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Dedication

This volume of studies of antenna modeling is dedicated to the memory of Jean,
who was my wife, my friend, my supporter, and my colleague. Her patience, under-
standing, and assistance gave me the confidence to retire early from academic life
to undertake full-time the continuing development of my personal web site at the
URL, http://www.cebik.com. The site is devoted to providing, as best | can, informa-
tion of use to radio amateurs and others--both beginning and experienced--on vari-
ous antenna and related topics. This volume grew out of that work--and hence,
shows Jean's help at every step.




Preface

This collection of antenna modeling notes continues the compilation of the series
that | began in 1998 in antenneX. It contains numbers 26 through 50 of the long-
running series that is running even today. The time has come to collect these columns
into a more convenient form for the reader. There is just too much material for a
single volume, so | have broken the collection into three 25-column units. | have
reviewed the text and graphics for each column to ensure as much accuracy as | can
muster. However, | have also reviewed the sample models used in each column.
That process permitted me to add something to these volumes that is not available in
antenneX or at my own web site. The Appendix to each of these volumes contains a
collection of antenna modeling files in three formats: .NEC (ASCII), .EZ (EZNEC),
and .NWP (NEC-Win Plus). | have revised the text to include a file name for the
applicable model in the Appendix. Therefore, should you wish to do so, you will be
able to read a column in front of your computer and to test for yourself the ideas
involved.

The 1980s and 1990s saw new implementations of MININEC and NEC: entry
level programs, first in DOS and later in Windows. Every entry-level program makes a
selection of what the developer considers to be the most essential features for basic
antenna modeling. In MININEC programs, these features usually coincide with the
limits of the calculating core itself, since it emerged as a basic modeling program for
restricted-capability PCs of the earliest sorts. There are also advanced NEC pro-
grams, such as NEC-Win Pro (NEC-4) and GNEC (NEC-4) that offer the user ad-
vanced features. The advanced features include all of the geometry and command
inputs of which the core is capable. The original FORTRAN programming of NEC
allowed a very sizable number of possibilities and potentials.

Each program has its own personality, despite the fact that each accesses the
NEC core. DOS versions of MININEC included MN (AO) and ELNEC, one striving to
include every known feature, the other striving for user friendliness. These traits
persist to this day in the Windows version of NEC called EZNEC and the recent
descendent (by a different developer) of NEC-Wires called NEC2GO. Another NEC-
2 implementation, NEC-Win Plus combines spreadsheet modeling by equation with
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more standard entry-level features. Most NEC-2 implementations include corrections
for the known NEC-2 weakness in dealing with stepped-diameter elements, a com-
mon method of construction for upper HF rotatable arrays. In the course of these
three volumes, we shall have occasion to take a deeper look at some of these adjunct
features. In this volume, we shall spend several columns on a tutorial that introduces
the art ands craft of modeling by equations using a spreadsheet format. See Volume
1 for the URL's of both NEC and MININEC programs.

In addition to adjuncts included within entry-level programs, there are also com-
plete adjunct programs to perform special functions for the modeler. NEC-Win Synth
from Nittany-Scientific (http://www.nittany-scientific.com) offers the modeler a program
to simplify the process of developing wire-grid geometry structures to include within
models. It even provides the user with some pre-set structures, such as vehicles and
common geometric shapes used in microwave antennas, so that the user need only
specify the frequency, the dimensions, and the level of segmentation required. A
different sort of adjunct program is MultiNEC, an Excel application (http://Awww.gsl.net/
ac6la/index.html). It permits the user to employ his or her NEC program within a
spreadsheet shell to sweep numerous facets of a model’s structure and other com-
mands and to provide graphical and tabular outputs within the formatting capabilities
of the shell.

Since both MININEC 3.13 and NEC-2 are public domain core programs, we can
expect implementations to come and go over long periods of time. Some do both. For
example, Antenna Model was an early DOS MININEC offering that disappeared, only
to re-emerge in Windows dressing, accompanied by the most complete set of
correctives for known limitations in the original core. AO and NEC-Wires disappeared
a number of years ago, but their NEC-2 Windows descendent, NEC2GO (http://
www.nec2go.com) is available today. We can expect this evolution to continue. Even
more variable than the programs themselves are the Internet locations where you
may obtain further information on them. Nevertheless, | hope that the principles dis-
cussed in this collection of modeling notes will be sufficiently general that they will
apply beyond the boundaries of individual implementations of NEC and MININEC.

Preface



26. The Scales of Equivalence

Frequency scaling antennas consists of adjusting the dimensions of an antenna
with a frequency F1 to some other frequency F2. The process is very straightfor-
ward in some kinds of cases, and somewhat circuitous in others. Let's examine a
case of each type so that we can become aware of when simple scaling may fail us
and of the sorts of maneuvers we can perform to get the job done anyway.

Simple Scaling

The basic parameters of frequency scaling in its simplest for appear in Fig. 26-

[ | D1
L1
| ?e |
FA/F2 = DDA = L2/11 Simple Scaling
1 | D2
— = —
. * % ! Fig. 26-1

Scaling involves not only element length adjustments, but also element diam-
eter adjustments of the same magnitude. The adjustments we must make are
simply the inverse of the ratio of the two frequencies. If the initial frequency is 28.35

Chapter 26 ~ The Scales of Equivalence
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MHz and the target frequency is 14.175 MHz, then the ratio is 0.5. All element
lengths, spacing, and diameters must therefore be multiplied by the inverse of the
ratio—in this case by 2—to arrive at the final antenna dimensions.

Let's examine the wire chart for a simple 2-element Yagi cut for 28.35 MHz.

2-el Al Yagi: 28.35 Miz Frequency = 28.35 MHz.
Wre Loss: Al uminum —Resistivity = 4E-08 ohmm Rel. Perm =1

W RES

Wre Conn.—End 1 (x,y,z : in) Conn.—End 2 (x,y,z : in) D a(in) Segs

1 -95.250, 52.000, 0.000 95. 250, 52.000, 0.000 1.00E+00 21
2 -105.75, 0.000, 0.000 105. 750, 0.000, 0.000 1.00E+00 21

The element end coordinates are specified in the “X” columns; the element spac-
ing is in the “Y” column; and the diameter is to the right. See model 26-1.

The modeled performance of this antenna is as follows.

Freq. Fr ee- Space Front-to Back Feedpoint Z
MHz Gai n dBi Ratio dB R +/- jX Ohns
28.0 6.29 11.32 31.18 - j 12.12
28. 35 6.03 11.00 36.46 - j 0.13
28.7 5. 80 10. 35 41.55 +j 11.29

If we frequency scale this antenna to 14.175 MHz, all of the dimensions are
multiplied by 2 to arrive at the following wire table.

2-el Al Yagi: 14.175 Mz Frequency = 14.175 Mz.
Wre Loss: Al uminum —Resistivity = 4E-08 ohmm Rel. Perm =1

W RES

Wre Conn.—End 1 (x,y,z : in) Conn.—End 2 (x,y,z : in) Dia(in) Segs

1 -190. 50, 104. 000, 0.000 190. 500, 104. 000, 0.000 2. 00E+00 21
2 -211.50, 0.000, 0.000 211.500, 0.000, 0.000 2.00E+00 21

Chapter 26 ~ The Scales of Equivalence
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Because every dimension is exactly scaled, we expect the resultant antenna to
perform along its new frequency range exactly as the initial model performed within
its own range. We shall not be disappointed by the modeled antenna performance
figures. See model 26-2.

Freq. Fr ee- Space Front-to Back Feedpoint Z
MHz Gai n dBi Ratio dB R +/- jX Ohns
14.0 6.29 11. 32 31.15 - j 12.12
14. 175 6.03 11. 00 36.44 - | 0.14
14. 35 5.81 10. 37 41.52 + j 11.29

| have reported values to more decimal places than would be operationally sig-
nificant in order to show the degree to which scaling can be precise. Unfortunately,
not every case of scaling lends itself to such easy arithmetical treatment.

A More Difficult Scaling Task
Let's next tackle a slightly more interesting scaling task. Our task will be to scale

a 20-meter Yagi with complex stepped diameter elements into a 10-meter Yagi with
a simpler element scheme, as in Fig. 26-2.

Scaling Stepped-
See text for technigques. Diameter Elements

1

Fig. 26.2

The frequency ratio will be 2:1. As we shall discover, that fact does not come
close to resolving the scaling challenge.

Chapter 26 ~ The Scales of Equivalence
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structure. See model 26-3.

Suppose we begin with a 4-element 20-meter Yagi having the following wire

4-el emrent 20M Yag

Wre Loss:

Wre Conn.— End 1 (x,y,z

©COoO~NOULA WNPE

[y
o

11
12

22
23
33
34

44

WLE2
W2 E2
VBE2
WIE2
WBE2
WBE2
W E2
VBE2
VWBE2
WLOE2

W21E2
WB2E2

W3E2

-217.50, 0. 000,
-154.00, 0.000,
-134.00, 0.000,
-92.000, 0.000,
-72.000, 0.000,
-48.000, 0.000,

48.000, 0. 000,

72.000, 0.000,

92.000, 0. 000,
134.000, 0. 000,
154. 000, 0. 000,
-211.00, 72.000,
154. 000, 72.000,
-203. 55, 141. 000,
154. 000, 141. 000,
-190. 56, 306. 000,
154. 000, 306. 000,

W RES

0. 000

o o

in)

coococooooo00

000 WBE1l
000 WAE1
000 WBE1l
000 WBE1l
000 WE1l
000 WBE1l
000 WBE1l
000 WLOE1

. 000 W1E1

000

. 000 W3E1

. 000
. 000 W4E1

. 000
. 000 WB5E1

. 000

W2E1l -154. 00,

Frequency =

Al umi num —Resistivity = 4E-08 ohmm Rel

Conn.— End 2 (x

-134. 00,
-92. 000,
-72.000,
-48. 000,

48. 000,

72.000,

92. 000,
134. 000,
154. 000,
217.500,
-154. 00,

~

211.000, 72.

-154. 00, 141

203. 550, 141
-154. 00, 306

190. 560, 306.

Nooooooooooo

14. 175 MHz.
Perm =1
,Y,Z :in) Di a(in) Segs
.000, 0.000 5.00E-01 7
. 000, 0.000 6.25E-01 2
000, 0.000 7.50E-01 4
000, 0.000 8.75E-01 2
000, 0.000 1.00E+00 2
000, 0.000 1.25E+00 9
000, 0.000 1.00E+00 2
000, 0.000 8.75E-01 2
000, 0.000 7.50E-01 4
000, 0.000 6.25E-01 2
000, 0.000 5.00E-01 7
. 000, 0.000 5.00E-01 5
000, 0.000 5.00E-01 5
. 000, 0.000 5.00E-01 5
. 000, 0.000 5.00E-01 5
.000, 0.000 5.00E-01 4
000, 0.000 5.00E-01 4

For elements 2, 3, and 4, | have omitted the interior wires of the model, since
they are identical to those in the first element. The design is adapted from a version
created by N6BV. | have adjusted the dimensions so that the antenna properties
are spread out across the 20-meter amateur band rather than being focused in the
lower 200 kHz. Hence, the design-center frequency is 14.175 MHz for this model.
As well, I have adjusted the driver length for resonance and adjusted the spacing so
that the resonant impedance is close to 25 Ohms. Hence, the design can be fed
with a 1/4-wavelength section of 35-Ohm cable from the main 50-Ohm feedline. All
in all, this is a nice little design that would fit a 26' boom.

Chapter 26 ~ The Scales of Equivalence
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Tabularly, the performance of this example follows this pattern.

Freq. Fr ee- Space Front-to Back Feedpoint Z
MHz Gai n dBi Ratio dB R +/- jX Ohns
14.0 8. 42 21.28 23.54 - j 6.99
14. 175 8. 53 22. 80 26.26 - j 0.73
14. 35 8. 62 20. 31 21.26 +j 4.89

More graphically, the overlaid free-space azimuth patterns for this antenna ap-
pear in Fig. 26-3.

20-M Azimuth Patterns e
14.0,14.175, 1435 MHz 120
4 Element Yagi :

60 Outer Ring = 8.71 dBi

150 - 30

180 "0 deg.

Fig. 26-3

Now let’s scale the antenna directly, replacing every wire length, spacing, and
diameter in the model with its half-size replacement for a design frequency of 28.35
MHz. Some programs, such as EZNEC, have an automatic scaling function asso-
ciated with frequency selection. The scaling option applies to element length, spac-
ing, and diameter, with one exception. If the user has specified the element diam-
eter as an AWG wire gauge number, then the diameter remains constant. Other

Chapter 26 ~ The Scales of Equivalence
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programs that lack a scaling option, but that have the ability to model by equation,
can achieve automatic scaling in a different way. Simply define all of the element
parameters as a function of wavelength at the design frequency.

The performance table is as follows. See model 26-4.

Freq. Fr ee- Space Front-to Back Feedpoint Z
MHz Gai n dBi Ratio dB R +/- jX Ohns
28.0 8. 40 21.28 23.57 - j 6.97
28. 35 8.51 22.76 26.27 - j 0.71
28.7 8.61 20. 28 21.26 +j 4.95

The tabulated values tell us that Fig. 26-3 makes as good a representation of
the azimuth patterns for the scaled antenna as for the original. Hence, we can go
directly to the wire table for the directly scaled 10-meter antenna.

4-el ement 10M Yagi - scal ed Frequency = 28.35 MHz.
Wre Loss: Al uminum —Resistivity = 4E-08 ohmm Rel. Perm =1

W RES

Wre Conn.— End 1 (x,y,z : in) Conn.— End 2 (X,y,z : in) Di a(in) Segs

1 -108.75, 0.000, 0.000 WE1l -77.000, 0.000, 0.000 2.50E-01 7
2 WE2 -77.000, 0.000, 0.000 WBEl -67.000, 0.000, 0.000 3.13E-01 2
3 WE2 -67.000, 0.000, 0.000 WAEl -46.000, 0.000, 0.000 3.75E-01 4
4  WBE2 -46.000, 0.000, 0.000 WsEl -36.000, 0.000, 0.000 4.38E-01 2
5 WE2 -36.000, 0.000, 0.000 WsEl -24.000, 0.000, 0.000 5.00E-01 2
6 WhE2 -24.000, 0.000, 0.000 WE1 24.000, 0.000, 0.000 6.25E-01 9
7 WE2 24.000, 0.000, 0.000 WBE1 36.000, 0.000, 0.000 5.00E-01 2
8 WE2 36.000, 0.000, 0.000 WE1l 46.000, 0.000, 0.000 4.38E-01 2
9 WBE2 46.000, 0.000, 0.000 WOE1 67.000, 0.000, 0.000 3.75E-01 4
10 WpE2 67.000, 0.000, 0.000 W1E1 77.000, 0.000, 0.000 3.13E-01 2
11 WOE2 77.000, 0.000, 0.000 108. 750, 0.000, 0.000 2.50E-01 7
12 -105.50, 36.000, 0.000 W3E1l -77.000, 36.000, 0.000 2.50E-01 5
22 W1E2 77.000, 36.000, 0.000 105. 500, 36.000, 0.000 2.50E-01 5
23 -101.77, 70.500, 0.000 We4E1 -77.000, 70.500, 0.000 2.50E-01 5
33 WB2E2 77.000, 70.500, 0.000 101. 775, 70.500, 0.000 2.50E-01 5
34 -95. 280, 153. 000, 0.000 WB5E1 -77.000, 153. 000, 0.000 2.50E-01 4
44 WABE2 77.000, 153. 000, 0.000 95. 280, 153. 000, 0.000 2.50E-01 4

Chapter 26 ~ The Scales of Equivalence
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Once more | have omitted the interior structure of elements except for the re-
flector, since all 4 elements are the same in this respect. The problem posed by the
scaled antenna is self-revealing from the truncated data: the stepped-diameter-tub-
ing schedule would require the use of thin-wall tubing of sizes that are not available.
In short, we are unlikely to want to build the directly scaled model.

Suppose that we wish simply to use for each element an interior length of 0.5"
diameter tubing and an outer tip of 0.375" diameter tubing. The temptation would be
to use our scaled outer dimensions for each element and simply change the re-
mainder of the wire schedule. The final result might look like this.

4-el ement 10M Yagi Frequency = 28.35 MHz.

Wre Loss: Al uminum —Resistivity = 4E-08 ohmm Rel. Perm =1

W RES

Wre Conn.— End 1 (x,y,z : in) Conn.— End 2 (X,y,z : in) Di a(in) Segs

1 -108.75, 0.000, 0.000 WeE1l -48.000, 0.000, 0.000 3.75E-01 6
2 WLE2 -48.000, 0.000, 0.000 WBE1 48.000, 0.000, 0.000 5.00E-01 9
3  WE2 48.000, 0.000, 0.000 108. 750, 0.000, 0.000 3.75E-01 6
4 -105.50, 36.000, 0.000 WBE1l -48.000, 36.000, 0.000 3.75E-01 6
5 WE2 -48.000, 36.000, 0.000 WsEl1 48.000, 36.000, 0.000 5.00E-01 9
6 WhE2 48.000, 36.000, 0.000 105. 500, 36.000, 0.000 3.75E-01 6
7 -101.77, 70.500, 0.000 WBE1l -48.000, 70.500, 0.000 3.75E-01 5
8 WHE2 -48.000, 70.500, 0.000 WE1 48.000, 70.500, 0.000 5.00E-01 9
9 WBE2 48.000, 70.500, 0.000 101. 775, 70.500, 0.000 3.75E-01 5
10 -95.280, 153. 000, 0.000 WL1E1 -48.000, 153. 000, 0.000 3. 75E-01 5
11 WIOE2 -48.000, 153. 000, 0.000 W2E1 48.000, 153.000, 0.000 5.00E-01 9
12 W1E2 48. 000, 153. 000, 0.000 95. 280, 153. 000, 0.000 3.75E-01 5

If we check this model, we would obtain a performance table similar to the fol-
lowing one. See model 26-5.

Freq. Fr ee- Space Front-to Back Feedpoint Z
MHz Gai n dBi Ratio dB R +/- jX Ohns
28.0 8. 54 19. 90 20.24 +j 6.85
28. 35 8. 45 18. 23 10.00 + j 20.49
28.7 6.91 8. 32 3.56 + j 41.45

Chapter 26 ~ The Scales of Equivalence
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Graphically, the azimuth patterns would be those in Fig. 26-4. Something has
one wrong with our scaling efforts. The elements are all too long. Unfortunately,
many a home constructor of beams has been caught in this trap. Scaling an antenna’s
dimensions and then changing the stepped-diameter element schedule is a sure
way to offset the performance curve of an antenna.

10-M Azimuth Patterns e
28.0, 28.35, 28.7 MHz 120 -
4-Element Yagi o

0 Outer Ring = 8.56 dBi

150 - 30

w0. .0 deg.

Inexact o
Scaling 210 -

330 Fig. 264

The Correction

The accuracy of NEC-2 (and to a lesser degree, NEC-4) depends upon the
introduction of correction factors that substitute for stepped-diameter elements a
uniform diameter element of the same impedance. Most NEC-2 software equipped
with such correction factors use either the Leeson equations (EZNEC and NEC-
Win Plus) or the Beezley equations (NEC-Wires). Let's compare the substitute uni-

Chapter 26 ~ The Scales of Equivalence
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form-element lengths and diameters of the elements for a. the impractical but ex-
actly scaled 10-meter Yagi and b. the simplified but errant Yagi.

