 
could dimension the driven element to be resonant on 3.8 MHz 
and tune out the capacitive reactance (approximately 75 Ω) by 
using a coil in series with the coaxial feed line. The other 
alternative is to dimension the driven element for resonance in 
the CW band and then tune out the inductive reactance on 
3.75 MHz using a series capacitor. In an example I dimen
sioned the driven element for resonance on 3.55 MHz, and 
calculated the value of the series capacitor to achieve reso
nance on 3.75 MHz. The capacitor value is 900 pF. This 
matching system is extremely simple, and will guarantee 
maximum bandwidth as well. Again, the quarter-wave 37.5-Ω 
transformer can be coiled up and serve as a choke balun. 

Fig 13-64 shows the SWR curves for this feed arrange
ment. Note that with such an arrangement it is impossible to 
have a good SWR in the middle of the band. 

3.8.4.2. Split element direct feed system with 
parallel compensation 

The direct-feed system with parallel compensation does 
not require a quarter-wave transformer as it provides a good 
match directly to a 50-Ω impedance. In the case of the driven 
element of an 80-meter Yagi, you could dimension the driven 
element for resonance in the middle of the band at 3.65 MHz. 
In that case the reactance of a typical 3-element Yagi such as 
the antenna developed in Section 3.3, exhibits about – j 35 Ω 
at 3.5 MHz and + j 35 Ω at 3.8 MHz. The reactance can be 
tuned out by a parallel coil or capacitor (see Fig 13-65). A coil 

Fig 13-63—Split-element matching system for the 
80-meter Yagi. The driven element is tuned to resonance 
in the CW end of the band. On phone (3.8 MHz) the 
inductive reactance is tuned out by a simple series 
capacitor of 560 pF. A relay can short out the capacitor 
on CW. A quarter-wave 37.5-ΩΩΩΩΩ transformer made of two 
parallel 75-ΩΩΩΩΩ coaxes may be coiled up to serve as a 
choke balun, representing a 50-ΩΩΩΩΩ impedance at its end. 

Fig 13-64—SWR curves for the split-element feed 
method with series compensation and a 37.5-ΩΩΩΩΩ quarter
wave transformer. 

with an inductance of 2.2 µH will tune the driven element to 
resonance on 3.55 MHz and yield an resistance of 50 Ω (a 
lucky coincidence!). Likewise, a capacitor with a value of 
700 pF will tune the element to resonance on 3.8 MHz, also 
with a resistance of 50 Ω. 

The value of these components can easily be calculated 
using the SHUNT IMPEDANCE NETWORK module of the 
NEW LOW BAND SOFTWARE. With a simple relay you can 
switch either the coil or the capacitor in parallel with the feed 
point, and obtain a fine matching system for either the CW or 
the SSB end of the band. Fig 13-66 shows the SWR curves 
obtained with such an arrangement. 

4. QUADS 
4.1. Modeling Quad Antennas 
4.1.1. MININEC-Based programs 

Modeling quad antennas with MININEC-based programs 
requires very special attention. To obtain proper results the 

Yagis and Quads 13-43 



Chapter 13.pmd 44 2/17/2005, 2:50 PM 

number of wire segments should be carefully chosen. Near the 
corners of the loop, the segments must be short enough not to 
introduce a significant error in the results. Segments as short 
as 20 cm must be used on an 80-meter quad to obtain reliable 
impedance results on multi-element loop antennas. Years ago, 
when most modeling programs still used a MININEC core, 
W7EL developed a taper technique in his ELNEC software, 
where segments automatically got progressively shorter when 
coming to a corner. See Fig 13-67. 

4.1.2. NEC-based programs 
NEC-based programs do not exhibit the above problem, 

and no special precautions have to be taken to obtain correct 
results. 

Fig 13-65—Direct-feed system for the driven element of 
an 80-meter array with parallel compensation, which 
makes it possible to obtain a good SWR in both the CW 
and SSB sections of the band. See text for details. 