El emrent Directly Scal ed Sinplified

Length Di anet er Length Di anet er
Ref | ect or 104. 094" 0. 396" 106. 985" 0. 434"
Driver 100. 990" 0. 403" 103. 765" 0. 437"
Dir. 1 97. 448" 0. 410" 100. 078" 0. 440"
Dir. 2 91. 317" 0. 424" 93. 663" 0. 446

The excess length of the Yagi with a simplified element structure is clearly ap-
parent. However, there is no simple and sure means of shortening the uniform
element lengths to the lengths used in the directly scaled version—at least not in
extant implementations of NEC-2. However, there is a sure procedure to bring us
very close indeed to the desired goal.

Every element in a Yagi has a self-resonant frequency. Using the directly scaled
10-meter beam as our guide (since we know its performance potential), let’s find the
self-resonant frequency for each element, using a reactance of under 1 Ohm to
define resonance. Then, we shall adjust the length of the corresponding element in
the simplified version of the antenna so that its self-resonant frequency is the same
as in the directly scaled version. As a check on our work, we shall record the result-
ant substitute uniform-diameter element. The final result looks like this.

El ement Freq. New Lengt h Subs. Length Subs. Di aneter
Ref | ect or 27.12 105. 8" 104. 062" 0. 436"
Driver 27.96 102. 6" 100. 894" 0. 439"
Dir. 1 28.94 99. 1" 97. 434" 0. 442"
Dir. 2 30. 86 92.9" 91. 317" 0. 449"

If we compare the substitute uniform-diameter elements in our revised model,
we shall see how close they are to the substitute uniform-diameter elements for the
directly scaled model in both length and diameter. Given that similarity, we shall not
require any spacing adjustments in our newly revised model with its simplified ele-
ment structure.

An alternative procedure is to adjust the element lengths in our 2-step element
model until the substitute element lengths are the same as the substitute element
lengths in the highly stepped directly scaled version of the antenna. The viability of

Chapter 26 ~ The Scales of Equivalence
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this method rests on two factors. One is the ease with which we can examine the
uniform-diameter substitute element data, a factor that varies from one program to
the next. The second factor is, once more, the similarity of the diameters of the
uniform-diameter elements in the direly scaled and the new 2-step elements. Since
the electrical properties of an elements depend both upon length and upon diam-
eter, the diameters must be fairly close if the technique is to succeed.

The final wire table looks like this. See model 26-6.

4-el ement 10M Yagi -scal e adj . Frequency = 28.35 MHz.

Wre Loss: Al uminum —Resistivity = 4E-08 ohmm Rel. Perm =1

W RES

Wre Conn.— End 1 (x,y,z : in) Conn.-—End 2 (X,y,z : in) D a(in) Segs

1 -105.80, 0.000, 0.000 WE1l -48.000, 0.000, 0.000 3.75E-01 6
2 WLE2 -48.000, 0.000, 0.000 WBE1 48.000, 0.000, 0.000 5.00E-01 9
3  WE2 48.000, 0.000, 0.000 105.800, 0.000, 0.000 3.75E-01 6
4 -102. 60, 36.000, 0.000 WBE1l -48.000, 36.000, 0.000 3.75E-01 6
5 WE2 -48.000, 36.000, 0.000 WsEl1 48.000, 36.000, 0.000 5.00E-01 9
6 WhE2 48.000, 36.000, 0.000 102. 600, 36.000, 0.000 3.75E-01 6
7 -99.100, 70.500, 0.000 WBE1l -48.000, 70.500, 0.000 3.75E-01 5
8 WHE2 -48.000, 70.500, 0.000 WPE1 48.000, 70.500, 0.000 5.00E-01 9
9 WBE2 48.000, 70.500, 0.000 99.100, 70.500, 0.000 3.75E-01 5
10 -92.900, 153. 000, 0.000 WL1E1 -48.000, 153. 000, 0.000 3.75E-01 5
11 WIOE2 -48.000, 153. 000, 0.000 WL2E1 48.000, 153. 000, 0.000 5.00E-01 9
12 W1E2 48. 000, 153. 000, 0.000 92.900, 153. 000, 0.000 3.75E-01 5

The proof of the method lies in performance, which NEC-2 reports in the follow-
ing table.

Freq. Fr ee- Space Front-to Back Feedpoint Z
MHz Gai n dBi Ratio dB R +/- jX Ohns
28.0 8.41 21.84 23.20 - j 7.59
28. 35 8. 52 22.83 26.04 - j 1.37
28.7 8.61 20. 39 20.39 +j 3.99

Do not expect the report numbers to be precisely the same as the originals to
the last decimal place. The technique is close, but the resulting antenna is not an
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exact clone of the original or the perfect scaling. Even perfect a scaling will show a
small bit of variation, since skin effect does not vary linearly with frequency. How-
ever, the numbers will usually be within 1 to 2 percent, which is closer tolerance than
most home workshops can achieve in the construction phase of a project such as
this HF array.

In terms of azimuth patterns, Fig. 26-5 provides the same data more dramati-
cally.

10-M Azimuth Patterns e
28.0, 28.35, 28.7 MHz 120 -
4_Element Yagi o

Outer Ring = 8§.64 dBi

150 - 30

180 "0 deg.

Fig. 265

There are other dimensions to the scaling project. For example, the operating
passband for the scaling array is 28.0 to 28.7 MHz. However, 28.8 MHz is a popular
frequency for a number of 10-meter activities. The modeler is faced with the ques-
tion of whether simply to accept the beam design as modified as it is with whatever
performance emerges above 27.7 MHz, or whether to further modify the design.
Further modification might mean sliding the performance curve upward. The exact
amount of sliding would depend upon the performance just above and just below
the present edges of the defined passband. “Sliding,” for course, would be a task
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calling for a small frequency scaling of the element lengths and spacing. However,
such small changes rarely require re-scaling of the element diameter.

Conclusion

Frequency scaling begins as a simple process. However, the more complex the
antenna’s structure, the more complex the process can become. | have used the
example of changing the stepped-diameter structure of the elements for several
reasons. First, in many instances, practical antenna construction demands ele-
ment structures that differ from those of a directly scaled model. Second, many
antenna constructors fall into the snare of simply changing element structures with-
out first analyzing the potential consequences.

Third, the techniques required for restoring the poorly scaled antenna model to
a much more usable state are typical of techniques that may be required in many
other situations. For the general process of modeling, it is this last reason which is
the most important. The exercise is not a cure-all for all difficulties in the process of
scaling antennas. However, it should alert you to what may make a scaling task go
astray and what sorts of techniques may bring the model back into the fold.

* % *x % *

Models included: 26-1 through 26-6. (.NEC and .NWP model dimensions in meters;
.EZ model dimensions in inches.)
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27. Modeling By Equation: A. A Beginning

Most beginning modelers acquire the habit of simply placing physical wire di-
mensions into the structure grid of NEC and MININEC input systems. The wire
geometry may be systematic or random, initially, but that is a problem we looked at
in an early installment in this series. In this episode, | should like to start an explora-
tion of another way to model antennas: by the use of variables and equations.

In MININEC programs, AO permitted the use of variables and equations. Of
presently available NEC-2 programs, perhaps NEC-Win Plus offers the most versa-
tile system of modeling in this way. For example, the input files for AO and Antenna
Model (MININEC) or for NEC2GO (NEC) do not themselves show the physical val-
ues resulting from the use of variables and equations. However, the spreadsheet
input screen of NEC-Win Plus allows the user to see, in alternative views of the
structure spreadsheet, a. the numbers and equations used to set the values of
variables, b. the values that result from those equations, c. the assignment of vari-
ables to the X, Y, and Z coordinates of the model structure, and d. the physical
values of the X, Y, and Z coordinates that result from the preceding steps. So for
this exercise, | shall make use of NEC-Win Plus to demonstrate a few (but by no
means all) of the steps involved in modeling by variables—along with a couple of
the advantages that accrue to the modeler. (In future episodes, we shall look at
more complex structures and more complex ways of formulating variables.)

Fig. 27-1 represents our sample antenna—a simple quad loop. For simplicity,
we shall begin with a free space model for 300 MHz, composed of #20 AWG (0.032"
diameter) copper wire. A square quad loop consists of 4 equal sides. A simplistic
approach to modeling by variables might simple let some variable A equal the physi-
cal length of a side and proceed from there.
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Dimensions as Variables

However, when modeling by variables, it pays to do a preliminary inspection of
the geometry of the antenna to see if one might obtain a more sophisticated and
ultimately more useful selection of variables and values. Fig. 27-1 shows that a
square quad loop can be framed against a center point so that we can take advan-
tage of the Cartesian reference system. The example takes the 2-dimensional
square and assigns the horizontal dimension to the X axis and the vertical dimen-
sion to the Z axis. Initially, Y will always equal zero.
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In a free-space model, we can keep the structure centered by using values of A
as +/-X and +/-Z values. This will come in handy later when we move the antenna
over real ground. For initial purposes, A becomes about 1/8 wavelength long to
form the approximately 1 wavelength total loop circumference. For the present, we
shall not be concerned with whether the loop should be exactly 1 wavelength long,
since that is something we shall discover from our modeling. Unless otherwise speci-
fied, the dimensional units for our exercise will be inches.

The first step is to define a variable as 1/8 wavelength long. Fig. 27-2 shows the
NEC-Win Plus equations page, with A defined as W/8. (I shall by-pass the program-
specific instruction set by which we accomplish this, but it follows standard spread-
sheet procedures.) Two other variables are already assigned permanent values: F
for the initial frequency (and in this case the only frequency) of test, and W for the
wavelength. Note that the wavelength entry has a reference to model parameters.
The parameter of relevance here is the conversion factor for changing the modeling
units (inches in this instance) into the NEC core requirement of meters. The result
is the wavelength in the unit of choice. See model 27-1

The lower half of Fig. 27-2 shows the value of A in inches that results from
establishing the equation that defines A. At the top of Fig. 27-2 is a button labeled
Fn. When highlighted, we see the equations. When dark, we see the values that
the equations yield. In this model, we have let A = W/8, whatever the value of W
might be. You may also note the header information that establishes this as a free-
space (“No Ground”) model at 300 MHz. At 300 MHz, A has a value of 4.91797..."
because a wavelength is 39.34383. . .” long.

We might have defined the value of A in terms of frequency, but that would have
required that we confine the units of measure to a single system, or that we define
conversion variables. Defining A in terms of the wavelength will give us some ver-
satility later on.

The next question is how to set up a structure that makes use of the variable A
to determine the antenna dimensions.
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By flipping to the unhighlighted Fn version of the wires page (Fig. 27-4), we can
view the values (in inches, our chosen unit of measure) for the variables in each
position of the antenna structure. Perhaps the most difficult facet of this page to
which we must grow accustomed is the number of digits in each value. We must
remember that NEC programs are essentially calculating machines and do not choose
the number of significant digits for us. We must do that according to the task at
hand. For building this loop, we might round the figure for A into 4.92, and then
translate that into 4 15/16" for measuring wire. Some other tasks involved in finding
the trends in values might relevantly preserve additional decimal places. For now,
we can simply accept the calculated value of A and focus on making sure that we
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have constructed the loop correctly by checking appropriate End 1s and End 2s of
each wire.

We characterized this model as a trial. So let’s run the model and see what we
get. Fig. 27-5 places all of the data we need at this point on the free-space azimuth
pattern—even though the data comes from different places in the program. For this
exercise, the most essential figure to note is the source impedance: 109 - j144
Ohms. Our loop is much too small to be a resonant quad loop for 300 MHz.

Had we entered our coordinate values in terms of individual numbers, we would
now be faced with revising each coordinate value by the amount we think might
move the quad loop toward resonance. To suggest that this is a time consuming
procedure is to make a very serious understatement. We would have to revise 16
values however many times it takes to find a value that allows the loop to be reso-
nant within an Ohm or two. | have found that many modelers enlarge the concept of
resonance to encompass many Ohms of reactance, not because the task does not
require close tolerances, but because they simply tire of adjusting coordinate values
on the wires page. Some programs have shortcuts that permit adjusting junctions
and wire groups together, but there are still multiple steps involved—and each be-
comes an invitation to drop, double strike, or transpose numbers along the way.
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Azimuth Pattern: Quad Loop
Free-Space Gain: 3.08 dBi; Source 7: 109 - j144 Ohms

180 Fig. 275

With our model-by-variable system in place, we shall change the loop dimen-
sions by changing only one number. For this step, we return to the equations page
and look back at Fig. 27-2. Where we had entered the value for A as W/8, we shall
enter a new value. To make the loop larger, we should choose a smaller value than
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8 as the denominator. To keep the story brief, let's replace 8 with 7.43. See model
27-2.

Had we exercised a preference for multipliers rather than divisors, we might
have started with a value of a of W*0.125. Given that choice of equation formula-
tion, to make the loop larger, we need a larger constant. The result would have
been W*0.1346 or thereabouts.

The change we just made will make no difference to the version of the wires
page that shows the assignment of variables to the coordinates of the structure. So
we shall by-pass that version of the wires page and go directly to Fig. 27-6, the
version of the wires page that shows the actual dimensions that result from the
revised value for A.
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The value for A is now (at 300 MHz) about 5.3, a full 7% larger than the value
with which we made our trial start. Each side of the quad is now about 10.6" long.
The question is whether we have achieved resonance. So let’s run the model once
more.

Azimuth Pattern: Quad Loop
Free-Space Gain: 3.32; Source Z: 129 - j0.2 Ohms
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Fig. 27-7 shows the free-space azimuth pattern of the antenna, with the critical
data added at the top. The loop achieves a resonant impedance of 129 Ohms,
indicating that our initial task is complete. At this point, we should take a moment to
appreciate the time we have saved in creeping up on the resonant dimensions of
this simple loop. A little time spent with an initial analysis of the antenna geometry
resulted in a much larger amount of time saved in the optimizing process.

Wire Diameter as a Variable

There is a limitation on the exercise we have just run. In order to focus on the
aspects of dimensional modeling by the use of variables, we let the wire diameter
become a constant. In virtually all programs, selecting a wire size from a chart—
that is specifying the wire size in AWG values—creates a constant. For some pur-
poses, it is better to make the wire size a variable. See model 27-3.

Therefore, let's return to Fig. 27-2 and add a new variable B to our list. We
might simply list the value of B as 0.032 or so to represent the diameter of #20 AWG
wire. However, let's go to the trouble of making the wire size a function of a wave-
length. If we let B = W/1227.68 (or W*.008145), we shall have captured the diam-
eter of #20 wire at 300 MHz. Wire size tables are readily available in many basic
radio and electronics handbooks. Keeping a table handy at the computer is never a
bad idea.

We must now go back to the “variables” version of the wires page and replace
all of the wire diameter entries with “=B” to put the variable into effect. The end
result on the dimensions version of the wires page will look like Fig. 27-8.

| shall not guarantee that the wire diameter shown is accurate for #20 AWG past
the first 4 decimal places in inches, since paper tables end at that position. How-
ever, the wire size that is twice that diameter is listed at 0.0641, indicating the next
digit in the #20 sequence is just below a 5. Some computer tables go much fur-
ther—to 6 or more significant figures. Procedurally, one can seek out a value of the
divisor (or multiplier) that yields a usable wire diameter value. Or, one can simply
divide the wire size of #20 AWG by a wavelength. The actual wavelength is avail-
able on the equations page by clicking the Fn button. (For 300 MHz, the length is
39.34383202", according to the spreadsheet. If we divide .0320473 by this number,
we arrive at about the same number for the divisor: 1227.68 or so. Once more, the
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calculating machine provides more digits than would be useful to most operational
tasks. 6 significant digits are far beyond relevance to any imaginable task.)
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What we gain by making the making the wire diameter a function of a wave-
length is a good bit more than the little trouble it took to create the variable and to put
it into place on the wires page. Here are just two examples.

1. Units conversion: Programs vary in the manner in which they handle the
conversion of units. When changing units in some programs, it may be possible to
specify whether we convert all of the numerical values or whether we keep the
numerical values and only change the units they represent. In other programs, a
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change of units only changes the conversion factor for getting everything into meters
for the NEC run. In such programs, any changes in numbers will be a task for the
modeler.

Design by variables and equations can change all of that. Since we defined all
of our physical dimensions as functions of a wavelength, changing the units of mea-
sure will automatically change all of the physical values. If we remember from Fig.
27-2, the value for W, a wavelength, included adjustment into the currently selected
units of measure by taking into account the adjustment factor for the eventual con-
version into meters. Hence, the numerical value of W changes with each change
we make in the units of measure. And if we change the value of W, then the values
of A and B (the variables in our example) also change to the correct values for the
selected unit of measure.
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As an experiment, let us change from inches to millimeters. See model 27-4.
The units of measure are listed in NEC-Win Plus at the right and above the geom-
etry table. To see what happens with our change to millimeters, see Fig. 27-9.

The numerical difference in all of the values on the dimensions version of the
wires page are instantly evident. Since the physical lengths and diameters have not
changed, running the program from this version of the page would make no differ-
ence in the output. Fig. 27-7 would still tell the same performance story. The NEC
core input procedures would reconvert everything into meters for further process-
ing.

2. Frequency scaling: Complete frequency scaling requires that we multiply
every dimension of an antenna by the ratio of the old frequency to the new fre-
guency. Hence, if we go lower in frequency, we obtain larger dimensions, and vice
versa. There may be a very slight adjustment to be made for differences in skin
effect, but if we scale the wire diameter as well as the wire lengths, we come as
close to perfection as is possible.
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If we fail to scale the wire diameter, we will find that the antenna at the new
frequency may not perform as it did at the old frequency. The greater the frequency
jump, the greater the difference in performance, if we simply let the wire size be a
constant. For perfect scaling, we must make the wire diameter—like the wire
lengths—a function of a wavelength.

Fig. 27-10 shows the dimensions version of the wires page of our quad loop.
The only alteration made was to change (at the upper left corner) the frequency. We
moved from 300 MHz to 144 MHz. On the equations page, since F changed, so to
did W, the length of a wave, and so on through every variable defined in terms of W.
The result is the series of numerical values shown in Fig. 27-10.

It is not necessary to show an azimuth pattern for this new antenna, since it is
identical to that in Fig. 27-7. The reported source impedance is 129 - j0.4 Ohmes.

The wire diameter calls for comment. Our new diameter is 0.067", which does
not coincide exactly with any AWG value. However, it is close enough to #14 AWG
(0.0641") that using this size would likely turn up no measurable differences in loop
dimensions—given the variables of physical construction.

The exercise does suggest that there is a limit to physically scaling antennas.
When the wire diameter reaches unreasonably thin or thick values, it is time to
redesign the antenna. If we scale our 300 MHz loop of #20 wire to 28 MHz, it calls
for 0.343" diameter copper wire. This diameter is an unreasonably heavy wire for a
guad loop (unless one simulates it with a double strand of thinner wire, spaced to
achieve the same resonance with the same loop length). Nevertheless, the model
shows a resonant loop with a source impedance of 128 - j0.8 Ohms: a good model
without any hope of direct implementation.

Is There More?

The exercise we have just run is only the beginning of modeling by the use of
variables and equations. We took the process beyond the first step of merely as-
signing numerical values to our variables. By letting each variable be a function of
a wavelength, we accumulated some advantages in addition to saving time in opti-
mizing the antenna structure for a desired set of operating parameters. We gained
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the ability to switch units of measure and operating frequencies with a simple choice
in each case.