Fig 13-66—SWR curves for the 80-meter 3-element Yagi 
using parallel compensation. The driven element, 
initially tuned to resonance on 3.65 MHz, was tuned to 
resonance on 3.55 MHz using a parallel inductor of 
2.2 µµµµµH. Likewise, the same element was tuned to 
resonance on 3.75 MHz using a parallel capacitor of 
700 pF. The resulting SWR curves show an outstanding 
bandwidth. 
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4.2. Two-element full-size 80-meter 
quad with a parasitic reflector 

Fig 13-68 shows the configuration of a 2-element 75
meter quad on a 12-meter boom, and Fig 13-69 shows the 
radiation patterns. The optimum antenna height is 35 meters 
for the center of the quad. Whether you use the square or the 

Fig 13-67—Tapering of segment lengths for MININEC 
analysis. See Table 13-16 for the results with different 
tapering arrangements. With the segment-length-taper 
procedure shown here, the result with a total of just 56 
tapered segments is as good as for 240 segments of 
identical length. 

Fig 13-68—Configuration of a 2-element cubical quad 
antenna designed for 75-meter SSB. Radiation patterns 
are shown in Fig 13-69. By using a remote tuning 
system for adjusting the loading of the reflector, the 
quad can be made to exhibit an F/B of better than 22 dB 
over the entire operating range. See text for details. 
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diamond shape does not make any difference. The dimensions 
remain the same, as well as the results. I will describe a 
diamond-shaped quad, which has the advantage of making it 
possible to route the feed line and the loading wires along the 
fiberglass arms. 

I designed this quad with two quad loops of identical 
length. The total circumference for the quad loop is 1.0033 λ 
(for a 2-mm-OD conductor or #12 wire). The parasitic element 
is loaded with a coil or a stub having an inductive reactance of 

+ j 150 Ω. The gain is 3.7 dB over a single loop at the same 
height over the same ground. 

In the model I used 3.775 MHz as a central design 
frequency. This is because the SWR curve rises more sharply 
on the low side of the design frequency than it does on the high 
side. You can optimize the quad by changing the reactance of 
the loading stub as you change the operating frequency. 

Figs 13-70 and 13-71 show the gain, F/B and SWR for 
the 2-element quad with a fixed loading stub or coil (+ 150 Ω) 

Fig 13-69—Radiation patterns 
of the 75-meter SSB 
2-element quad at various 
frequencies. The antenna was 
optimized in the 3.775 to 
3.8-MHz range. In that range an 
F/B of better than 20 dB is 
obtained. All patterns are 
plotted to the same scale, and 
azimuth patterns are taken at a 
takeoff angle of 28°. 
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as well as for a design where the loading stub reactance is 
varied. To make the antenna instantly reversible in direction, 
you can run two λ/4, 75-Ω lines, one to each element. Using 
the COAX TRANSFORMER/SMITH CHART module from 
the NEW LOW BAND SOFTWARE we see that a + j 160-Ω 
impedance at the end of a λ/4 long 75-Ω transmission line (at 
3.775 MHz) looks like a – j 35-Ω impedance. This means that 
a λ/4, 75-Ω (RG-11) line terminated in a capacitor having a 
reactance of –35 Ω is all that we need to tune the parasitic 
element into a reflector. A switch box mounted at the center of 
the boom houses the necessary relay switching harness and the 
required variable capacitor to do the job. The required optimal 
loading impedances can be obtained as follows: 

3.750 MHz: XL = 180 Ω, C = 1322 pF 
3.775 MHz: XL = 160 Ω, C = 1205 pF 

Fig 13-70—Gain and F/B for the 2-element 75-meter 
quad with fixed reflector tuning, and with adjustable 
reflector tuning. The antenna is modeled at a height of 
35 meters above good ground. With fixed tuning the 
F/B is 20 dB over 30 kHz, and the gain drops almost 
0.5 dB from the low end to the high end of the 
operating passband (100 kHz). When the reflector 
tuning is made variable, the gain as well as the F/B 
remain constant over the operating band. 

Fig 13-71—SWR curves for the 2-element 75-meter 
quad. The SWR is plotted versus a nominal input 
impedance of 100 ΩΩΩΩΩ, which is then matched to a 50-ΩΩΩΩΩ
impedance using a λ/λ/λ/λ/λ/4, 75-ΩΩΩΩΩ line. Note that the variable 
reflector-tuning extends the operating bandwidth 
considerably for the lower frequencies. 
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3.800 MHz: XL = 150 Ω, C = 1148 pF 
3.825 MHz: XL = 120 Ω, C = 931 pF 
3.850 MHz: XL = 100 Ω, C = 785 pF 

If you tune the reflector for optimum value you will 
obtain better than 22-dB F/B ratio at all frequencies from 3.75 
to 3.85 MHz, and the SWR curve will be much flatter than 
without the tuned reflector (see Figs 13-70 and 13-71). 

The quad can also be made switchable from the SSB to 
the CW end of 80 meters. There are two methods of loading 
the elements, inductive loading and capacitive loading (see 
also the chapter on Large Loops). The capacitive method, 
which I will describe here, is the most simple. 

4.2.1. Capacitive loading 
A small single-pole high-voltage relay at the tip of the 

horizontal fiberglass arms can switch the loading wires in and 
out of the circuit. The calculated length for the loading wires 
to switch the quad from the SSB end of the band (3.775 MHz) 

Table 13-16 
Influence of the Number of Sections on the 
Impedance of a Quad Loop 

Calculated 
Taper Arrangement Impedance, Ω 
Nontapered, 4 × 5 segments 123 − j 20 
Nontapered, 4 × 10 segments 130 + j 44 
Nontapered, 4 × 20 segments 133 + j 78 
Nontapered, 4 × 40 segments 135 + j 95 
Nontapered, 4 × 50 segments 135 + j 97 
Nontapered, 4 × 60 segments 135 + j 98 
32 sections, tapering from 1.0 to 5.0 m 131 + j 85 
56 sections, tapering from 0.4 to 2.0 m 134 + j 102 
64 sections, tapering from 0.2 to 2.0 m * 135 + j 104 
104 sections, tapering from 0.2 to 1.0 m 135 + j 104 
Note: See Fig 13-67 regarding the taper procedure. 
*Taper arrangement illustrated in Fig 13-67. 

Fig 13-72—Configuration of the 2-element 80-meter 
quad of Fig 13-68 when loaded to operate in the CW 
portion of the band. Radiation patterns are shown in 
Fig 13-73. See text and Fig 13-75 for information on 
relay switching between SSB and CW. 
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to the CW end (3.525 MHz) is 4.58 meters. Note that you are 
switching at a high-voltage point, which means that a high
voltage relay is essential. 

As you will have to run a dc feed line to the relay on the 
tip of the spreader, it is likely that the loading wire will 
capacitively couple to the feed wire. Use small chokes or 
ferrite beads on the feed wire to decouple it from the loading 
wires. 

Fig 13-72 shows the configuration and Fig 13-73 shows 
the radiation patterns for the 2-element quad tuned for the CW 
end of the band. The patterns are for a fixed reflector-loading 
reactance of 170 Ω. 

As described above, you can optimize the performance 
by tuning the loading system as we change frequency. Using 
the same λ/4, 75-Ω line (cut for 3.775 MHz), you can obtain 
a constant 22-dB F/B (measured at the peak elevation angle of 

Fig 13-73—Radiation patterns 
of the 2-element 
80-meter quad when 
capacitively loaded to operate 
in the CW portion of the band. 
Azimuth patterns are taken at 
an elevation angle of 29°. All 
patterns are plotted to the 
same scale as the SSB patterns 
in Fig 13-69. The gain is a 
fraction of a dB less than at the 
high end of the band, but the 
directional properties are 
identical. The loading was 
optimized to yield the best F/B 
between 3.5 and 3.525 MHz. 
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Fig 13-74—SWR curves for the 2-element 80-meter 
quad referred to the nominal 100-ΩΩΩΩΩ feed-point 
impedance. The tuned reflector does not significantly 
improve the SWR on the high-frequency end. The 
design was adjusted for the best SWR in the 3.5 to 
3.525-MHz region. 