The type of modeling we have done—using wavelength as the key to our vari-
ables—can be simulated in other programs. For example, EZNEC allows direct
conversion on its wires page from dimensional units either to other dimensional
units or to wavelengths—uwith the wire diameter an additional option for this latter
conversion. Much of what we have so far done can thus be accomplished in either
popular NEC program.

There are instances where simpler schemes for assigning variables may be
preferable, but they would not have been as interesting. In the other direction, there
are two directions in which we should look before leaving the subject of modeling by
variables. One is how we might deal with more complex antenna structures, for
example, those involving numerous elements. The second direction involves more
complex equations by which we might specify the dimensions of an antenna ele-
ment. This latter task is restricted to programs that contain a complete equations-
and-variables facility. We shall also want to take a longer look at the importance of
conventions in making the task of modeling by variables and equations as efficient
as possible.

* % *x % *

Models included: 27-1 through 27-4. (Due to the nature of the models, they are
available only in the .NWP format.)
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28. Modeling By Equation: B. Bigger and Better Things

In the last episode, we took a look at modeling antennas through the use of
variables and equations. Our antenna was a simple square quad loop. The tech-
nigue we chose, from the many possible ones, was to define variables for element
length and wire diameter in terms of fractions of a wavelength. For initial simplicity,
we kept everything in free space.

In this installment, we shall move on to a moderately complex antenna—a 3-
element quad. After we model it in free space, we shall move it over ground to see
what that move might require by way of revisions to our variables and equations.
Before we embark on this journey, let me throw in a few reminders about the impor-
tance of adopting conventions in your modeling.

The Many Faces of Conventions

Effective and efficient antenna modeling requires more than a random approach.
The more systematic we become, the fewer things we have to decide in each mod-
eling task. Not only do we save time, but as well, we are less likely to commit errors
in the construction of our models.

The rules of the modeling programs set some boundary limits to the ways in
which we can proceed. Within those limits, we have a good bit of flexibility. Some-
times, we need to make use of that flexibility and model some special structure in an
unusual but correct way. Most of the time, however, we are more likely to speed
success in our modeling efforts if we develop some good procedures and stick with
them until the special case comes along. | tend to call these procedures conven-
tions. There are several types.

1. Structural procedures: Creating a model, wire by wire, is best done by devel-
oping certain habits. For example, with linear elements, we can model from left to
right or from right to left for each element. Either way permits us to track the cur-
rents along the element and easily read other portions of the NEC data output in
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ways that modeling from the center outward only confuses. However, our linear
progressions should always move in the same direction from model to model.

|
-X ! +X
Wire 3 L _
- A ""l Wire 2
i +7
|
et 28 : s
| _GenterpPointy | ________
0,0 :
i
|
28
A |
! -z
I
Wire 4 :
- |
] ! Wire 1
Loop Conventions I Fig. 281

Loop elements, such as the one shown in Fig. 28-1, offer us additional opportu-
nities to create conventions in our modeling. Since a loop is a continuous element
composed of at least 4 wires, we shall normally encounter fewer confusions and
errors if we model the circumference in a regular progression. The sketch shows a
counterclockwise progression. Clockwise progressions are also good, but we should
adopt one or the other for all of our loops.
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Fig. 28-1 also shows the loop symmetrically placed around a center point. For
initial free-space modeling, one should let the center point be 0,0, so that each
dimension of the antenna involves A or -A for each coordinate point. The advantage
of this procedure becomes evident as soon as we wish to place a second loop
behind or ahead of the first, but to use a different set of dimensions at the same
time. The 0,0-center point ensures that each loop is aligned with the next one.

A third facet of structural conventions involves the choice of coordinate axes for
various antenna dimensions. The Z-axis handles vertical dimensions automatically.
Some early programs for slower computers used the X-axis as the axis of symme-
try, forcing the modeler to set elements as +Y and -Y dimensions. Those rules are
largely defunct, and the modeler can place side-to-side dimensions across either
the X or the Y-axis. The unused X- or Y-axis normally becomes the front-to-back
axis, if the antenna has more than one element.

The example in Fig. 28-1 uses the X-axis as the crossing point for the side-to-
side dimensions of the loop. Hence, the wires that cross this axis will have +X and
-X values. If we add further loops to form a beam, they will be spread along the Y-
axis. My preference for this arrangement is personal: it places the most changed
dimension—element length—in the left column of most wire geometry sheets for
easy visual identification. However, using the Y-axis for side-to-side dimensions
and the X axis for front-to-back dimensions is equally apt, and tends to align the
forward lobe of most azimuth patterns with the zero-degree azimuth mark on plots.
The goal is to pick one system (according to your modeling goals overall) and to
stick with it so long as it serves well.

Fig. 28-2 shows a representative set of front-to-back conventions. In this sketch,
all elements count their dimensions from the rear of the multi-element array, in this
case, the reflector. Itis setto zero. Each element will have a distance value that is
positive, represented by the variables D and E in the sketch. The advantage of this
scheme is that the total front-to-back dimension is always readily available to the
modeler. The disadvantage is that distances from the second to the third element
must be calculated.
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Element Spacing Conventions

Reflaector
Driver \
A Director
B '
s e ittt --Z=0
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An alternative procedure is to set the driver at 0 along the selected front-to-back
axis. Then, the reflector will have a negative value and the director (or directors) will
have a positive value. Athird scheme occasionally used is to set the array in equal
distances forward and behind the zero point. However, this system can only be put
in place after the final front-to-back dimension is known.

For our work in this episode, we shall use the conventions shown in the sketches.
| note this fact so that you can read the antenna structures directly from the screen
captured graphics. If you model the subject antenna, give some thought to translat-
ing the model into the structural conventions you typically use. If you return to the
model at a later date, you will be more likely to read the model correctly.

2. Equation conventions: When constructing values for the variables out of
which you will build the antenna model, give some preliminary thought to the ways in
which you will develop the variables. Of course, the simplest system is to simply
assign variables a numerical value. This system permits multiple dimensional
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changes with the change of a single value on the equations page. However, it is
limited insofar as it does not permit full scaling of the antenna structure.

Let's look at a different sort of example.
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Fig. 28-3 shows the equation set for a 3-element quad beam consisting of a
reflector, driver, and director. The page actually reveals a great deal of information
about how the modeling is being conducted.
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The equations all relate the antenna dimensions to a wavelength. One might
choose to relate them to frequency. Although this latter scheme allows frequency
scaling, it does not provide automatic numerical value changes with changes of
units. Relating the numeric values to a wavelength provides both facilities.

The equations also arrive at the final values by dividing the length of a wave by
a certain number. Alternatively, one might have multiplied a wavelength by the re-
ciprocal of the divisor, if that scheme is more efficient for a given modeler.

There are also some conventions at work that logically group the values in the
total set. A, B, and C are the variables controlling the reflector, driver, and director
wire lengths, respectively. Note that each element has an independent equation
related back to W, a wavelength. It is also possible to develop one variable, for
instance, the driver, and then to key the reflector and director dimensions as func-
tions of the driver.

Since the reflector will be set to zero along the Y-axis, D controls the reflector to
driver spacing and E controls the reflector to director spacing. Even within the scheme
used to assign values, one might have reorganized these variables. However, con-
sistency from one model to the next reduces confusion and errors.

The wire diameter is assigned to H, with G reserved. Since the initial model will
be in free space, no height equation is necessary. However, to keep the dimen-
sional variables well grouped ahead of the wire diameter, G is reserved for later use,
while the wire diameter moves to H. Later, when we move the model over ground,
G will have a value. More importantly, you will be able more easily to correlate the
components of the free-space model to those of the model over ground.

The end result is the use of A, B, and C for dimensions to be placed in the X
column, D and E for dimensions to be placed in the Y column, and G for dimensions
that go in the Z column. (Since the quad had a vertical dimension to begin with,
using A in the Z column is, of course, inevitable.) Wire diameter comes last.

No magic attaches to this particular system. It serves to illustrate one of many
possible orderly schemes that permit easy reading by both the modeler and others.
Nonetheless, in the process of suggesting that each modeler develop conventions
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that best facilitate modeling, | have also managed to explain the ones used in this
exercise.

Onward to the 3-Element Quad

Fig. 28-1 and Fig. 28-2 together showed the outline of a typical 3-element quad
beam consisting of reflector, driver, and director elements. Fig. 28-3 listed the de-
sign equations for the antenna. How these dimensions translate into values ap-
pears in Fig. 28-4, the equations page set to show numerical values.
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As we did with the simple quad loop, we have used 300 MHz and free space as
the background for the antenna. See model 28-1. You may recognize the wire
diameter as equivalent to #20 AWG. Also notable is the fact that adding to the num-
ber of elements in an array tends to multiply the number of variables required to fully
describe the antenna.

Two items are notable about the page shown in Fig. 28-4. First, the variable G
has been left blank, with the wire diameter registered as variable H. G will be used
later to set a height value for checking the model over ground. Second, the variable
E shows the total length of the antenna array from back-to-front. There would be no
harm in defining further variables to provide instant calculation of the spacing from
the driver to the director. By defining | (for example) as E - D, we would obtain that
value, even though we do not plan to use the variable | in the set-up of the antenna
geometry.
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In addition, we might set other variables as ratios of the reflector to the driver
length or the director to the driver length. Not every equation we define has to be
used in the antenna geometry itself. Fig. 28-5 shows the actual geometry of the 3-
element quad, described in terms of the variables we have just defined. The Y
columns have been assigned the back-to-front dimension. Recording the variables
for these distances has the additional benefit of allowing us easily to identify which
element is which.

The X and Z columns record the variables associated with each of the elements,
expressed in terms of the half-length of each side of the quad. Note that each
element follows identically the same pattern of development around the perimeter
of the loop. Consistency of geometric layout is an aid to error detection as well as to
later interpreting NEC output data.
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The final step in preparing to run our model consists of looking at the actual
dimensions on the wires page (Fig. 28-6). In that process, we also note that the
antenna is of copper wire and that the source segment is placed on the lower hori-
zontal wire of the second (driver) element. It now time to run the model.

Azimuth Pattern Plot [_ O] =]
File Edit Legend Options

Free-Space Azimuth Pattern: 3-Element Quad
Gain: 9.5 dBi; F-B: 20.8 dB; Source Z: 28.0 - j0.0 Ohms

180 Fig. 287
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The data we gather from the NEC core output is gathered together in Fig. 28-7.
The free-space gain of this quad is about 9.5 dBi, a very respectable value for a
monoband 3-element quad design. The gain is about 1.4 dB better than a 3-ele-
ment Yagi having the same boom length and configured for a similar front-to-back
value in excess of 20 dB. Given the smaller diameter of the wires in the quad
relative to what would be typical for a Yagi at the same frequency, the modeled quad
achieves as much as possible of the theoretical gain of quads over Yagis.

The front-to-back figure should be referenced to the azimuth pattern. Although
the pattern does not show trace lines that would identify the bearing for the front-to-
back ratio, the value shown is clearly related to the strongest rearward lobes. In fact,
early versions of the program used (NEC-Win Plus) routinely provided the worst-
case front-to-back ratio. The more common 180-degree front-to-back ratio can be
extrapolated from the pattern itself and approaches 25 dB. More exacting figures
can be derived by comparing the forward gain (heading 270 in the example) with the
rearward gain (heading 90 in the example).

Above Ground

To place the antenna above a desired ground requires two steps. The firstis to
define a ground. Fig. 28-8 shows the selection of the Sommerfeld-Norton ground,
using the values for good ground (conductivity = 0.005 S/m; dielectric constant or
relative permittivity = 13.0). Since the antenna is configured for horizontal polariza-
tion, the actual ground values chosen will not have a very significant effect upon
antenna performance at heights greater than 1 wavelength above ground. See
model 28-2.

Fig. 28-8 also shows how we plan to establish the antenna at a certain height
above the ground we have just defined. The variable we earlier reserved is now
assigned the value of 2*W, indicating a height of 2 wavelength. However, this entry
does not say how we shall implement the height. Let us assume that the 2-wave-
length height represents the height of the center of the quad structure. This is a
common practice—and a good reason for centering each of the elements of the
guad array on the same axis line.
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On the equations page, we could have used variable G to define several further
variables. We might let | = G-Ato cover the lower reflector element and J = G+Ato
handle the upper reflector element. We would need 4 more variables to cover all of
the quad elements. However, there is a simpler method, shown in Fig. 28-9, the
wires page using the variable entries version.

When entering the antenna geometry as a set of variables, we are not limited to
single letter assignments. We can enter more complex equations involving those
variables. The equations can involve complex functions, but in the present case,
we only need simple addition and subtraction involving the variable for the antenna
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height and the loop dimension variable. Lower wires will be below the value of G
and upper wires will be above the value of G. Note that values in the X and Y
columns are unaffected: everything we need to modify in order to place the antenna
above ground occurs in the Z axis column.
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Fig. 28-10 shows the results of our new variable and our revised symbolic struc-
ture in the dimensions version of the wires page. The center of the antenna is about
6.5' above ground, with the upper and lower horizontal wires less than 6" distant
from the center position. Of course, at this point (or any other point in the model
development process), we could have selected other dimensional units. Any read-
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ers outside the U.S. will prefer millimeters for the dimensional unit for an antenna at
300 MHz.
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The final element to note before running the antenna model is the revision made
to the azimuth pattern request. Only free-space NEC models should request an
elevation angle of zero degrees. In this case, the elevation angle will be 7 degrees,
the angle of maximum radiation or take-off angle.
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Fig. 28-7 captured the shape of the azimuth pattern of the antenna placed 2
wavelength above average ground. Only the detailed information requires revision.
The array shows a gain of 15.1 dBi, with a worst-case front-to-back ratio of 20.7 dB.
The feedpoint impedance is 29 - j0.0 Ohms.

Since the model uses #20 wire at 300 MHz, it can be reasonably scaled to other
VHF and UHF frequencies commonly used in amateur radio. Scaling to 2 meters
will permit the use of #14 wire. However, scaling down to 6 meters will require
something close to #4 wire to preserve the exact balance of factors in the design.
Changing to a more common wire size—#12 or #14 AWG—uwill require adjustment
of at least the variable for the driver wire length. You may also wish to experiment
with the values for the reflector and director to see if changes in their dimensions
result in better or worse overall antenna performance. From that point, you may
wish to do some further scaling and adjusting to optimize the array for HF perfor-
mance (on any band from 20 through 10 meters). In the process, you will certainly
note the greater ease that variables and equations lend to the process of manually
optimizing an antenna relative to having to change each dimension entry individu-
ally. If you like the results of your scaling and adjusting work, be sure to save the
results under different file names for each version you wish to preserve.

Same Song, Different Key
Rather than detail the potential for scaling the quad (which is only an example in

this context, but a pretty good example), let's take the same antenna and look atitin
another way. Fig. 28-11 provides the first step.
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Alternative Spacing Conventions

Reflector

Driver Director
A

B [

e e PP PP PR PR --Z2=0
-D Y=0 +E
- +
Fig. 28-11

In this view of the antenna, we shall treat the driver as the central element and
place it at the zero point on the Y-axis. The reflector will use a negative value to
record its position behind the driver, while the director will be placed ahead of the
driver with a positive value.

At the same time, we shall let the driver be the central element in another sense.
We shall define the length dimensions for the reflector and the director in terms of
the driver length. To keep our focus upon these elements of designing by variables
and equations, let’s place the antenna back into free space.
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Fig. 28-12 shows the results of our work, at least with respect to defining the
basic variables we shall use. Note that the values for A and C are defined in terms
of B. The order of definition does not make a difference: the spreadsheet form will
find B and use it to determine the numerical value of A (as well as C). In this exer-
cise, | have also changed from the use of denominators to the use of multipliers to
set the values. See model 28-3.

In addition, the spacing is now defined in the terms set forth in Fig. 28-11. If we
wish to know the total array length, we can always define an extra variable as the
sum of D and E.
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[E2| MEC-Win Plus+ [eq7_nwp] [NEC Needs to be Run) S =] E3

Fil= Edit Configure Command: Help

Dl@lnl%l 5 ||E,| Iﬁ @lﬁl EI $Ln.IR| i |@| &I ﬂl IAntennaEnvimnment j EJ

-Frequency [MHz] -  Ground - —  Radiation Patterng ———————— -Geometry
Start: |SDD Mo Ground - 1*ehz¢360° EI=1",5hep=1" | _;,l |
I J 0°<El<180° 4z=0" 5tep=1" O / '/‘
End: 300 i
10 |==8%
jzes |1 x —
RbES: Edit I il ﬁl _;J £ = 5l Ohm [ Stepped inches
| A16 | 3-Element Quad, Wires Page; Variahle Entries Fig. 26-13
T e e e e e e e Ol | Coneuct [SrciLd | 2|
1 1 =, =D =A =4, =D =4 =H Copper [al] —
2 1 =, =D =4 =4, =D =, =H Copper am
311 =, =D =, =-f, =D =, =H Copper am
4 11 = =0 =4, =4 =D =4 =H Copper 0M
a1 =B u] =B =B u] =B =H Copper 1M
B 11 =B 0 = =B 0 =B =H Copper omn
7 =B 0 =B =B 0 =B =H Copper omn
g {11 =-B u] =B =-B u] =-B =H Copper am
a |11 =-C =E =-IC =C =E =-C =H Copper am
10 111 = =E = = =E = =H Copper am
11 1 = =E = =i =E = =H Copper 0m
12 11 =i =E = = =E = =H Copper 0n
3 =
i k[, wires Equations A, NEC Code A Model Paams /7 [l

The changes we have made to the equations page will require some revisions to
the variable entries version of the wires page. See Fig. 28-13. Actually, only the
variables assigned to the Y columns require change from the earlier example. The
reflector is at -D, while the director is at +E. Using negative values for variables on
this page allows us to simplify the equations page by letting most, if not all, of our
basic equations be expressed in positive values.

Chapter 28 ~ Modeling by Equation: B. Bigger and Better Things



Antenna Modeling Notes: Volume 2 54

MEC-Win Plus+ [eq7.nwp] E=
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3 [11 51930207 59409186 51930207 51930207 -5.9409166 51930207 | 00320473022 Copper | 040
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Flipping to the dimension entry version of the wires page shows that the result-
ing antenna is virtually identical to the earlier version. Compare Fig. 28-14 to Fig.
28-6. The numerical values for the two models are the same through 3 decimal
places—which is at least one more than any practical application would call for
when the dimensions are in inches. Consequently, we can expect the performance
reports from the NEC core to be virtually identical for the two models.

We have not explored all of the permutations and combinations of ways in which
we can construct models using variables and equations. The procedure with which
you become most comfortable may not coincide with either of the variants we have
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explored. However, developing a consistent procedure—except where a specific
task may dictate otherwise—will go a long way toward naturalizing the process of
modeling in this way. The larger the model, the more crucial it is to adhere to con-
ventions that yield the quickest error detection, the clearest readout of your work,
and the greatest ease in modifying the model en route to the perfect antenna.

Once you have developed a sense of the conventions of modeling that work
best for you, the door is open to the use of more complex equations. The ones we
have explored have been of the simplest kind. Indeed, the more complex that
modeling tasks grow, the more important it becomes to adopt—and to record—a
set of conventions that all models will use.