Fig 13-75—Feeding and switching method for the 2-element 80-meter quad. The four high-voltage vacuum relays 
connect the loading wires to the high-voltage points of the quad, to load the elements to resonance in the CW 
band. Relay K2 switches directions. The motor-driven variable capacitor (50-1000 pF) is used to tune the reflector 
for maximum F/B at any part in the CW or phone band. 
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29°) on all frequencies from 3.5 to 3.6 MHz with the follow
ing capacitor values at the end of the 75-Ω line: 

3.500 MHz: XL = 180 Ω, C = 1083 pF 
3.525 MHz: XL = 160 Ω, C = 999 pF 
3.550 MHz: XL = 140 Ω, C = 897 pF 
3.575 MHz: XL = 120 Ω, C = 795 pF 
3.600 MHz: XL = 100 Ω, C = 660 pF 

The optimized quad has a gain at the low end of 80 meters 
that is 0.3 dB less than at the high end of the band. The gain 
is 10.8 dBi at 35 meters over good ground. 

Fig 13-74 shows the SWR curve of the quad at the CW 
end of the band, with both a fixed reflector loading (XL  = 
170 Ω) and a variable setup as explained above. The switch
ing harness for the 2-element quad is shown in Fig 13-75. 
The tuning capacitor at the end of the 75-Ω line going to the 
reflector can be made of a 500-pF fixed capacitor in parallel 
with a 100 to 1000-pF variable capacitor. Note that you need 
a choke balun at both 75-Ω feed lines reaching the loops. 
This can be in the form of a stack of ferrite beads or as coiled
up coax. 

It is also possible to design a 2-element quad array with 
both elements fed. With the dimensions used in the above 
design, a phase delay of 135° with identical feed-current 
magnitudes yields a gain that is very similar to what is 
obtained with the parasitic reflector. The F/B may be a little 
better than with the parasitic array. As the array is not fed in 
quadrature, the feed arrangement is certainly not simpler than 
for the parasitic array, however. The parasitic array is simpler 
to tune, since the reflector stub (the capacitor value) can be 
simply adjusted for best F/B. 

4.3. Two-element reduced-size quad 
D. Courtier-Dutton, G3FPQ, built a reasonably sized 

2-element 40-meter rotatable quad that performs extremely 
well. The quad side dimensions are 15 meters, and the ele
ments are loaded as shown in Fig 13-76. The single loop 

Fig 13-76—Reduced-size 2-element 80-meter quad by D. 
Courtier-Dutton, G3FPQ. The elements are capacitively 
loaded, as explained in detail in the chapter on large 
loop antennas. 

showed a radiation resistance of 50 Ω. Adding a reflector 
12 meters away from the driven element (0.14 λ spacing), 
dropped the radiation resistance to approximately 30 Ω. The 
loading wires are spaced 110 cm from the vertical loop wires, 
and are almost as long as the vertical loop wires. The loading 
wires are trimmed to adjust the resonant frequency of the 
element. G3FPQ reports a 90-kHz bandwidth from the 
2-element quad with the apex at 40 meters. The middle 7 meters 
of the spreaders are made of aluminum tubing, and 3.6-meter 
long tips are made of fiberglass. A front-to-back ratio of up to 
30 dB has been reported. 

G3FPQ indicates that the length of the reflector element 
is exactly the same as the length of the driven element for the 
best F/B ratio. This may seem odd, and is certainly not the case 
for a full-size quad. The same effect has been found with some 
2-element Yagi arrays. 

4.4. Three-element 80-meter quad 
Fig 13-77 shows the 3-element full-size 80-meter quad at 

DJ4PT. The boom is 26-meters long, and the boom height is 
30 meters. Interlaced on the same boom are five elements for 
a 40-meter quad. 

Fig 13-77—This impressive 3-element full-size 80-meter 
quad, with an interlaced 5-element 40-meter quad, on a 
26-meter (87-foot) long boom, sits on top of a self
supporting 30-meter (100-foot) tower at DJ4PT. The 
antenna was built by DJ6JC (SK). 
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The greatest challenge in building a quad antenna of such 
proportions is mechanical in nature. The mechanical design 
was done by H. Lumpe, DJ6JC, now a Silent Key, who was a 
well-known professional tower manufacturer in Germany. 
The center parts of the quad spreaders were made of aluminum 
lattice sections that are insulated from the boom and broken up 
at given intervals as well. The tubular sections are made of 

Fig 13-78—Two-element inverted-delta-loop array at 
W6YA. The top of the loop is about 21 meters high. See 
text for details. 

fiberglass. The driven element is mounted less than 1 meters 
from the center. This makes it possible to reach the feed point 
from the tower. To be able to reach the lower tips of the two 
parasitic elements for tuning, a 26-meter tower was installed 
exactly 13 meters from the main tower. On top of this smaller 
tower a special platform was installed from which one can 
easily tune the parasitic elements. 

The weight of the quad is approximately 2000 kg 
(4400 lb). The monster quad is mounted on top of a 30-meter 
self-supporting steel tower, also built by DJ6JC. The rotator 
was placed at the bottom of the tower, and a 20-cm (8-inch) 
OD rotating pipe with a 10-mm (0.4-inch) thick wall takes 
care of the rotating job. 

4.5. The W6YA 40-meter quad 
Jim McCook, W6YA, lives in a fairly typical suburban 

QTH, and has his neighbors and family accustomed to one 
crank-up tower (Tri-EX LM-470), on which he must put all of 
his antennas. Jim has 4-element monoband Yagis for 10, 15 
and 20 meters and a WARC triband dipole. McCook set out to 
make it work on 9 bands. See Fig 13-78. 

For 40 meters, Jim has extended the 12-meter boom of 
his 20-meter Yagi to 14.5 meters. At the ends of the boom he 
mounted fiberglass quad poles, which support two inverted 
delta loops, separated 6 meters from each other. One loop is 
tuned as a reflector (3% longer). The driven element is fed 
through a λ/4 section of RG-11 75-Ω cable. The inverted 
delta loops are kept taut by supporting two more abutted 
quad poles at the bottom. This quad-pole assembly hangs 
freely, supported only by the loop wires. The assembly 
pivots around the tower during rotation. The top horizontal 
sections are allowed to sag slightly (about 2 meters) to 
minimize interaction with the 20-meter Yagi. This arrange
ment has been up for 18 years, and has helped Jim to work all 
but 3 countries on 40 meters! Jim reports a 2:1 SWR band
width of 200 kHz and a F/B of 15-20 dB. 

The driven element loop has a 14.78-meter “flat top,” 
14.32-meter sloping length on one side and 4.63 meters on the 
other side. This offset is to keep the bottom fiberglass-pole 
assembly free from the tower. The reflector measures 
14.78 meters, 15.04 meters and 15.34 meters respectively. 
The above lengths are for peak performance on 7.020 MHz. 

This quad arrangement has low wind load. Jim also uses 
this arrangement on 80 and even on 160 meters. On 80 and 
160, Jim straps the feed point of the driven loop, and feeds the 
loops with its feed line, at ground level via appropriate 
matching networks. If you feel tempted to try this combina
tion, I would advise you to use an antenna analyzer to measure 
the feed-point impedance on both 80 and 160, and design an 
appropriate network. The feed-point impedance on 80 meters 
is approximately 90 + j 366 Ω, and on 3.8 MHz 120 + j 460 Ω. 
On 1.83 MHz the impedance, including an estimated series
equivalent ground loss resistance of 10 Ω is 25 – j 72 Ω. The 
appropriate matching networks for the different frequencies 
are shown in Fig 13-79. 