Within many engineering corporations, there is an A®> manual: Abbreviations and
Acronyms. All corporate staff, including management, engineering, and technical
writing, are expected to use abbreviations and acronyms according to the manual,
even though the task of cleaning up after careless staff members usually falls to the
technical editing group. If antenna modeling becomes a standard tool within engi-
neering, an “AMC” (antenna modeling conventions) manual should become as much
a part of the work environment as the A®* manual. Work passes from hand to hand
in the process of development and review. Vital (and costly) man-hours can be
saved if everyone works in the same direction, that is, according to the same mod-
eling conventions. For the individual, an equivalent saving of time and energy ac-
crues to the consistent use of conventions. Reviewing efforts that are several months
(or years) old is much easier if the earlier work adheres to the same conventions
currently in use. It certainly would not hurt the individual—even the casual—mod-
eler to keep a notebook to record conventions that emerge as projects grow more
complex.

We have so far employed only simple equations to set up our models. We have
hardly taxed even the rudimentary levels of what a spreadsheet can provide. There-
fore, let's take one more look at the process of modeling with variables and equa-
tions in the next column. We shall keep a sharp eye out for what we can do with
slightly more complex equations and model set-ups.

* % *x % *
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Models included: 28-1 through 28-3. (Due to the nature of the models, they are
available only in the .NWP format.)

__
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29. Modeling By Equation: C. Formulas and Blocks

We have been looking at some of the elements of modeling via the use of vari-
ables and equations in slow motion for the benefit of newer modelers who have
never modeled in this manner before. Our progress into new territory will be equally
patient, since there are better and worse ways of getting to various ends—and we
want always to choose the better way. Since we are working with the variable and
equation provisions of a specific program—in this case, NEC-Win Plus—it is inevi-
table that certain aspects of the work will be program-specific. The more detail we
understand about the processes, the easier it will be to adapt the procedures to
other programs having the same capability.

This is the third episode of this sequence (but perhaps not the last word that will
ever be said in this series about modeling by equation). We shall look at the rudi-
ments of other mathematical techniques used to define variables—leaning espe-
cially on alittle trigonometry as applied to spreadsheet formulations. In addition, we
shall also explore ways to cut long repetitive model-creation tasks down to simple
work. Finally, we shall look at when and how to freeze a design that we initially
create for frequency-scaling purposes.

A Little Trig

Many antenna designs are amenable to trig-treatment. Theoretically, most an-
tenna designs can be handled with trig, since we can transform almost any geom-
etry into a collection of angles and triangles. For example, a linear element can be
viewed as two lines with a 180-degree angle. This way of thinking, of course, gets
into the extremes of the unnecessary, although there are always a few folks who live
by the motto, “Stop! Look! There must be a harder way!”

More realistically, loop antennas—especially triangles or “deltas"—are most apt
for trig-treatment. So let’s pick one and see what we might do with it.
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Fig. 29-1
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Fig. 29-1 shows a typical equilateral delta, much used on the lower HF bands.
The antenna consists of 3 sides of equal length (z). Since the angles of every
triangle add up to 180 degrees, each corner angle is 60 degrees. Now we can
appeal to basic trig functions to determine the values of +/-y and x so that we can
model the antenna within 2 of the 3 cartesian dimensions that form the basis of
model construction in NEC. Note that we have cut the equilateral triangle in half
along a vertical line to get two equal right triangles. This conversion makes the
calculation of dimensions much easier.

The two most important trig functions to absorb are sine and cosine (abbrevi-
ated “sin” and “cos”). The sine of an angle in a right triangle (or sin X in the sketch)
is simply the length of the side opposite to the angle (X) divided by the hypotenuse
(2). The cosine of that same angle, or cos X, is the side adjacent to the angle (y as
equaling half the length of the base) divided by the hypotenuse. Now, if we know the
angle and the hypotenuse, we can derive the length and hence the coordinates of
the remaining sides. Of course, we also need to know some values for sines and
cosines.

Many modelers keep a few handy trig values in their head for rough calcula-
tions. The sine of 30 degrees is 0.5, which is also the cosine of 60 degrees. The
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sine of 60 degrees is about 0.866, which is also the cosine of 30 degrees. With an
angle of 45 degrees, the sine and the cosine are equal: 0.707. These familiar num-
bers are handy and deserve commission to memory. However, if we model using
variables and equations, we only need the numbers to check up on our work—an
error detection system.

Since a delta loop has a circumference of about 1 wavelength, we know that
each side is about 1/3 wavelength long. We also know that the equations for half
the base and the overall height shown in Fig. 29-1 are simple transformations of the
basic trig relationships. Now, we can let the spreadsheet equations-system of the
program help us create a perfectly general delta loop. See model 29-1.

Fil= Edit Configure Command:  Help

Dl@lnl%l & ||E|| ﬁ @l‘f?l EI $WR| bk |@| _@ EI IAntennaEnvironment d iﬂd

Frequency [MHz] -Ground———————-— —Radiation Patterng ———————  Geometry ——————
Stark 7 Mo Ground - 1*¢Az<360° El=1" Step=1* e
I I J 0°<El< 1807 Az=0",5tep=1" M
End: I? = 5‘”‘5‘
aallen -1 N
Step Size: [1 Edt | +| & =] zo-12880m | |- Greped i
e [war. Fig. 292
A B | [ D R B e e
1 |var. |Value Comment Scratch Pad b
2 = |7 Primary Frequency (MHz)
3 = |=2899.8/82Model P{="vwavelength"&Model Params!FBESE"
4 |p = |=n2.a4 Detta Sicle Lencth
5 |B= |=arsiigG.28325) |Detta Height (2)
6 |c= |=mcosis2s3261]1/2 Detta Base (+i-x) Equilateral Delta
7 D= Equations Page
a4 |E=
9 =
10 =
11 1=
12 )=
4iqp|} Wires ., Equations 4 HEC Code A hiodel Paramz 7. I
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Fig. 29-2 shows the equations page for an equilateral delta loop. And nothing
seems to correlate with what we have just said. The length of the hypotenuse (A) is
not shown as W/3, but as W/2.84. The loop is larger than a wavelength in circum-
ference, as it was with the quad loops we looked at earlier. Actually, the denomina-
tor of the equation for Awas derived by resonating the final model—which used #12
AWG copper wire in free space—to a source impedance of 117 - j0.4 Ohms at 7
MHz. (We can by-pass absolute generality of design with the wire size specified in
terms of a wavelength for this exercise. However, that option is always open to the
modeler.)

The second deviation from our initial discussion includes the equations for B
and C, the height and half-base length equations. The deviation results from the
fact that spreadsheet math is a derivative of Basic, a programming language that
does all its angles in radians rather than degrees. To use radians effectively re-
quires that we remember just one fact: a circle has 2*PI radians or 360 degrees.
Hence, to convert an angle from degrees to radians, we simply divide 2*PI by the
result of 360/angle, where “angle” is the angle with which we are concerned. Since
our equilateral triangle uses an angle of 60 degrees, 360/60 = 6. Plis about 3.1416,
so 2*Pl is about 6.2832. Hence, our angle in radians is 6.2832/6. We shall let the
spreadsheet finish the calculation, but we know the angle is a little over 1 radian.

Remember: if you forget to make the conversion into radians, your results will
not make any sense at all. As well, you may do some of the conversion calculations
on the scratch pad facility available on the equations page of NEC-Win Plus.

We can construct our equilateral delta by using the variables we have just de-
fined, as shown in Fig. 29-3. The baseline of the delta lies along the X-axis (at Z =
0) from -C to +C, with the source centered. The two angled wires go to or from
these end points to a common height, B. This is the easiest part of the process.
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MEC-%in Plus+ [deltaeq nwp]
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Flipping from the variables version of the wires page to the dimensions version
in Fig. 29-4, we find the final results of our modeling. Note that this will not neces-
sarily be the first set of values you see if you begin the process by setting A = W/3
and then refine the denominator by checking for resonance. However, at 7 MHz
and using #12 AWG copper wire in free space, this is where you will end up.
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Sometimes, trig can simplify our equations more than we might initially expect.
Consider the right-angle delta, an alternative version of the delta we just explored.
We shall retain the same wire size and material, and we shall keep the antenna in
free space. Our interest will be in the angles, shown in Fig. 29-5.

First, let’'s think about the perimeter of the right-angle delta. If we start with a
wavelength, it is divided into three legs, but only 2 of them are equal: z. However,
we know that a right triangle has two 45-degree angles and a 90-degree angle. The
length y is the cosine of angle X times Z. Since the sin of 45 degrees is 0.707,y is
.707*z, and the total length of the base is 1.414*z. (We can also use the old right-
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angle theorem from plane geometry: the square root of the sum of the squares of
the two sides of the entire right triangle is the length of the entire base, which is the
hypotenuse. The base is still 1.414*z.) So in terms of z, the total perimeter is
3.414*z. In terms of a wavelength, the length of z will be W/3.414 as a starting
value.

x=y=z*sinX

£
Fig. 295

Right-Angle Delta

One of the conveniences of a right triangle is that the sine and the cosine of 45
degrees are both 0.707. Hence, we can define our right-angle delta with only two
equations, one to define z in terms of a wavelength and one to define both the
lengths x and y. Let’'s now turn to the equations page of our spreadsheet.

In Fig. 29-6, we find the final equations for the right-angle delta. See model 29-
2. Values for the X- and Z-axes appear in the equation for variable B. This follows
the same pattern we used earlier in converting from degrees to radians. We recog-
nize the value of 2*PIl. The denominator of 8 derives from dividing 360 degrees by
45 degrees.

The final value for A comes from adjusting our initial denominator of 3.414 until
the antenna achieved resonance with a source impedance of 196 + j0.6 Ohms.
Once more, for a loop, the final size to give 1-wavelength resonance will be physi-
cally longer than 1 wavelength.
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NEC—Win Pluz+ [deltara.nwp] (Model Haz Been Edited - HNEC Meeds to be Run]

Eile Edit Configure Command: Help

Dlﬁ’,lnl@l & ||ﬁ| I-E @lf' El Slnlnl z |®| _@ EI IAntennaEnvimnment j iﬂd

Frequency [MHz] Ground —— | [ Radiation Patterns | [ Geomelrp —
Start: 7 Mo Ground - 17z 3607 El=17 Step=1" A
I I J 0°<Ek 1807 Az=0" Step=1* QI/_Iﬁl
e [7 | =g
P e
Step Siee: Edi +| ®| §| Zo=126800m | [ Stepped i
B6 | Fig. 296
A B | C T e F s Ee) ) o [
1 var. |value Commerit Scratch Pacd e
2 [F= |7 Pritnary Frequency (MHz)
3wy = |=299.882Model P{="vWavelength" &odel Params FBE55"
4 |n = [SW3 2T Delta Side Length
5 = |=A*SIN(E.253205) |Delta Height (Z) & 1/2 Baze (+-X)
B |C=
7 = Right-Angle Delta
8 = Equations Page
9 |G=
10 H=
11 |I=
12 1= _
4 h Wires A Buations NEC Code A Nodel Params 7 [l

The simplification of our set-up also shows up in the variables version of the
wires page, Fig. 29-7. For a right triangle, we only need to set the baseline ends at
-B and +B, and the height will be +B. For both deltas, we set the baseline at zero on
the Z-axis. Should we wish to center the model vertically, using +/-Z values that are
the same, we shall have to wait until we know the final physical dimensions, or we
shall have to create a further equation for this purpose to the short list on the equa-
tions page. For example, we might have defined C as 1/2 the value of B and then
specified Z coordinate of the baseline as -C and the peak as +C. Once we start
down the road of modeling by equation, we can get as sophisticated as we desire.
The key questions are these: Do we need the added fanciness? Will the resulting
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model be easy to read in the future? For this example, a baseline of zero on the Z-
axis will do just fine. If we develop a special need later on, we can adjust the
equations. For example, a particular project might set a maximum height. In that
case, we can revise the equations to work downward from that height.

HEC-%in Plus+ [deltara.nwp] E=l
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The final dimensions for the resonant right-angle delta appear in Fig. 29-8. As
always, round off the excess precision to the level appropriate to the task at hand.
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Something Bigger: A Helical Dipole

We have lingered over the basics of using trig functions in a spreadsheet model-
by-equations system to prepare ourselves for larger tasks. The larger task | have
chosen as an exercise is the creation of a helical dipole for 10 meters. What | wish
to achieve is a helical dipole that is under 10' from end to end for a frequency of 28.5
MHz, using #12 wire. Since | might run into difficulties with the limits of NEC if | wind
the helix too tightly, | shall specify a radius of 4".
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NEC must create a helix from straight wires. In fact, NEC has an input card that
will automate the creation of a helix, but that card is normally not available on entry-
level commercial versions of the program. No matter: manually creating a helix will
give us some understanding of what goes on when we implement that card in an
advanced NEC program.

Helical Dipole
#12 Copper Wire

28.5 MHz

Feedpoint "ﬂ_.

{Dual Voltage SuurcE]

Fig. 299

Fig. 29-9 shows us an outline of the helical dipole. Almost any representation of
a helix made from straight wires will give some visual distortion of what is actually
happening to the wire, and Fig. 29-9 is no exception. However, we can see the
straight wire sections of each turn of the helix. Each one forms part of the circum-
ference and also proceeds part way down the line from one end to the other. Since
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each wire is the same length, the increment of movement along the total length will
also be the same for each successive wire.

For the example, the total number of wires turned out to be an even number.
Hence, | specified a split feed, using the last segment of one wire (28) and the first
segment of the next wire (29). We shall look at the consequences of placing the
source in this manner later on. First, we need to figure out how to make up the turns
of the helix.

Elements of a "Straight-Wire" Helix Fig. 29-10
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Fig. 29-10 shows the cross section of one complete turn of the helix. Since the
length of the entire assembly will lie along the X-axis, the turns will be defined for the
Y- and Z-axes. The circle shows the true helical shape. For this exercise, | have
chosen to use a hexagon as the substitute. An octagon would have been truer to
the circle, but the hexagon is more interesting for our purposes. Obviously, when
translating the final model into a physical antenna, we would likely discover that a
true circular radius a bit under 4" will best capture the model.

A hexagon can be subdivided into a collection of equilateral triangles. If we let
the radius lie along the Y-axis, the first set of X, Y, Z coordinates will be 0, 4, 0,
indicating no progress along the length of the antenna, and a peak of +4" on the Y
axis.

The angle between successive points of the hexagon is 60 degrees. Therefore,
we can use the same subdivisions of each triangle that we used with the equilateral
delta. The value of Y for the second point will be half the base, or 2". The height of
the triangle will be the sine of 60 degrees (0.866) times the radius, which becomes
the hypotenuse of the triangle. The result is 3.46 for the Z-axis. The value of X
increases by 2", which is half the radius.

Continuing counterclockwise, the values for X increase regularly. However, the
values for Y and Z are simple repetitions of the values already derived, with some
sign changes depending on which side of the axis the value falls. Consequently, we
can define our helical dipole with very few equations.

Fig. 29-11 shows the equations page for the final helical dipole. See model 29-
3. The values used in the equations are fussy beyond belief—simply because |
wished the subsequent wires page to have simple numbers. The radius is defined
in terms of a wavelength at 28.5 MHz. The extended decimal value is simply what
was necessary to get a radius of 4.0000000". Likewise, the value of 2*Pl is carried
out to many significant figures so that the equation shown on the working line (B5)
would yield exactly 2.000000". You may truncate these values to practical sizes—if
you are willing to live with longer decimals on the wires page.

The equations page also involves a small fudge, intentionally placed there to
illustrate a point. The denominator for variables B and C is 12. The number is the
result of dividing 360 by 30. However, since the sine of 30 degrees = the cosine of
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60 degrees, and vice versa, we simply assign the cosine of 30 to the Z-axis and the
sine of 30 to the Y-axis to arrive at correct values. Familiarizing yourself with a little
trig is very handy in antenna design. However, not in every case can you get away
with doing something backwards.
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The variables we have just defined complete one turn of the helix. The next
guestion is how we create the total structure of the entire dipole.
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Fig. 29-12 partially reveals a wires page, showing the variables through wire 29
of the 56 total wires in the model. There are just enough lines to show the source
assignments. The wires table has some features we have not shown to this point.
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Let's begin with the easy part. Note thatthe Y and Z columns repeat themselves
periodically, in fact, every 6 lines. To create the first 6 lines in each column, we
manually enter the variables. Then we copy that block of 6 lines in the column and
paste them to the next six lines. We can continue to paste until we reach line 54, the
last line divisible by 6. The final step is to copy only the first two lines and past them
to lines 55 and 56.

Of equal ease is the specification of the wire diameter and material conductivity,
since each can be selected in a single block operation encompassing all 56 lines of
the model.

We have covered every part of the model except the progression of the helix
along the X-axis. Here we use another spreadsheet facility. We enter the values of
X on line 1. Then we set an equation on line 2 for the X-entries that, in each case,
references the first line box and the increment defined by variable D. The values for
X1 occur in column B, so the first formula become =B1+D. Likewise, for X2, in the
E column, we get =E1+D. The spreadsheet knows to read “D” as a variable from the
equations page and to read “B1” and “E1” as the values within the boxes with those
names.

So much for the hard work. Spreadsheets have a special function that works
this way. Let’s place the heavily outlined box onto line 2 and the column with the X1
values, which is B. We can now type CTL-C for “copy.” The value goes to what
Windows calls the “clipboard.” Now, with the mouse, block the entire column from
B3 (the next line) down to B56, the end of the model. Next, type CTL-V, which
pastes the value on the clipboard to the boxes in the block. However, remember that
this is a spreadsheet, and the special function is at work. Each new box value
created will have the same form as the original formula: it will use the preceding B
line and add D to it for the box at hand. Hence, the progression of values increases
regularly from line 1 to line 56. We do the same for the X2 column, which is column
E on the spreadsheet.

Had we wished to keep the precise value within box B2, we would have had to
signal that with a special sign. On this spreadsheet, surrounding B1 with $s (dollar
signs) fore and aft would have done the job. Other spreadsheets may use other
symbols.
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In the end, the laborious task of manually entering even the simple variables for
the model is reduced to about a 5-minute job. As well, we have reduced the poten-
tial for entry errors of all sorts. If an error appears, we know to look back to the
equations page or to the equations we entered on the variables version of the wires
page. Hence, error correction also becomes a short-order task.

Fig. 29-13 replicates the portion of the wires page shown in Fig. 29-12, but with
the dimensions rather than the variables. My fussiness with the equations makes
this page easy to read as an example. The increment of progression along the X-
axis is clear, and we can extrapolate that the total number of wires is 56, with a total
antenna length of 112". This value is under the 10' limit set out as a requirement for
the antenna. As well, the regular cycles of the turns in the helix are also clear, as
they repeat themselves every 6 wires.

If we run the model at 28.5 MHz, we will obtain two values of impedance, each of
which is about 12.68 + j2.69 Ohms. The impedance of the antenna for a single feed
is simply the sum of the resistances and reactances: 25.5 + j5.4 Ohms, which is
close to resonance. Although incidental to this exercise, the free-space gain of the
helical dipole is 1.74 dBi, about 0.4 dB below a full-length linear dipole for the same
frequency. Helical dipoles are certainly usable, but even as open a helix as this one
shows losses in dipole use. Had we tightened the increment or shrunk the diam-
eter, we would have seen even lower gain.

Nonetheless, the helical dipole has allowed us to create an extensive structure
using the equations and variables provisions of a spreadsheet entries page for our
model geometry. Other types of equations are certainly possible for other geom-
etries, but the trig relationships we used allowed us to draw out some of the features
of spreadsheet use. As well, the long repetitive structure of the helix gave us the
occasion to use some of the time-saving features that spreadsheets offer.