It goes without saying that a good ground-radial system 
is essential for this antenna. Jim complements his 9-bands-on
one-tower antenna system with a modified 30-meter rotary 
dipole, which he center loads for 80 meters. He anticipates 
adding a second set of loading coils to use the same short 
loaded dipole on 160 as well. 
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Fig 13-79—Arrangements for feeding the 
driven loop of the 40-meter inverted-delta 
quad, as a vertical on both 80 and 
160 meters. Two LC networks are used. The 
values indicated are approximate. 

4.6. Quad or Yagi 
I must admit I have very little first-hand experience with 

quad antennas. But I can think of a few disadvantages of quad 
antennas as compared to Yagi antennas: 

•	 Much better F/B can be obtained with Yagis. 
•	 Quads are three-dimensional; you can’t easily assemble a 

quad on the ground, and then pick it up with a crane and put 
it on the tower. You must do a lot of assembly work with 
the boom in the air. 

•	 Wires break. 
•	 It is a non-efficient material user—All the metalwork you 

put up is not part of the antenna; it is just a support 
structure. 

•	 So far as electrical performance is concerned, a well-tuned 
quad antenna should marginally outperform a Yagi with 
the same boom length, at least as far as gain is concerned. 
The difference, being in order of a fraction of a dB to 
maximum of 1 dB, is more of an academic than of a 
practical nature. 

To prevent ice build up on the quad wire, you can feed a 
current (ac or dc) through the loops. The voltage should be 
adjusted so as to raise the temperature in the wire just enough 
to prevent ice loading. 

The fact is that the great majority of rotatable arrays on 
the low bands are Yagis. This seems to indicate that the 
mechanical issues are probably harder to solve with quads 
than with Yagis. 

5. BUYING A COMMERCIAL LOW-BAND 
YAGI ANTENNA 

5.1. 80-Meter Yagis 
5.1.1. The linear-loading approach 

To my knowledge, there is no manufacturer who is 

currently offering a full-size 80-meter rotatable Yagi antenna. 
The 2 and 3-element shortened Yagis with linear-loaded 
elements, originally developed by Mike Staal, K6MYC, for 
KLM more than 20 years ago, have held up over the years. 
Later M-Square, Mike Staal’s new company, and Force-12 
sell 80-meter Yagis using linear-loaded Yagis based on his 
original design. The merits of the linear-loaded design have 
long been established. The only inherent design compromise 
seems to be the sacrifice in top-notch directivity, which is 
caused by some radiation from the slant loading wires (see 
Section 3.7). 

5.1.2. Mechanical issues 
When deciding to buy one of these antennas, check the 

mechanical issues closely. This is what makes an 80-meter 
Yagi last or not. I must admit I am really scared when I see how 
some of these antennas are made. I see 80-meter Yagis using 
booms with a wall thickness that is less than half of the wall 
on my 40-meter Yagi boom! I see how a simple aluminum 
plate of a few mm thickness, is connected by a few simple 
rivets to the boom, and this is supposed to hold the 25-meter 
long element in a lasting way. I have doubts these antennas can 
ever stay up in windy areas. In my QTH they would not last 
one winter! 

Mechanical issues are the real issues for a long-lasting 
80-meter antenna. So, if you decide to spend a lot of money, 
take a very close look at the mechanics. An antenna built to 
withstand high winds and lots of ice loading will inevitably 
use more aluminum than a flimsy antenna that won’t with
stand a 90-km/h breeze. And aluminum costs money. There 
is a price for a good mechanical design. There are no two 
ways about it. 

I know it takes approximately 45 kg of 6061-T6 alumi
num to make a full-size 40-meter element that will withstand 
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160 km/h winds (+30% gusts). I have my doubts that an 
80-meter 3-element Yagi, with elements that are 20% longer 
than for a 40-meter reflector, can be built for a total weight of 
only 120 kg. 