However, before we close the book on modeling by equations and variables, we
have one more question to pose. When is maximum generality too much general-

ity?
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Confining Our Models

Suppose we wished to do a frequency sweep for the range from 28 to 29 MHz of
the helical dipole we just designed for 28.5 MHz. Models designed by equations
and variables are linked to the “Start” frequency (in the upper left corner of any of the
screen captures shown) in NEC-Win Plus. Remember that we defined the variable
Ain terms of a wavelength and then defined the other variables in terms of the value
of A. If we change the start frequency from the design frequency of 28.5 MHz down
to 28 MHz, the dimensions of the antenna will change.

To preserve the dimensions of the design we just created, we must “freeze” it.
This task involves only one change in the equations page, and the change appears
in Fig. 29-14. See model 29-4.

Note that we have changed the value of A from a wavelength-dependent value
to a constant. The value of 4 (inches) derives from the dimensions on the wires
page that proved successful when we ran the model. Now, all of the other variables
depend on the set value of Aand are independent of the frequency. At this point, we
can set the frequency sweep with a start frequency of 28 MHz, an end frequency of
29 MHz, and any desired interval for the sweep check frequencies.

There is a technique for retaining all of the variables as wavelength-dependent
equations and still making the design frequency independent of the program “start”
frequency. Using the technique allows us to perform frequency sweeps without
altering the dimensions for each change of the sweep starting frequency. We shall
look at that technique in a future episode.
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Incidental to this exercise, but relevant to the modeling task at hand, is the fact
that the impedance against which SWR will be calculated has been set to the de-
sign frequency source resistance for each of the sources (12.68 Ohms). The result-
ing SWR curve will track a composite curve set to the value we might have used had
we specified only a single source for the antenna (that is, an impedance of about
25.36 Ohms). The helix, relative to the source resistance at or near resonance,
shows a 2:1 SWR curve that is about 700 kHz wide, slightly reduced from the curve
we might obtain from a full-length linear dipole of #12 AWG copper wire. These
curves will generally track the 50-Ohm SWR curve we might create with most com-
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mon, relatively lossless matching circuits between the actual antenna connection
point and a coaxial cable.

If our interest in this particular design goes beyond the modeling session, we
should save the revised model under a new file name. As afile in .NWP format, the
model will retain its model-by-equation features. However, we may freeze the model
as a simple set of coordinates by saving it as a .NEC file. Such files are useful for
transport from one program to the next. However, they contain only the result of the
spreadsheet calculations and not the equations themselves. For a simplified file in
.NWP format without the equations, we can always open the .NEC-format file that
we just saved under its new name and then re-save the file in the .NWP format.

The upshot of the move that made the helix radius 4" instead of a wavelength-
dependent variable is to note that there are limitations to designing models by equa-
tions and variables for maximum generality. For every task, there is an appropriate
level of generality somewhere between the maximum and, at the other extreme,
specifying each dimension as simply a number on the wires page. It is not possible
to say in advance of knowing the task parameters what the proper level of generality
should be. However, with some practice in both “normal” modeling with numbers
and modeling with equations and variables, the modeler gains a sense of the level
of generality that works best in each circumstance.

In these three episodes, we have certainly only begun the process of modeling
by equations and variables. However, by combining the techniques covered, we
can branch out into many directions. For example, we might wish to create a 2-
element Yagi consisting of 2 helical elements. However, even the trig involved in the
helix pales compared to the complexity of equations that we might invoke to set the
coordinates of very complex geometries.

There is also another option. There are wire-grid programs, that is, programs
(such as NEC-Win Synth) which offer a large number of pre-set shapes. We need
only enter the dimensions specified by a shape option, along with the frequency of
operation and the segmentation density. The program then creates a collection of
wires in the designated shape. These wires do not appear as variables, but instead
as a sequence of basic geometry (GW) entries that are fixed. Changing the entries
requires that we re-create the wire-grid from scratch. (Of course, once we have the
wire structure, we must add all of the other features that go into making a complete
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model, for example, a source, wire conductivity, and pattern request.) Given the
alternatives of modeling by equation or of synthesizing a complex shape with a
helping program, the modeler must give serious thought to which technique is best
for a given set of modeling tasks.

Although we could extend this series almost indefinitely with equation-based
models, each of which might add a bit to our insight into the process, we must draw
a line call “conclusion” somewhere in the sands of words. Next month, we shall
close the series by looking at a pair of examples that show a. there is always more
than one way to formulate a model via equations, and b. the scratch pad facility can
come in handy at times.

* % *x % *

Models included: 29-1 through 29-4. (Due to the nature of the models, they are
available only in the .NWP format.)
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30. Modeling By Equation: D. Scratch Pads & Coordinates

In this small series of columns devoted to modeling by equation, we have looked
at the very basics and then proceeded to topics that may help us refine our tech-
nigues. The object has been to make maximum use of the facilities offered to us by
any program containing a model-by-equation option, even though we have had to
confine ourselves to a single program in order to sensibly link the various moves we
have made.

So far, we have explored the need to develop modeling conventions, even within
the use of equations to define variables, so that the task of modeling remains or-
derly and unconfused. We have also examined a few more complex models in
order to reach decisions about what part of the work best appears on the equations
pages of the spreadsheet and what of the work best appears on the wire pages.

In our exploration of modeling by equations, the examples we have so far used
have all focused on the geometry of the antenna as either a function of wavelength
or as a function of a physical structure. There are further options that lead us to use
some other facilities within a modeling-by-equation system. In this column, we shall
focus on two diverse examples that are especially suited to exploit these facilities.
As in previous notes, we shall use the equations spreadsheet within NEC-Win Plus
for our examples. Butin this episode, we shall examine the utility of having a “scratch
pad” at our disposal within the equations pages.

A scratch pad is simply an area on the spreadsheet in which we may store data
and equations. The data and equations will be those that are necessary in the
process of deriving the values for the variables that will appear on the wire coordi-
nate page. However, the data and equations in question do not directly define these
variables. In simple models, we may not need the scratch pad, but as models
become more complex—either in structure or in the mathematics used to define the
structure—reserving variables for use on the wires page and placing supplementary
data and calculations on the scratch pad can be very useful. (There is a technique
within our sample program for getting around the limited number of allowed vari-
able, but it will not be needed for our sample models.)
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Another Look at the Quad Loop

Let's return to the quad loop with which we began, as shown in Fig. 30-1.
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We have thought of the quad loop in terms of letting the value of A be a constant
or a simple function of wavelength. However, we can also look at the dimensions as
a function of wire diameter. If we give the wire diameter as a fraction of a wave-
length, then the resonant circumference for any frequency, also in wavelengths, can
be approximated by the following equation:
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QL ,=1.0413 + (log?(d,,~1E5) »0.0128) (1)

QL is the circumference/perimeter of the quad loop in wavelengths and d is
the wird diameter as a fraction of a wavelength. The log is to the base 10. (‘T‘he
spreadsheet in NEC-Win Plus knows the difference between LOG, also known as
the “common” logarithm, and LN, known as the “natural” logarithm. In contrast, GW
Basic, still a useful programming language for simple utility programs, knows only
natural logs, and the user must program in a conversion factor to derive common
logs.) Arestriction upon this approximation equation is that it applies with under 2%
error for wire sizes from 10 to 102 wavelengths in diameter. Although the equation
appears to be quite adequate for wires that are thinner than the lower defined limit,
using the equation on fatter wires will rapidly yield inaccurate results. Most physi-
cally constructed quad loops will have wires falling within the equation limits.

Since the equations page already provides the wavelength in the selected units
(W), implementing the required equations for the model becomes very straightfor-
ward. The first step is to set a variable to the wire size. (Wire size here refers to wire
diameter. Although NEC calculates using the wire radius, most NEC programs
permit the user to input a wire diameter, since that value is normally better known.
Conversion to the radius becomes an internal function of the user-to-core interface
programming.) Since the wire size ultimately must be in the same units as we use
for the wire-end coordinates, here is a handy conversion chart for common AWG
wire sizes, given in inches, feet, and mm.

AWG Si ze Di a. Inches D a. Feet Dia. mm
18 . 0403 . 00336 1. 0236
16 . 0508 . 00423 1. 2903
14 . 0641 . 00534 1.6281
12 . 0808 . 00673 2.0523
10 . 1019 . 00849 2.5883

We can enter the desired wire size directly, or we might use up a bit of scratch
pad or equation variable space by entering the diameter in a common unit (such as
inches) and then converting it to the value in the desired units (in this example, feet).
Suppose we enter .0641 as our wire diameter and let it equal A. Then B might equall
this value divided by 12 to obtain a value in feet, the chosen unit of measure for the
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model. Finally C might equal B divided by W (the wavelength). | have taken this
route only because we have plenty of pre-defined variables at our disposal for this
small problem.

We can now let D be the perimeter/circumference as defined in Equation 1
above, where d takes the value of variable C, as we have just derived it. In this
example, we haVe used #12 AWG wire with a diameter of 0.0808" as the wire size.
Note that in the upper portion of Fig. 30-2, the entry for the variable D follows Equa-
tion 1 exactly, although the notations differ.

However, for developmental purposes we may wish to follow a different proce-
dure in setting up the equation for D. In the lower portion of Fig. 30-2, we can see
that the equation for D refers to D2, D3, and D4. These are values entered into
column D, in the “scratch pad” area of the equations page. The entries in column E
identify the values placed in column D. The equation for the variable D uses the
active values in rows 2-4 of column D at the designated places.

An advantage of using the scratch pad is that the modeler can make adjust-
ments to the numerical values in the equation for variable D without having to re-
write the equation. Compare models 30-1 and 30-2, which correspond to using the
scratch pad for reference only and for active data. In fact, adjustments were made
in the development of the algorithm in question. The initial value in D2 was 1.0416
and the value in D4 was 0.0131. Further adjustments, including varying the expo-
nent, to bring the curve further into alignment with NEC calculations for resonant
guad loops would be a routine matter.
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NE[I—W'in Pluz+ [301eq.nwp] [MEC Heeds to be Bun] =]

File Edit Configure Commands Help

Dl@lnlél & ||g| lﬁ @lfl EI stnml e |@| &I El IAntennaEnvironment j @J

~Frequency [MHz) | - Ground - ——  Radiation Patterns——————— -Geometry —————————
Start; |28.5 INo Ground j 17¢42<360° El=17,5tep=1" Ol/_ﬂ/‘l
0°<El180° Az=0",5tep=1"
End: |28.5 e @;’E
Step Size Ede | +| 98| =| zo-12780m | I sipped =
e [=1.0413+(LOG(C1 0052 70.0128) Fig. 302
A B [ [ e D o] Pt U
1 |war. [Walue Commerit Scratch Pad b
2 |F= |285 Primary Fregquency (MHZ)
3w = |=299 5B2Model P{="Vavelength("Ehodel Params!FB55"
4 &= |=0.0808 Wire Diameter Inches
5 |B=_|=4N2 Wyire Diameter Feet
B |C= |=Bav Wire Diameter Wavelengths
T D= |=1 041 3+(LOG(CH Perimeter Wavelenoths
& |E= [=Davy Perimeter Feet
2 = |=E&8 115 Perimeter
10 |H= Quad Loop
o= Equations Page
12 |J=
bl Q_>| Wiires b, Equations NEC Code A, Model Farams 7 I :
B7 [FD2+(LOG(C™10°5)*D3"D4)
A B | C D R B e e
1 |war. |value Caotntnert Scratch Padd sl
2 [F= |285 Primary Freguency (MHz) 1.04473 baze Scratch Pad Holds
3 |w= |=299 5B2Model P{=""avelength("&hodel Params!§B3582 exponent | Active Data
4 | = [=0.0308 Wire Diameter Inches 00128 multiplier
5 = |=812 Wire Diameter Fest
B = |=Bnny Wire Diameter Wiavelenogths
7 = =02+l 05 (Perimeter Wavelengths
3 |[E= |=D%w Perimeter Feet
9 |G= |=Ef 1/5 Perimeter
10 H=
11 |I= Quad Loop
12 |u= Equations Page
1 Qﬂ Wiires 4, Equations NEC Code A Wodel Params 7 I ;
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BY |=1 D413 HLOGC™0%)"270.0128) Fig. 303
A B | [ e e o R
1 War. Value Comment Scratch Pad b
2 |F= 25.5|Primary Frequency (MHz)
3 wi= 34 51326568 viavelength(feet) = c /1
4 a= 0.0503 |wire Dismeter Inches
4] = 0006733333333 |v™ire Dismeter Feet
5] = 0.000195024066 |vire Diameter Wavelenogth=
7 = 10626058541 [Perimeter Wavelengths
g |[E= 36 7409087 |Perimeter Feet
9 (G= 4 554261 353]1./8 Perimeter
10
11
12

Values Version

2
4_4|ﬂ Wiires A, Bquations NEC Code A, hiodel Farams 7

We can convert the value of variable D (initially calculated in wavelengths) to a
value in the selected units of measure by letting E equal D times W, the length of a
wave in those units of measure. Fig. 30-3 shows the numerical values that result for
a frequency of 28.5 MHz.

The only additional step we need to take is to set up the coordinates. We have
some choices here, one of which is to pre-convert the total perimeter length into +/
- values for the 4 wires in the single square loop. So we can let G equal E divided by
8. (Note that, in the NEC-Win Plus spreadsheet used for our examples, F and W
are preset variables for frequency and wavelength, respectively. Hence, our own
list of variables will jump from E to G.) Fig. 30-4 shows the wires page that corre-
sponds to the prescribed variables we have just described.
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Ald I Wires Page: Variahle Entries Fig. 304
T e s A e P R | | e [ BV | Conduct [Sroid | =]
1 1 =G a =G =G 1] =G =B Copper 1m a
2 M =G i} = =G 0 =G =B Copper 0in
3 M =G a =G =G 1] = =B Copper am
4 |11 =G i} =3 = 0 = =B Copper [af]
3
&
7
g
9
10
11
12
3 2
4| e[ Wires uations MEC Code A, Model Famms 7

From this set of variables entered on the wires page, we get the numerical values

shown in Fig. 30-5.

Ald | Wires Page: Dimension Entries Fig. 305
N e o et e P e A e o e o e IR | Conduct [Srodd | 4]
1 |1 -4 5842614 0 -4 5842614 4 5342614 0 -4 5842614 00067333333 Copper 10 |-
2 N 4.5542614 0 -4.5542614 45542614 0 45542614  0.0067333333  Copper ]
3N 45542614 0 45542614 -4 5542614 0 4 5542614  0.0067 333333 Copper 00
4 01 -4.5542614 0 45542614 -4.5542614 0 -4 5842614 00067333333 Copper k]
a2
G
7
g
9
10
11
12
4]1[\ iires Bquations A, NEC Code A hiodel Params 7 I :
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G116 | Wires Page: Variable Entries Fig. 306
Al e i e e R e B T [ e Dia, [ Conduct [srcnd [ =
1 11 =Em 0 =ErB =Ei8 0 =-Ei3 =B Copper 1M —
2 11 =EB o =Ei5 =E/5 o =E/5 =B Copper 040
3 |11 =Em o =E/5 =E/5 o =E/5 =B Copper 040
4 11 =Em 0 =E/5 =E/5 0 =EiG =B Copper  OM0
5
5
7
8
g
10
11
12

3 -
4] + [, iires Equations 4, MEC Code A hodel Params 7 i

Wires Page: Dimension Entries

R Dis. .| Conduct [Sretd ) =)
-4.5342614 0 45542614 4 5842614 0 -4.5642614 00067333333 Copper | 170
45842614 0 45342614 45842614 0 45842614 00067333333 Copper | 0D
45842614 0 | 45842514 -4.5842614 0 45842614 DDOBT3EIIIA Copper
45842514 0 45842614 458426140 45642614 00067333333 Copper |

Even on the wires page, we have options. The definition of variable G was
unnecessary, although for many purposes it is convenient. We might have done our
division by 8 on the wires page itself, thus saving the use of one variable. In the
present simple case, we have plenty of variables to use, butin more complex cases.
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We might wish to use the least number possible to ensure that all entries needing a
variable have one. Fig. 30-6 shows our revised wires page variable entries, along
with the dimension entries to verify that we achieve the same results as we obtained
with our previous procedure.

Learning to use all of the facilities at our disposal in the most efficient and effec-
tive manner takes some time, and the simple example only scratches the surface of
the scratch pad.

The Moxon Rectangle

The Moxon Rectangle is a 2-element parasitic array with the ends of the ele-
ments folded to point toward each other. The mutual coupling of the elements and
the coupling between the tips of the tails yields a nearly cardioidal pattern with a very
high front-to-back ratio. Fig. 30-7 shows the general outline of the Moxon rect-
angle, with identifications for all of the key dimensions.

A

Feedpoint

E

Driven Element ﬂ_
c

| T

Reflector

Fig. 30-7 Moxon Rectangle Outlines

Chapter 30 ~ Modeling by Equation: Scratch Pads and Coordinates



Antenna Modeling Notes: Volume 2 88

The critical dimension is the gap between the tips of the tails (dimension C). The
other dimensions then determine the resonant frequency of the array (close to 50
Ohms) and the frequency of maximum front-to-back ratio. | once optimized a series
of models using #14 copper wire for all of the HF bands from 40 meters to 10
meters. Barbara Craig, KC8KJA, performed a series of regressions on this data to
develop a sequence of equations defining Moxon Rectangle dimensions for #14
bare copper wire, with results that are usable even at 2 meters.

The following GW Basic utility program provides a listing of the equations that
resulted from the regression analysis. Lines 40-80 supply the mathematics, using
the design frequency that the user enters in line 20 and the constants defined in line
30.

10 PRINT “Program to calculate the dimensions of”
12 PRINT “a #14 AWG Bare Wire Moxon Rectangle”
14 PRINT “Analysis by Barbara Craig, KC8KJA”

16 PRINT “Output dimensions in Feet”

20 INPUT “Enter frequency in MHz:";F

30 A0=6.19653:B0=1.00058:A1=6.126836:B1=.99437:A2=6.19966:B2=1.00033:GA=.72
40 A=GA*((EXP(A2)/F)\1/B2))

50 B=.5*((EXP(A1)/F)*(1/B1))-(.5*A)

60 D=((1-GA)/I2)*((EXP(A2)/IF)*(1/B2))

70 E=((EXP(A0))/F)*(1/B0)-A

80 C=E-(B+D)

90 PRINT “A="A

100 PRINT “B =B

110 PRINT“C =*C

120 PRINT “D =D

130 PRINT “E = “E

140 END

Fig. 30-8 shows one way in which we can enter the equations into the equations
page of NEC-Win Plus. The spreadsheet mathematical forms here follow the Basic
forms exactly. As the representative equation (for variable A, which corresponds to
dimension A in Fig. 30-7) shows, we can enter the set of constants that emerged
from the exercise in regressions directly into the equations. On the scratch pad, we
have entered solely for reference the values of gamma and of alpha0-2 and betaO-
2. However, the variable equations themselves contain all of the requisite informa-
tion for dimension calculation. Variables A-E correspond to the dimensions in Fig.
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30-7. See model 30-3. (Although Basic requires rigorous serial calculation, which
places the derivation of variable and dimension C last, the spreadsheet permits the
user to list the variables in almost any desired order.)

MEC-Win Plus+ [moxon.nwp]

File  Edit

Configure  Commands

Help

Dlﬁ’,lnl@l & ||g| IT:; @lf' El Slnlnl z |®| _@ EI IAntennaEnvimnment

Frequency [MHz] Ground | [ Radiation Patterns | [ Geomelrp —
Start: 285 Mo Ground - 17z 3607 El=17 Step=1" A
I I J 0°<El180° Az=0° Step=1* QI/_Iﬁl
End: |28.5 ][lmlﬁml
== Zeq.
| __Ed_lit il ﬁl .EJ Zo=127.6 Ohm [~ Stepped feat
B4 I=EI.72*((EXF'(E.19956)!6)"(14‘1 .00033)) Fig. 308
A B | C T e F s Ee) ) o [
1 var. |value Commerit Scratch Pacd e
2 = |285 Prirmaty Freguency (MHZ) E= 72 Scratch Pad Used
3 = |=200 8E2Model P{="vwavelengthr"&hodel Paramsl3B554" a0=6.10653 | for Reference Only
4 A = |=0.72%(EXP(6.129|Side-to-side Dimension bi0=1 00053
5 = |=0.5*(EXPG.1265]0river Tail Length &1=6.126536
5 = |=E-(B+0 Tail-totail Gap k1=299437
7 D= |=ir1-072)2)(ExReflectar Tail Length #2=F.19966
g |E =([EXP(E.13653 /] Front-to-Back Dimenzion b2=1 00033
9 |G= |=F Design Frequency
10 |H= Moxon Rectangle
T = Equations Page
12 =
4 h Wires A Buations NEC Code A Nodel Params 7 [l

The equations apply only to antennas using #14 bare copper wire. The actual
relationships among the dimensions is somewhat complex, since a fatter wire will
require a wider gap. The resultantincrease in dimension E will change the feedpoint
impedance, as will the fatter wire itself. Elongating the array will restore the near-
50-Ohm feedpoint impedance, but there will be adjustments to the overall length of
both the driver and reflector elements to place the maximum front-to-back ratio at
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the design frequency. Hence, the relationships among the element dimensions will
shift as we move to #10 wire or to aluminum tubing in the 0.5" to 1" range.

NEC—Win Pluz+ [moxona.nwp] [MEC Meeds to be Run)

Eil= Edit Configure Commands Help

Dlﬁlnl%l & ||g| ﬁ @lf' EI Slnlnl B |®| _@ EI IAntennaEnvimnment

-

Frequency [MHz) -Ground ————— |  Hadiation Patterns G try
Start: 285 Ma Graund - 17¢Az<360° El=1".5tep=1" [
I I J 0*<Elc 1807 Az=0" Step=1* QI/_Iﬁl
End: |23.5 10| == e
=—=|5eq.
Step Siee: 1 Edt | +| ®| §| Za=127600m | | Stepped i
| B4 I=D2*((EXF'(D7):’G)“(1IDE)) Fig. 309
A B | C T B e L ) e [
1 |war. |value Comtmernt Scratch Pacd e
2 |F= |zas Primary Freguency (MHZ) nrz oa Scratch Pad Used
3 W= |=299 aE2Model P{="Wavelength("&hodel ParamsI$BE54 6.19653 all to Hold Active
4 |a = |eDoM(EXPIDTIGY |Side-to-side Dimension 1 D00SE il Values
5 = |=0.53*(EXP(L34Z3 1 Oriver Tail Lencgth 6126836 al
G = |=E-(B+0 Tail-totail Gap 0.99437 [l
7 = |=rr1-D2wmri(ExPr Reflector Tail Length £.19966 a2
8 |E=_[=r(ExP(DaG11{Frart-to-Back Dimensian 1 00033 b2
9 &= |=F Desian Frequency
10 H= Moxon Rectangle
1M = Equations Page
12 = _
1 Qﬂ Wiires A, Equations NEC Code A Wodel Params 7 [l

With the prospect that regression analysis would produce differing constants for

other wire diameters, a more useful way of entering the equations appears in Fig.
30-9. Here, the values in column D represent active values that we draw into the
variable equations by means of column and row references. The sample equation
for dimension Aillustrates the method and may be compared directly with the sample
equation in Fig. 30-8. D2, D7, and D8 replace the constants in the earlier version of
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the equation. Column E now holds reference data to identify each of the values in
column D. See model 30-4.

B4 [=D2((EXP(D7)/G)(1/D8)) Fig. 30-10
A B | [ e e e e e
1 Var. Value Comment Scratch Pad o
200F = 25.5]Primary Fregquency (MHz) 072 ga
3 W= 34 51326568 Wavelength(feet) =c /f 619653 a0
4 (A= 1243247172 |Side-to-side Dimension 100058 b
5 B= 1.94581 2205 Driver Tail Lencth 61265836 a1
B |[C= 04053338801 | Tail-totail Gap 099437 b1
7 = 2417425056 |Reflector Tail Length 619966 a2
8 E= 4768671141 |Front-to-Back Dimension 1.00033 b2
9 G= 258 5| Cesign Frequency
10 |H= Moxon Rectangle
1 1= Equations Page
12 |)= Values Version
4 iqph Wifires 4, Equations NEC Code A, Model Fams 7 I

Let us suppose that we have a new set of values for gamma and for A0-2 and
B0-2 for some new wire size. We need not create an entirely new model. One
option would be to replace the values in column D with the new values and to save
the model under a new name. Another option would be to place the new values in
column F and then to use further spreadsheet capabilities to let the equations page
select the appropriate column of values, depending upon the wire size, which we
might enter as a variable. Such possibilities go beyond the scope of these introduc-
tory exercises. However, if modeling by equation becomes a routine task, then
exploring the full limits of the spreadsheet’s language becomes an important part of
the learning curve.

Fig. 30-10 shows the set of values that emerge from either method of entering
the equations. Variable G is useful for this and other sample models, because it
gives us the option of setting the design frequency either to the current frequency of
the model or to some specific frequency. The latter type of frequency assignment is
useful when we wish to run a frequency sweep with the design frequency at neither
end of the frequency range that we sweep.
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| A4 | Wires Page: Variable Entries Fig. 30-11
WrellSeon e e I e T D | Conduct |Srcid | 2]

1|7 =2 =E-B 0 =2 =E 0 14 A Copper 0/ —
2 |45 =-ap =E 0 =812 =E 0 14 BNG Copper 10
3 |7 =A2 =E 0 =A12 =E-B 0 14 BNG Copper 0D
4 |a =42 =0 o =42 o 0 14 AWG Copper 0D
5 |45 =-ap 0 o =42 o 0 14 AWG Copper 0/
E |a =82 0 0 =82 = 0 14 MG Copper 0/
7
8
g
10
1
12
4 q_»[‘\ Wires Equations 4, MEC Code A Model Params /7 Il -
| Ald I Wires Page: Dimension Entries
o e e e | e e [y e o e )P | Dia. | conduct [srciid [ ]
17 -6.2162350 28227589 0 -6.2162359 47686711 O 14 ANIG Copper 00 | —
2 |45 -B21B2359 47686711 0 £.2162350 47636711 O 14 A Copper | 1i0
3 |7 £.2162350 47E3E711 O £.2162350 28227589 0 14 M Copper | 0M
4 |a 5.2162359 24174251 0 -5.2162359 0 0 14 A Copper | 0M0
5 |45  -B2162359 0 0 62162359 0 0 14 A Copper | 0M0
E! 62162358 0 0 62162359 24174251 0 14 ANIG Copper | 0M0
7
g
g
10
11
12
= =
4| k[ Wiires uations HEC Code b del Farams 7~ Il

Fig. 30-11 displays the two forms of the wires page for this example. Note that
it is necessary to decide several matters regarding the axes for the model. In this
case, the X-axis uses +/- A values, requiring us to use half of the value of A. The Y-
axis provides the front-to-back dimensions, with the reflector set a Y=0. All other
values are positive. Only the tip of the driver tail requires a “complex” formulation,
and dimension C is not referenced at all on the wires page (despite its importance to
the antenna design). You may wish to reference the side-to-side dimensions to the
Y-axis and the front-to-back dimensions to the X-axis. To capture a vertically ori-
ented Moxon, the side-to-side dimensions would be referenced to the Z-axis, with
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the front-to-back dimensions referenced either to X or Y. To place the antenna at
some specific height above ground would require the use of one more variable for
the antenna height. In this case, the wires page variable entries would become a
mixed function of the new height variable and the variable A, using techniques noted
in previous episodes.

Conclusion

Together, the quad and Moxon examples illustrate two of the many uses of the
scratch pad facility. Not only is it a place to enter reference data, it also serves as an
active data pad that the variable equations can routinely reference. The scratch pad
data need not be just a series of constants, but may also consist of equations.
Indeed, any equation that is not used on the wires page may best be placed on the
scratch pad. In addition, we may also use the scratch pad area for identifying notes
and labels to ensure that the data we place there today can be interpreted months
later. As an exercise to ensure mastery of these matters, you may wish to go through
all of the examples in these 4 episodes, transferring to the scratch pad all data and
equations that are not directly needed to specify a variable used on the wires pages.

Since | first wrote these notes, | have developed through regression analyses
self-calculating models for two versions of the Moxon rectangle: a standard 50-
Ohm version and a special purpose 93-Ohm version. Using similar techniques, |
also developed self-calculating models for monoband quad antennas from 1 to 4
elements (with wide-band and higher gain versions for 3-element quads). The 1-
element model will replace with higher accuracy the quad loop models used here.
All of these models—on the equations page—only require entry of a design fre-
guency and the wire diameter in the active unit of measure.

The frequency entry is supplemented by a repetition of the equation under W to
arrive at a wavelength variable that is independent of the starting frequency on the
main NEC-Win Plus page. Hence, the dimensions will remain stable regardless of
what main-page frequency entries you use. To illustrate that function, I am including
the collection of NEC-Win Plus quad and Moxon models with this chapter. However,
they will retain their generic file names in order to be more self-identifying. The only
difficulty might occur with the 3-element quads. Q3LE is the wide-band version,
while Q3LEA is the high-gain version.
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We could carry on this series of columns on modeling by equation almost indefi-
nitely. However, | hope the selection of examples used in this and the preceding
columns provides enough background and ideas to permit you to develop your own
best methods of using this versatile adjunct to creating effective models. Although
these notes have focused exclusively on elements that we may model through the
use of equations, we must also remember that none of the requirements and limita-
tions of NEC are set aside in the process. Segmentation, source placement, load
placement and type, convergence testing, and average gain testing all remain im-
portant concerns to the modeler, no matter how simple or complex the equations of
the model.

* % *x % %

Models included: 29-1 through 29-4. (Due to the nature of the models, they are
available only in the .NWP format.) See also the following models (all NWP): Q1LE,
Q2LE, Q3LE. Q3LEA, Q4LE, MOXGEN50, and MOXGEN93.
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31. A Case Study: A 90' Wire

| assisted another amateur radio operator in analyzing his antenna, since it had
largely evaded modeling. The purpose of the exercise was to provide some general
information on the modeled performance of the antenna across the MF-HF amateur
frequency spectrum for a typical amateur radio wire antenna fed by an antenna
tuner. The purpose was not to be overly precise, and indeed, the input data and
modeling conditions would have precluded precision. However, even carefully con-
strained modeling of a general nature can be useful. The following exploration is a
case in point.

Eadial: 30 f

Shed Fadial: 30 ft North

Eadials (2): 60 ft ea Supplied Sketch of Antenna
Total Radiator Length: 90°

Fig. 311

The basic antenna is shown in Fig. 31-1. The radiator is about 90' long and runs
from near the ground at the left (shed) to a maximum height of 25' about 50' from
the shed and then down to a height of about 15' at the far right tree. It is fed at the
base of the wire at the junction with the buried radial wires. The antenna may be
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variously classified as an end-fed random wire or as the type of antenna to which it
most closely corresponds at each frequency of operation.

The sketch supplied was incomplete. Therefore, | made a few assumptions that
will not materially affect the modeled outcomes. First, | assumed that true north was
straight up the page of the sketch. If north has a different bearing, one will have to
adjust the azimuth headings in this report accordingly. | had to use a compass to
approximate the angles of the wire.

Second, the owner did not specify the wire size. | assumed #12 AWG copper
wire. For the number of approximations required by this exercise, a small change in
wire size will produce no radical changes in the patterns or the impedance reports.

Third, the owner did not specify the conductivity and dielectric constant of the
soil in his area. Maps suggest that the conductivity is about 0.002 Siemens per
meter, which corresponds to the class of soil listed as “poor.” The corresponding
dielectric constant is about 13. However, it may in fact be lower than this level,
depending upon subsoil structure. For example, the dielectric constant of shale is
about 7. Nonetheless, given other approximations, the difference will not alter pro-
jected performance by much.

Before looking at the model of this antenna, let me note something about what
this report can and cannot tell. What the NEC-2 models of the antenna provide is a
general portrait of anticipated performance characteristics with the assumption of a
level homogenous soil beneath the antenna. There are limitations to the data that
emerges.

1. NEC-2 cannot account for variations in the patterns created by the immediate
terrain. The subject terrain is likely to be quite hilly, but not mountainous. Animme-
diate hill may yield a stronger signal in the direction from the hill through the an-
tenna, but this cannot be assured without the application of supplementary software
into which topographical features can be placed. However, an awareness of one’s
immediate topography can assist one in accounting for differences in the model and
actual operation.

2. NEC-2 cannot place radials on or beneath the ground, as they are at the
subject site. However, placing radials very close to the ground provides a very
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reasonable approximation of in-ground radial performance, with errors well within
the limitations of other approximations made in this report.

3. The antenna owner has chosen EZNEC as his modeling vehicle. Two factors
limit the ability of this program to model both natural and constructed structures
beyond the antenna wires. First, EZNEC permits only 500 segments, which limits
the available segments for such structures. Second, the program allows only a
single wire loss (or conductivity) value for all wires. Secondary structures in the
vicinity of the antenna may require many different conductivity values for their ap-
proximating wire-grid structures. However, since no data on secondary structures
was provided, modeling must do without them. The effects of such structures must
remain an estimate used in conjunction with this report.

The Model

The EZNEC model for NEC-2 analysis of the antenna requires 8 wires, as shown
in the side and top views of Fig. 31-2. The following model description has been
annotated for correlation with Fig. 31-2.

Wre Loss: Copper —Resistivity = 1. 74E-08 ohmm Rel. Perm =1

W RES
Wre Conn.— End 1 (x,y,z : ft) Conn.— End 2 (x,y,z : ft) D a(in) Segs
Radi ator wires

1 WBEl1 0.000, 0.000, 0.200 WEl1 45.500, 21.000, 25.000 # 12 50
2 WE2 45.500, 21.000, 25.000 82.607, 7.500, 15.000 # 12 40
Radi al s
3 WE1L 0.000, 0.000, 0.200 30. 000, 0.000, 0.200 # 12 30
4 WE1 0.000, 0.000, 0.200 10. 607, 10.607, 0.200 # 12 15
5 WE1 0.000, 0.000, 0.200 0. 000, 90.000, 0.200 # 12 90
6 WEL 0.000, 0.000, 0.200 0. 000, - 60. 000, 0.200 # 12 60
7 WElI 0.000, 0.000, 0.200 WBEl -10.000, 0.000, 0.200 # 12 10
8 WHE2 -10.000, 0.000, 0.200 -10. 000, - 50. 000, 0.200 # 12 50
SOURCES

Sour ce Wre Wre #/ Pct FromEnd 1 Ampl . (V, A) Phase(Deg.) Type

Seg. Act ual (Speci fied)
1 1 1/ 1.00 ( 1/ 0.00) 1. 000 0. 000 \Y,
Gound type is Real, high-accuracy anal ysis
Conductivity = .002 S/m Diel. Const. = 13

MVEDI A

Medi um Conductivity(S/m Di el ectric Const. H(ft) R Coord(ft)
1 2. 000E- 03 13. 00 0 (def) 0 (def)
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Z N
Side View Top View
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Fig. 312

The direction of each radial is an estimate based upon the original sketch. The
two 60' radials have been arranged so that one is straight, while the other moves
west for 10' and then south for the remaining 50'. This is as close to accurate as the
sketch would permit.

In NEC modeling, longer wires are subdivided into segments to permit the accu-
rate calculation of mutual impedances, currents, and other output data. The seg-
mentation of wires that NEC-2 recommends is approximately 9-11 segments per
half wavelength (with a minimum of about 5 per half wavelength) at the shortest
wavelength used. At 28.5 MHz, a wavelength is about 34.5' long, and the radiator is
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about 2.6 wavelengths long. Since the wire (#12) is thin, additional segmentation
density is allowable and was used in the model to assure convergence, given the
non-standard geometry of the assembly. A uniform segment length of 1' was used
throughout the model. The result is a model using 345 segments.

The antenna source or feedpoint is the lowest segment of the radiator wire near-
est the junction of the radials. This approximates the actual feed system, which
employs an automated tuning system.

What the Model Suggests

Given the numerous approximations required to model the antenna, the model-
ing output data must be taken as suggestive and indicative, but not precise. The
following table provides a summary of the data for 160 through 10 meters (with 80-
75 sampled at 3.6 and 3.9 MHz). The TO angle is the elevation angle of maximum
radiation. It is a function of taking an elevation pattern in the azimuth heading of
strongest radiation. The maximum gain in dBi is the gain at this elevation angle and
azimuth angle. There are three exceptions. On 80 and 40 meters, the TO angle
exceeds all but NVIS use, and so an alternative angle of 50 degrees was also used
to sample gain. Comparing the TO angle gain value with the arbitrary lower angle
value gives some idea of the rate of gain decrease as the signal angle departs from
the TO angle.

There are two azimuth headings. The first corresponds to the heading provided
by EZNEC, which actually counts azimuth in “phi” angle terms, that is counterclock-
wise. The second heading presumes that the compass heading of North is straight
up the page, in accord with the original sketch. Therefore, the heading is a compass
bearing resulting from that assumption. Finally, the table provides a report of esti-
mated feedpoint impedance. Given the assumptions of the model, the actual values
of resistance and reactance may easily vary by 20% from the listed figures.

Fr equency TO Max. Gain EZNEC Conpass Feedpoint Z
MHz angl e dBi azi nuth azi nuth (R +/- jX Chns)
1.8 38 -6.7 169 281 25 - j 330
3.6 61 -3.0 215 235 180 + j 510

(50) (-3.1)
3.9 63 -2.6 213 237 310 + j 760
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(50) (-2.8)
7.1 79 3.5 266 184 60 - j 180
(50) (2.8)
10.1 53 3.0 48 42 2300 - | 790
14.1 44 3.1 314 136 245 + | 390
18.1 45 3.2 91 1 135 +j 70
21.1 40 4.5 343 107 470 - j 660
24.9 35 5.0 343 107 660 + j 590
28.5 32 4.0 346 104 220 +j 110

The table contains some interesting data patterns. First, only on 30 meters
does the antenna system offer a feedpoint impedance that may challenge the capa-
bilities (or efficiency) of an automatic tuner. Second, except on the lowest bands,
the antenna offers a reasonably constant gain. However, tables do not tell the entire
story and should be read in conjunction with relevant azimuth and elevation patterns
for the antenna. The following patterns and commentary employ an azimuth pattern
taken at the TO angle except for the three cases listed as exceptions in the table.
The elevation patterns are taken at the azimuth heading of maximum gain, which
may require the user to orient himself to see properly what those patterns show.