As an example, I modeled the elements of the old KLM 
80M-3 Yagi to assess its wind-survival speed. The element 
mechanical data were taken from the assembly manual of the 
80M-3 antenna. The safe wind survival speed turned out to 
be 90 km/h, without a 30% higher gust factor. An element 
stress-analysis shows a very unbalanced design: While sec
tions 2 (2-inch OD) and 3 (1.75-inch OD) are loaded to the 
limit, the three next sections are only loaded to about 60% of 
their capabilities. 

The tip section is only loaded 25%. This does not neces
sarily mean that the element will disintegrate at 90 km/h, since 
this assumes that the wind blows at a right angle with respect 
to the elements. Putting the boom into the wind (perpendicular 
to the wind direction) will take all the stress off the elements. 
Provided that the side bracing of the boom is well done, it is 
likely that the Yagi boom will survive wind speeds above 
90 km/h. Using the guidelines explained by Leeson in his 
book (Ref 964), sections 2, 3 and 4 can be reinforced by 
doubling the wall thickness to increase the wind survival 
speed to 123 km/h. In any case, you should add side guying of 
the central 3-inch section of the elements. Short boom exten
sions will be required to do this. 

5.1.3 Low losses 
A very interesting point was brought up by W6ANR. 

Often the weak point of a design is the lack of long-lasting, 
low-resistance electrical contacts. Lossy contacts ruin the 
gain and the pattern of any array. Invest in some good contact 
grease, Parker screws and heat-shrink tube for assembling the 
Yagi. Make sure all is done to prevent corrosion in the linear
loading wires. Better still, stay away from these wires and 
invest in high-Q loading coils. 

5.1.4 High-Q coil-loaded Yagis 
Creative Design Co, Ltd, manufactures a coil-loaded 

shortened 80-meter antenna. Their 3-element array has both 
elements driven in a ZL-Special configuration with 135° 
phasing. The element spacing is λ/8 (9 meters). The elements 
are 24 meters long (or approximately 62% of full size), and the 
loading is done with high-Q coils and a small capacitance hat 
about 2/3 out on the elements. The elements are also loaded at 
the center with hairpin loading coils, which allows precise 

matching to the phasing line and the coaxial feed line. The 
array weighs only 80 kg. This is a very popular 80-meter 
antenna in Japan. Judging from its weight, it is probably not 
an antenna to put up where I live, though! As described in 
Section 3.5.1, W6ANR and K7ZV make high-Q loading coils 
for 80-meter Yagis. 

5.1.4 Gain figures 
Be very careful when comparing published gain figures. 

The only thing that really makes sense are free-space dBi gain 
figures, but the sales and marketing guys like to inflate these 
low figures and add ground reflection gain, which could be 
anything up to 6 dB, depending on ground quality and antenna 
height. Don’t let these guys fool you! 

I have withheld from publishing a list of commercial 
low-band antennas as I fear that I might not list all of them. 
And I worry that doing so might indicate some kind of 
endorsement on my part. If you plan to buy a commercial low
band antenna, I suggest you get a reference list from the 
manufacturer, and contact some of the customers—Or better 
yet, ask around on the Internet. 

5.2. 40-Meter Yagis 
It is amazing that none of the major antenna manufactur

ers advertise 2 or 3-element full-size 40-meter Yagis! That 
fortunately leaves a place for the real hams, the home builders 
to excel! From the poll I did with over 266 active and success
ful low-band operators, it appears that an important number 
use commercially made rotatable Yagi of some kind. Of those 
that listed the make they’re using the breakdown is: 

Cushcraft 40-2CD 45% 
Force-12 15% 
Hy-Gain 10% 
Creative Design (Japan) 8% 
Mosley 6% 
Others 16% 

Undoubtedly the most popular commercial low band 
Yagi remains the 40-meter Cushcraft 40-2CD Yagi. It appears 
to the best value (excellent performance/price ratio) on the 
40-meter shortened Yagi market. 

D. Leeson, W6NL (formerly W6QHS), calculated the 
wind survival speed of an unmodified 40-2CD as 108 km/h. 
(Ref 967). The referenced article describes how to increase 
the wind survival speed to 150 km/h by using internal boom 
and element reinforcements. 
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