1.8 MHz: Fig. 31-3 supplies the patterns for this frequency. The solid line repre-
sents the total pattern. The blue line represents the horizontal component, and the
red line represents the vertical component. At 160 meters, note that the vertical
component dominates the total pattern. Maximum radiation is in the direction oppo-
site the length of the wire, that is, toward the west, using the conventions set forth
earlier. Again figure of -6.7 dBi seems low, but only about 2 S-units below the value
that might emerge from a dipole that was set at least 1/2 wavelength above the
ground. Because lower frequency RF penetrates the ground more deeply, and the
ground is often stratified, the effects of the modeled ground may vary from those of
real ground.
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3.6 MHz: In Fig. 31-4 we find azimuth and elevation patterns for 80 meters. The
strengthening of the horizontal component broadside to the wire (but weakly along
the length of the wire) tends to circularize the overall pattern. There is much high-
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angle radiation, but note in the elevation pattern the slow rate of decrease with the
lowering of the elevation angle. Hence, performance at lower angles is likely to be
consistent with higher angle performance.

Elevation

Azimuth T T Total
R Hpo
Yool

3.9 MHz

Fig. 315

3.9 MHz: The similarity of the patterns in Fig. 31-5 to those in Fig. 31-4 suggests
that only small changes in performance occur across the span from 80 to 75 meters.
There is actually a slight gain decrease that results from the fact that the antenna is
in a transition from dominance by the vertical component to dominance by the hori-
zontal component. However, the wire is very low for a horizontal wire at this fre-
guency, resulting in a higher TO angle.

7.1 MHz: On 40 meters, as shown in Fig. 31-6, the antenna begins to perform
somewhat like an end-fed 1/2 wavelength wire, and the length is actually less than
3/4 wavelength. The proximity to the earth yields a high TO angle, but the increas-
ingly dominant horizontal component yields a pattern roughly broadside to the bent
wire radiator, favoring North-South paths (given the initial conventions of the study).
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The near 3/4 wavelength of the radiator yields a feedpoint impedance against the
ground plane that has an expected low resistive component.

Azimuth Elevation

Fig. 316
Azimuth EEEEERL - Tatal Lo 0B Elevation
- H pal o e
Vol
10.1 MHz

Fig. 317
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10.1 MHz: On 30 meters (Fig. 31-7), the radiator is nearly 1/2 wavelength long,
and like end-fed half-wavelength antennas in general shows a high impedance.
The pattern is a curious mix of horizontal and vertical component elements, with the
horizontal component becoming increasingly dominant. However, both the wire slant
and bend combine to give the antenna a NE-SW orientation. Drawing a line across
the azimuth pattern on this axis will yield the elevation pattern.

Azimuth DdE' Total DdE' Elevation

14.1 MHz

Fig. 318

14.1 MHz: Fig. 31-8 is the beginning of two phenomena of note. One is the final
domination of the horizontal component of the total pattern. The other is the devel-
opment of multiple lobes. Since the antenna is how about 1.5 wavelengths long,
additional lobe structures are to be expected. However, the slope and bend of the
antenna yield fewer deep nulls than a pure horizontal doublet. Fewer deep nulls
also tend to be accompanied by less strong major lobes. Hence, the pattern is
nearly omni-directional, but at a modest gain level.

18.1 MHz: The lobe structure becomes more apparent in Fig. 31-9 for the 17-
meter band. This band also shows a danger in reading only tabular data. The stron-
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gest lobe is nearly due north. However, that lobe a fairly narrow. Almost as strong
is the very broad lobe to the southeast, which is likely to yield more impressive
coverage in actual operation. (This note, of course, does not take into consideration
the potential effects of terrain and surrounding structures.)

Total

Azimuth .7
' H pol
W pol

18.1 MHz

Fig. 319

21.1 MHz: The 15-meter patterns in Fig. 31-10 reveal the continued evolution of
lobe and null structures as the antenna becomes longer as a function of the wave-
length in use. The low height of the antenna, relative to the dominance of the hori-
zontal component, yields a fairly high TO angle. However, as the elevation pattern
shows, the rate of gain decrease with a lower angle is slow, and there remains
usable gain to quite low elevation angles.

24.9 MHz: Once more the patterns in Fig. 31-11 show further development of
lobes and nulls. However, overall, the patterns for 15 and 12 meters are very rea-
sonably coincident. This fact permits one to anticipate strong and weak paths from
one band to the next. As the frequency continues to increase, the antenna shows a
distinct east-west orientation of major lobes.
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Fig. 31-11
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28.5 MHz: The 10-meter patterns in Fig. 31-12 are simply more complexly
wrinkled versions of those for 15 and 12 meters. The east-west orientation—along
the length of the radiator—dominates, but without many deep nulls away from the
main lobes.

Azimuth e BEB Tatal oo RdB . FElevation

28.5 MHz

Fig. 3112

Of What Use Is the Analysis?

The modeled analysis of the antenna provides a generalized picture of how the
antenna is likely to perform, once the data is adjusted for terrain and other interfer-
ing factors. It also shows the evolution of the antenna’s patterns with increasing
frequency. The end result is something like this: the antenna provides modest gain
and performance potential within the matching abilities of an automated tuner on
virtually all of the amateur bands from 160 through 10 meters—with only the imped-
ance on 30 meters being potentially problematical.

The model is also useful when placed in conjunction with other models of pos-
sible system alterations or improvements. For example, suppose one were to erect
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awooden vertical support at the shed, perhaps 30" tall. Would such a structure yield
a better or worse antenna? One option would be to run the initial length of the wire
up the support and then over to the trees. However, one might limit the total length
to 90' or one might uses about 120" of wire in the radiator. Determining which of
these options, if either one, offers better performance than the current radiator would
be indicated (but not guaranteed) by modeling the options.

Another potential change in the system would be the addition of either more or
longer radials—or both. Just how much, if any, improvement one might garner from
an improved radial field can be loosely estimated from modeling various possibili-
ties in this are.

Besides measuring alterations to the present antenna system, one might also
use the analysis of the current antenna as a baseline for considering other antenna
types. In large measure (but not absolutely), comparisons among antenna types
and configurations equally affected by local terrain and ground clutter will remain
valid.

Nonetheless, in using the numbers and patterns that have emerged from the
analysis, one must be mindful of the limitations outlined early in the report. Terrain
and secondary structures not accounted for, and there are numerous approxima-
tions in the model. Consequently, the model is best used for the trends it shows and
not for the absolute values of the output numbers. However, even in a more modest
role, the analysis is both useful in itself and potentially useful when contemplating
system alterations.

* % *x % *

Model included: 31-1. (.NEC and .NWP model dimensions in meters; .EZ model
dimensions in feet.)
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32. A Case Study: Rotating a Beam

Another request for assistance yielded a case with some interesting possibilities
for modeling by equation. Itinvolves a common situation: two stacked beams. The
problem arose when the individual noted that one of the beams would be fixed in
position. The other would rotate. What would be the effect, if any, on the patterns
when the beams were not in alignment? To answer this question, he was faced with
the prospect of remodeling the rotating beam every time he wished to check an-
other angle of divergence between the two.

There is a solution to this problem, and its form depends on the software in use.
The solution can be applied to a spreadsheet or other calculating program, with the
new rotating beam coordinates used to create a new model. If the software has a
“modeling by equation” facility, the solution can be plugged into the software and the
process of remodeling automated.

The following notes will step through the problem—uvery likely in too much detail
for some and too little detail for others. However, it will indicate what a modeler can
do to rotate one antenna relative to another.

Step 1: Simplify the design details.

Well-designed horizontal arrays for the HF spectrum use tapered element sched-
ules for each wire. Although the solution to be shown can be applied to every ele-
ment step, that process introduces needless tedium into the process. So the first
step is to simplify the beam design so that it uses uniform diameter wires for each
element.

NEC-2 programs, such as NEC-Win Plus and EZNEC for Windows provide
Leeson corrections for calculating the properties of arrays with linear elements hav-
ing symmetrical stepped diameter structures. The correction produces equivalent
elements having a uniform diameter. Since these substitute elements form the
basis of calculation, the user should access the dimensions of these elements and
use them for the project ahead.
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Step 2: Center the beam on the boom.

Once we have a beam with uniform diameter elements, we should then place
the beam mounting position at coordinates 0,0. There are numerous conventions
used by modelers to develop antennas. Some place the reflector either at Y=0 or at
X=0, so that all distances along the boom are cumulatively positive. Other modelers
use a plus-minus system, so that the extreme elements are at the same distance
from zero—whether or not the mid-point along the boom is the mounting point.

- Fig. 321
270.53"
*+-186.50 Revised Position of Model
Mount Y
Point W 125.46" . 186.50" 135.26
+f- 19§.00" )
Mount
0.00" Point @ 0.00"
" -8.80"
+- 207.36 +- 19&.00"
Development Position of Model
+H- 207.36" 135.96"

Fig. 32-1 shows a model transformed from the first convention to the second.
The second convention is closer to the desired goal of having 0,0 represent the
mounting position. In the absence of a precise location of the true mounting point,
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the second convention can be used without introducing significant error into the
resulting modeling tests.

Fig. 32-1 also shows the dimensions of the beam that we shall use as our run-
ning example. Itis a 3-element 20-meter Yagi with 1" diameter elements. One of
the merits of the model is that none of the elements will fall at 0,0 in our transforma-
tion of position.

Step 3: Rethink the coordinates of the element ends.

We normally think of a beam as a set of linear elements with end coordinates.
For the moment, we need think only of the end coordinates and ignore the wire
between them. What we shall develop is a method of accurately producing end
coordinates for any angular position of the beam. Then, by placing those coordi-
nates in the correct places in the modeling wires table, a correctly dimensioned
beam will result—pointed just where we desire.

Fig. 32-2 holds the key to rethinking the coordinates. From the mounting posi-
tion (0,0,), let each coordinate set (6 of them in this case) be a function of a (dotted)
line of length L with an angle A relative to the initial boom axis. Note that we are
using angles from 0 to 360 degrees. More accurately, we shall be using angles from
0 to 2Pl radians, since most spreadsheets know angles only in terms of radians.
However, we can always convert an angular measure in degrees to one in radians
(or back again) by the conversion equations

Agron™ CABOA, e

Arstans=— 00— Adagoas )

™

where Pl is carried to as many decimal places as you can stand.
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Step 4: Calculate L1-Ln and A1-An

We may calculate the length of each radial (L1 through Ln) and angle (Al through
An) from the existing coordinates of our model that is centered on the mounting
point. The necessary equations are basic trig:

X
L=yXZ+Y,? A,,=arctan?" @)

n

where X and Y are the coordinates for any of the point, A is the angle relative to
the axis of referénce, and L is the length of the radial from the mounting point (0,0).
For the beam we are using'as our example, we derive the following table for the 6
points. Since you may be using a hand calculator, use whatever shortcuts you know
that are allowed by trig to place the angles in the proper quadrant.

Coordinate Identification Ln (“) An (degrees) An (radians)
Director End 1 (1) 230. 2 54.0 0.943
Director End 2 (6) 230. 2 306.0 5. 340
Driver End 1 (2) 198. 2 92.8 1.620
Driver End 2 (5) 198.2 267.2 4.663
Reflector End 1 (3) 247.6 123.1 2.149
Reflector End 2 (4) 247.6 236.9 4.134

For a given beam design, the lengths in the L column will remain constant.
n
Step 5: Calculate coordinates for a new angle.

To rotate the beam—in a clockwise fashion—we need only add to each angle
the number of degrees (or radians) of rotation and then recalculate the coordinates.
From the length of the radial and the angle, we may calculate the coordinates with
equally basic trig equations:
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X,=sinA’ -L, Y,=cosA’ L 0)

where A’ is the new angle resulting from the rotation.

Let's rotate our beam by 20 degrees and look at the new coordinates for the
elements. 20 degrees is 0.349 radians. So we may simply increase the angles in
the table above by this amount.

Coordi nate ldentification An (radians) Xn Yn

Director End 1 (1) 1.292 221.3 63.4
Director End 2 (6) 5. 689 -128.8 190. 8
Driver End 1 (2) 1. 970 182.7 - 76.9
Driver End 2 (5) 5.012 -189.4 58.5
Refl ector End 1 (3) 2.499 148. 4 -198.1
Refl ector End 2 (4) 4.483 -241.1 - 56.4

If we rotate the beam another 70 degrees, we shall end up with a total 90-degree
or 1.571-radian rotation. In this case, our dimensions will become those in the
following table.

Coordi nate ldentification An (radi ans) Xn Yn

Director End 1 (1) 2.514 135.2 -186. 3
Director End 2 (6) 6.911 135.2 186. 3
Driver End 1 (2) 3.191 - 9.8 -198.0
Driver End 2 (5) 6.235 - 9.8 198.0
Refl ector End 1 (3) 3.720 -135.2 -207. 4
Refl ector End 2 (4) 5.706 -135.2 -207. 4

In other words, the antenna has it original dimensions, with the X- and Y-axes
transposed.

Fig. 32-3 shows a top view of the three antennas: the original, with 20-degrees
rotation, and with 90-degrees rotation to verify that the results indeed rotate around
a common mounting point.
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Step 6: Automate the model.

Although we can use the basic trig equations and our reformulation of the model
coordinates to create new models for any orientation about the mounting point,
systematic modeling of a rotating beam can be much simplified. However, the re-
guirement is a software package with a “model-by-equation” facility, such as NEC-
Win Plus. We may simply plug our design data and equations into the equations
and wires pages of the built-in spreadsheet.

NEC-win Plus+ [yagirota.nwp] =l E
File Edit Configure Command: Help
D=as] & =] [m 87| | w 28] 4 wmflvsw -l B
-Frequency [MHz] - |- Ground Radiation Patterns —————————— Geometry
Start; 14175 Na Ground - 0°Az¢389° El=1",S5tep=1" Ly
I I J 0°<E1180% 4z=0" 5tep=1" M
End: |14.1?5 Il @m
=—=|Zag.
izen |1 " =
e £dit I ;I_J ﬁl il Zo = 26.26 Ohm [ Stepped inches
| F4 | Rotation Equations Fig. 324
B C D e e
2 |F= [14175 Primary Freguency (MHZ) =23022606 |L1/% =(F3*PIC" deg-rad _|
3w = |=299 5B2Model P{=""avelength("SModel Params!EBES&" =195 24257  L2/S =20 rotation de
4 (&= [=D54F2 Dir %14 =247 57511 L34
5 |B= [=DE+F2 Dir X202 =0.9427971 A1
E |C= [=D7+F2 Drriver 21041 =5.3403552 A6
T |D= [sDg+F2 Driver Hirt =1 6202509 A2
8 |E= [sD9+F2 Refl 315 =4 GE29344 A5
9 |G= |=D10+F2 Fefl %1, =2 1485576 A3
10 H= |=D2 Dir length =4 1335977 |44
11 1= |=D3 Crrivver l=ngth
12 )= |=D4 Refl length
13
1_4|A>J Wilfires 4, Equations HEC Code A hodel Famms 7 I
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Fig. 32-4 illustrates the initial stage of the project. Column D becomes a refer-
ence column for the design’s radial lengths and the angles from 0 to 360 degrees,
but given in radians, the calculating basis for spreadsheets. Column E identifies
each of the D-entries in terms of the designations in the figures we have used so far.
Column F contains 2 entries: a converter for changing entries in degrees to radians
and a place (F3) to enter the rotation of the Yagi from its initial setting. Since most of
us are accustomed to thinking in terms of degrees, the entry is in those terms.

Column B provides values for the pre-assigned variables A-J. A-G simply add
the design angles to the additional rotation angle. H-J repeat the radial lengths as a
matter of convenience.

NEC—Win Pluz+ [yagirota.nwp]
Elle Edit Configure Commands Help
0]z |@|g| & |ml|| | 8|7 % wlz|@] 4] wofvsww -l =
Frequency [MHz) |  Ground [ Radiation Patterns | [ Geometrp
Stat:  [14.175 |Na Ground =] || [orekad T Bl Step=1" .‘c_)| /->| ./'|
0°<Elc 1807 Az=0" Step=1*
End: |14.1?5 ][lmlgml
=—=|%eg.
izen |1 - o
ST ___IEd't il ﬁl .;J Zo = 26.26 Ohm [~ Stepped inches
| F4 | Rotation Equation Values Fig. 325
B C T ] e e [ O
2 F= 14.175]Pritnary Frequency (MHz) 23022606 L& 0.3490659 deg-rad =
3 wi= 532 6736936 Wavelenothlinches) = 1 f 19824257 L2155 20 rotation degy
4 A= 128186235 Dir X141 247 57511 L3
3 |B= 5 65345405 Dir X2/2 0.9427971 A1
B = 1 .9693167:3) Driver X141 59.3403552 AL
7 = 5.01 200025 ) Criver Xirv 1.6202509 A2
g = 249565345 Refl X141 4 629344 A5
9 = 4 453266355 Retl X1 21495376 A3
10 |H= 23022606 Dir length 41335977 A4
11 |l = 198 24257 | Driver length
12 = 247 57511 |Retl lencth
13
1 ﬂﬂ Wires A, Equations NEC Code A Wodel Params 7 Il
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The page shows an entry of 20 degrees as the rotation of the basic 3-element
Yagi. The Equations Values page, in Fig. 32-5, shows the calculated values for
each of the adjusted angles, in column B. You can compare these values to those
in one of the tables shown earlier. See model 32-1.

We did not calculate the coordinates on the equations page, since we may do
that on the Wires page through equations (Fig. 32-6). All X values will involve a
sine, while all Y values require a cosine. H, |, and J are the appropriate radial
lengths used to determine the values of the coordinates.

MEC-%in Plus+ [yagirota.nwp]

Eile Edit Configure Commands Help

D=Ll & @@ (m 87 2w z]|e]| 4] wnlsw 5

Frequency [MHz) -Ground | [ Hadiation Patterns G try
Start: 14175 Mo Ground - 0°¢A2<369° El=1" Step=1" B
I I J 0°<El180° Az=0" Step=1" (Ol P
End: |14.1?5 Irl= e
|—|Se9.|
i -I1 f =
Sencie Bt il gl _;J Zo = 26.26 Ohm [~ Stepped inches
| AB | Wires Page Equations Fig. 326
e e e o o e L [ e o o e | conduct [Srcad | =
1 |21 =SarH =COS(a)H 0 =SINB*H | =COSBIH 0 1 BORS o -
2007 =S =COSCE 0 =SNG |=COSMDM 0 1 BOES 1M
3 =ZIME  =COS(E@) 0 =ZIM(E)* =COS(GEN 0 1 G053 oo
4
5 |
&
7
g
9
10
A
12
% -
k[ Wires uations HEC Code A Meodel Pamms 7 [l

Chapter 32 ~ A Case Study: Rotating a Beam



Antenna Modeling Notes: Volume 2 119

The values yielded by the equations—both those on the equations page and
those on the wires page—appear in Fig. 32-7. Since we are working with a free
space model, Z is zero. However, for a real problem involving stacked beams—one
of which is fixed, Z would take a positive value. In fact, one may add further lines to
this model to create the fixed beam using numerical values throughout—since itis a
constant. Then, simply by placing a new value in degrees in F3 on the equations
page, one can rotate the movable beam to find the pattern consequences of this
form of stacking.

MEC-win Plus+ [pagirota.nwp]

File Edit Configure Commands Help

D|=|Rl& & m 87 ] vz 4 mlivswa I ]

Frequency [MHz] - — Ground Radiation Patterns ——— -—Eeumetl_l.l a—

Start; 14175 Mo Ground - [ 0" otz 3097 ElI=1" 5tep=1" | | _)l |
| I ! I J | |O<EK180° Az=0" Step=1" I Ol

End: I 14175 | | :

| : :”: = Seg
i |1 : B

Step Size ! —IE':"t | il QI il Zo=26.26 Ohm 'l" Stepped inches
| AR | Wires Page Equation Values Fig. 32-7
wire [Seg. | w1 [ w1 [ oz | w2 | w2 | 2 | D | Conduct [Sroild | -]

1 [ 221.32774 63388235 0 -125580172 19052494 0 1 EOE3 0m | =

2 M 182.70752 -76.929045 0 -189.41112 5531106 0 1 E0G63 110

3 M 145.43375 19814353 0 -241.07105 -56.375372 0 1 E0G63 0m

4

5 |

5

7

g

9

10

11

12

3 -
| [, ires Equations A, MEC Code A Wodel Params 7 I

Chapter 32 ~ A Case Study: Rotating a Beam



Antenna Modeling Notes: Volume 2 120

Fig. 32-8 shows the pattern of the rotating beam when moved 20 degrees from
its initial orientation. The pattern values (gain and front-to-back ratio) plus the im-
pedance data make a quick check on whether we have formulated our equations
correctly.

[ Rotating vagl | .
[Pattem Amalysis | 20 Degrees Fig. 328

| Mux[ioanFm%- 0
[Tt 2] -T

Surzritth = 200 Dieg

ain= 10,55 ¢ D
- daB Lk af e
- 3dE {Fight af M
3 dE Saarvidih
|
FraryEsck Bafia

o / /
Free-Space Azimuth Pattern N f,f’ fJ / I | NN
Rotating 3-Elemant.‘ragi S~/ ll'l \ \\ /)f
20-Degrees Clockwise 210“*'_& J f \ Y /”/;50
| I

Putting the rotating beam to use involves simply assigning a set of ground con-
ditions and adding the fixed beam. Fig. 32-9 shows the wires page for a sample
situation. An identical beam to the rotating one has been added in lines 4-6. It has
been leftinert, on the premise that the upper rotating beam will be active alone when
it is not aligned with the lower beam. Of course, the modeler is certainly free to
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change this premise, as well as the 50- and 90-foot heights assigned to the beams.
See model 32-2.

In fact, it may be well for a modeler to investigate what happens within a site-
specific model when the fixed beam driver is either closed or open at the feed point.
The condition in the model is closed when no source is assigned to the driver wire.
To open the driver, insert a very high resistive load (1E10) at the normal feed posi-
tion on the wire.

[E3| NEC-Win Plus+ [yagiro2b.nwp]
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For our simple sample, the inert lower driver is closed. Fig. 32-10 combines
azimuth patterns for the active upper antenna when in line with the lower antenna
and when 20 degrees off clockwise. Nothing radical happens in this case. The gain
differential is insignificant, as is the front-to-back ratio. However, as the figure re-
veals, there is some small distortion of the rear pattern as the antenna departs from
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the in-line condition. The source impedance shows a 2-Ohm change in reactance
for this situation relative to the impedance of the upper antenna in isolation.

There is no requirement that the two beams in the stack be identical. In fact,
one can combine beams of many sorts simply by cutting and pasting entry lines.
However, it is wise to ensure that the various beams in the stack use segments of

roughly equal lengths to ensure that there are enough segments per half wave-
length at the highest frequency tested.

Comparative Azimuth Patterns: 2 3-Element Yagis
Bottom: 50°; Top: 90% In-line & 20-Degrees Apart

180 Fig. 32-10
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Although deriving and entering the equations needed to create a rotating beam
takes three times as long as entering a single model, the net time saved will be
considerable. If we take readings every 10 degrees, for example, the equations can
save us about 80% of the time required to introduce individual models for each step
of the way. The more complex the individual antenna models, the more time saved
by the use of equations.

Sometimes it is worth the effort to develop some models by equation.
An Alternative Procedure

The procedure that we have examined for rotating a model antenna allows the
modeler to rotate one or more antennas from within the model. The user specifies
by a rotation entry on the equations page the amount of rotation for each covered
structure. For many purposes, this procedure may be overly complex. A number of
current NEC-2 programs offer other means of rotation.

NEC-Win Plus has a rotation control on its main page. Use the mouse to block
out the lines of the antenna structure to be rotated. Next, click on the rotation con-
trol to open a dialog box. In the box, select the axis of rotation, the amount of
rotation, and the direction of rotation (clockwise or counterclockwise). The box shows
the resulting coordinates of the first wire in the group as a check on the selections
before implementing them. Not until approval and departure from the dialogue box
do the coordinates resulting from the rotation go into effect.

When using this method of rotation, you must save the altered file under a new
file name if you wish to preserve both the original model and the revised model.

EZNEC has a similar facility that appears among the wires-page options. With
the wires page open, select the “Rotate Wire” dialog box. The dialog calls for you to
indicate the first and last wires of the group to be rotated. Then select the rotation
angle, direction, and axis. Upon approval, the selected wires have new coordinates
reflecting the rotation selections. As with NEC-Win Plus, you must save the file
under a new name to preserve it while leaving the original model unaffected.
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In both programs, the initial model must be set up so that the center of rotation is
at X=0 and Y=0. Otherwise, rotating the models will result in a distortion to the
relative antenna positions.

The rotation controls do simplify one special operation. In many VHF and UHF
applications, you may wish to analyze the potential antenna performance with the
antenna horizontal and with it vertical. Without a rotation facility, you must rewrite
the model, transferring the side-to-side dimensions from their original axis (either X
or Y, depending upon modeling habits or conventions) to the Z-axis. If the antenna
boom is a certain height above ground, you must add the height to the element end
coordinates before entering them in the Z-axis column.

The availability of a rotation facility simplifies the process immensely. If the
beam’s boom is aligned along one axis, then you only need to rotate the antenna
around that axis by 90 degrees to go from horizontal to vertical (or vice versa). The
position of the antenna along its boom axis does not matter in this case. Of course,
you will want to save as separate model files both the horizontal and the vertical
versions of the model.

You may also rotate the beam along the axis that crosses the boom. This action
is useful if you wish to check for changes in performance with slight tilts. It is also
useful for understanding the antenna patterns that emerge when pointing an array
directly at an elevated target, such as the moon or a satellite position.

* % *x % *

Models included: 32-1 through 32-2. (Due to the nature of the models, they are
available only in the .NWP format.)
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33. A Clean Sweep

It would not be uncommon to find an antenna advertisement of the following
sort: 2-element antenna—peak gain 6.8 dBi free space, peak front-to-back ratio
>32 dB, SWR >1.1:1at design frequency. Such notices are common and have
carried over into casual modeling practices. We design an antenna for a single
frequency, even if we intend to use across a span of frequencies, for example, one
of the amateur bands. So perhaps a short exercise in the utility of performing fre-
guency sweeps might not be out of place.

NEC cores (both -2 and -4) are set up for frequency sweeping, although the core
set-up and common commercial program set-ups will look different. The basic FR
(frequency) input line or “card” looks something like this:

FR 0 5 0 0 24.90 0.05
Type of Stepping No. of FGs Start FQ Increnent

The Type of Stepping can be zero for normal linear stepping. Ifthe entryisa“1”,
then the stepping is multiplicative. The next entry lists the number of frequency
steps in the sweep. Either a 1 or a 0 in the entry gives a single frequency output.
Following two inactive “zero” entries, we come to the sweep start frequency in MHz.
The final entry is the increment between steps.

In the example, the model would have produced output data for 24.90, 24.95,
25.00, 25.05, and 25.10 MHz.

The most commonly used NEC-2 programs, NEC-Win Plus (NW+) and EZNEC
for Windows (EZW) use the same variant input system for performing a frequency
sweep.
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Frequency [MHz]

HEC Win +
Start: 14
End: 14.35
Step Size: |.035
TR Fig. 331

Fig. 33-1 shows the NW+ upper-left-corner frequency-entry portion of the main
screen. Instead of inputting a start frequency, the number of steps, and the incre-
ments, we put in start and stop frequencies as well as the increment. If the incre-
ment or “Step Size” creates a frequency value higher than the “end” frequency, the
nearest lower frequency in the sequence is the upper limit for the sweep. The
program translates the user input into the data needed for the FR card.
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EZW'’s window is more complex, but the frequency selection process is identical
to that of NW+, as shown in the left portion of Fig. 33-2. (The remainder of the
frequency sweep box represents a difference in software design philosophies of the
two packages. NW+ produces output data for every frequency of a sweep from 1 to
n steps. The user can then print or save the data he may need. EZW normally
operates in a single frequency mode, with a frequency sweep called up as a special
function. Hence, sweep output data is selected by the user and placed into special
files. Both systems work equally well in yielding sweep data.)

Frequency sweeps yield data at regular frequency intervals. Very often, it is
useful to transfer this data to a spreadsheet with graphing capabilities, since the
data of interest can exceed the internal graphing capabilities of NEC programs. |
routinely transfer the entire data set to a spreadsheet such as EXCEL, Quattro Pro,
or Lotus. (The graphs in this column are from Quattro Pro, although almost all
spreadsheets have quite adequate graphing capabilities. There is also a program
called EZPlots, a special Excel application that reads EZW sweep files and graphs
the results according to user specification of data. Asingle graph will handle up to 4
lines.)

Sweeps and “Mini-Sweeps”

Usual practice tends to call for the use of frequency increments that end in zero
or five. For most of the wider HF amateur bands, the start frequency is usually an
integer, which makes the practice seem natural.

Consider a 40-meter 3-element quad array. We might generate a frequency
sweep to determine the antenna’s potential across the band from 7.0 to 7.3 MHz in
0.05 MHz increments. If we combine gain and front-to-back curves, the results
might look something like Fig. 33-3. Model 33-1 is an approximation of the one
used to generate the graph.

There is useful data in this graph. Note the smooth gain curve. The absence of
corner squaring suggests that it is an adequate representation of the gain across
the band, ranging from 7.5 dBi free space gain at the low end of the band to a little
over 8.0 dBi at the upper band edge, with a peak at mid-band. Curve smoothness
suggests that interpolated values will be close to those we might find in a model
output file for any intermediate frequency along the way.

Chapter 33 ~ A Clean Sweep



Antenna Modeling Notes: Volume 2

128

3-Element 40-Meter Quad Beam
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The front-to-back curve presents an interpretive problem. Many quad designs,
but certainly not all of them, show a very sharp and narrow-band front-to-back peak.
The graphed values for 7.1 and 7.15 MHz suggest that there might be a peak some-
where between them. The only way to know for certain is to run a “mini-sweep”
between 7.1 and 7.15 MHz, perhaps in 0.005 MHz increments.
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3-Element 40-Meter Quad Beam
Mini-Sweep: Gain & Front-to-Back Ratio
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Fig. 33-4 shows the results of such a sweep in graphical form. The gain values
show steps, since the output data was limited to 2 decimal places and the overall
change across the new set of frequency limits is very small. The potential front-to-
back value peak turned out to be only a small rise in value, approaching 16.8 dB at
7.13 MHz. Other designs have shown equally narrow peaks well over 20 dB. The
mini-sweep was the only way to ascertain the nature of this design’s front-to-back
behavior at its peak.
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In general, whenever the data leaves potentially significant operating param-
eters ambiguous or vague, performing supplementary frequency sweeps over nar-
rower frequency ranges is the easiest means of clarification. The ambiguities may
not occur solely between graphed points of a sweep. Sometimes initial sweep data
will raise questions regarding performance at the edges of the passband, calling for
supplemental sweeps—or sometimes, simply for wider sweeps than are indicated
by the intended limits of operation.

3-Element 40-Meter Quad Beam
50-Ohm VEWR: 7-7.3 MHz
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Fig. 33-5 shows the 50-Ohm VSWR sweep of the subject quad model. |insert
it here for two reasons. First, it completes the data set most commonly developed
by a frequency sweep. However, on occasion, the modeler may find it useful to
record (and graph) both the resistive and reactive components of the source imped-
ance. The rates of change of resistance and reactance are often good indicators of
the potential of a design for wide-band operation or for the addition of compensatory
components to achieve a given source impedance. For example, in some lower HF
wire antennas, the resistive component changes very little, while the reactance
changes rapidly and almost linearly with frequency. By making such an antenna
inductively reactive throughout its range, one may add a series variable capacitor to
compensate for the inductive reactance of the antenna, thus achieving a relatively
constant resistive impedance that matches a feedline of choice. Second, the SWR
sweep in the present case is unambiguous in its indication of the narrow-band op-
eration of the modeled antenna.

Comparing Antennas via Sweeps

Frequency sweeps are often very useful in comparing “competing” antenna de-
signs for a given purpose. To illustrate the technique, | shall use a model of a
hexbeam and a model of a Moxon rectangle. Neither model is a representation of a
commercial antenna. Thus, no conclusions about the inherent potential or limita-
tions of any such design can be drawn from the illustration. Both antenna types are
generally interesting because they are compact and employ semi-closed geom-
etries involving coupling between element ends as well as between parallel portions
of the elements. The hexbeam looks like two “W” elements with the open ends
facing each other. The rectangle is—well, rectangular. Both are 2-element arrays
employing a driver and a reflector. See models 33-2 and 33-3.

Performing a frequency sweep of two antennas requires that we take account of
normal sweep matters. We should use the same start and stop frequencies, as well
as the same frequency increment throughout. Moreover, we should use enough
frequency steps to obtain a relatively unambiguous picture of the antenna perfor-
mance across the passband of interest. Let’s use the range of 14.0to 14.35 MHz as
our passbhand, with an increment of 0.035 MHz. This increment provides 10 steps—
or 11 total checkpoints—of operation.
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In addition, the modeler should note any other relevant factors that may affect
the interpretation of the comparative output. For example, the hexbeam model in
guestion has a design frequency of 14.10 MHz, while the Moxon was designed for a
14.15 MHz design center. The hexbeam is normally constructed from wire, so #12
AWG wire composes the elements. In contrast, a 20-meter Moxon can be easily
fabricated from aluminum tubing, so its model employs 1" diameter elements.

Hexbeam and Moxon Rectangle
Free-Space Gain: 20 Meters
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Fig. 33-6 shows the comparative free-space gain curves for the two models.
Although the hexbeam has a higher gain at the low end of the passband, the rate of
decrease in gain is much higher than that of the Moxon. Hence, the Moxon shows
a 1-dB gain advantage at the upper end of the band.

Notice the flattening of the curve of the hexbeam as it reaches the lowest fre-
guency of the sweep. One might raise a question of whether the hexbeam reaches

peak gain close to or far from the low end of the band. Hence, supplementary
sweeps might be useful over the range from 13.5 to 14 MHz to answer this question.

Hexbeam and Moxon Rectangle
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In Fig. 33-7 we find the 180-degree front-to-back curves for the two antennas

over the prescribed range of frequencies. Both antennas exhibit the sharp front-to-
back peak that marks semi-closed geometries (among others). Whether the abso-
lute peak is higher than the graphed peaks makes less differences to the compari-
son of designs than the front-to-back ratio as one approaches the passband edges.
A difference of 10 dB makes more difference here than at a frequency where the

differential is between 30 and 40 dB.

Hexbeam and Moxon Rectangle
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The 50-Ohm SWR curves for the two models under comparison appears in Fig.
33-8. Here we can most clearly see the attempt to design one antenna for 14.1 MHz
and the other for 14.15 MHz. Although one design shows much steeper curves than
the other, both exhibit the properties of closed and semi-closed geometries wherein
the curves are noticeably steeper below the design frequency than above it. As
well, the fact that one model uses thin (#12 AWG) wire and the other employs 1"
tubing also is evidenced in the differences between the curves.

The exercise has so far been geared toward a comparison of two designs, as if
one had only a choice between the two. Of course, one may enter into the graphs
as many designs as one likes, taking into account other properties of the antennas
that do not show up in performance figures. For example, the total area (or volume)
of an antenna may play a role in determining whether a design is a candidate at all.
Additionally, one may place variants of the two designs into the picture in order to
optimize each. None of these decisions will make any sense without first having a
set of design specifications in hand to define what better and worse may mean.

The one major exception to the need for a set of design criteria has also shown
up in our small foray into comparative frequency sweeping. In the process of look-
ing at the differences between the models, we also noted a number of family resem-
blances borne by all members of the close and semi-closed group of 2-element
antennas. For some modelers, these characteristics may be common expecta-
tions; for others, they may amount to discoveries about the class of antennas in-
volved. Modeling is not solely for design and analysis—it can also be for learning
about antennas.

Antennas on Different Bands

Suppose we frequency scale the Moxon rectangle from 20 to 10 meters. We
shall approximately halve the element lengths. As well, for proper scaling, we shall
halve the element diameter down to 0.5". Now let’s define 10-meter coverage as
extending from 28 to 29 MHz. Let’s use a design center frequency on 10 of 28.5
MHz. Compare models 33-3 and 33-4.

In recording a comparative frequency scan, we should do two things. First, we
shall set up the 10-meter scan in the same number of steps as the 20-meter scan.
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The 10-step, 11-checkpoint scan is convenient on 10 meters where the increment
become 0.1 MHz.

Second, when we graph the results, we should use some sort of common scale.
In this case, the checkpoints are each 10% of the total frequency span. Therefore,
a percentage scale becomes very useful.

20-Meter and 10-Meter Moxon Rectangles
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Fig. 9 shows the gain curves for the two antennas. Initially, we might think that
the two scales should overlap or at least closely parallel each other. However, the
size of the passbands differs, not only in total width, but as well as a percentage of
the center frequency. The 20-meter amateur band is about 2.47% of its center
frequency, while the first MHz of the 10-meter band is 3.51% of the center fre-
guency—a 42% difference. Consequently, over the defined passbands, the gain on
10 meters will show a larger total variation than on 20 meters. In fact, designs that
are adequate for 20-meter coverage may require significant alteration if they are
scaled and adjusted to cover 28-29 MHz.
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The front-to-back sweeps for the 20-meter and 10-meter Moxons appear in Fig.
33-10. These curves tell us a great deal about both the performance of the antenna
in question and about the design parameters for each model. For example, the 20-
meter version used a design frequency of 14.15 MHz, about 42% up from the lower
end of the band. Setting the design frequency lower than mid-band takes into ac-
count the fact that, for this design, the curves are steeper below the design fre-
guency than above it. Displacing the design frequency permits the designer to
achieve roughly equal front-to-back ratios at each band edge. In contrast, the 10-
meter design was set for 28.5 MHz for 28-29 MHz coverage. As a result, the low-
end front-to-back ratio is somewhat lower than the high-end value.
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As well, we can clearly see the consequence of operating the antenna over a
frequency range that is a larger percentage of the design frequency, as it is on 10
meters. The average band-edge deficit in front-to-back ratio on the wider band is
about 3 dB. Whether this amount is operationally significant is a design-evaluation
decision that would require a set of project goals against which to measure the
modeled values.

In Fig. 33-11, we have the 50-Ohm SWR curves for the two antennas. Once
more, the relative displacement of the design frequency on the lower band shows
up as a much more “centered” SWR curve than the one for the upper band. On 10
meters, the use of the exact passband center as the design frequency results in
higher SWR values at the low end of the band. (Remember that the antenna used
as an example here is designed for a direct connection to a 50-Ohm feedline, so
adjustment of the curve via a matching network is not part of the project.) Besides
the offset of the two SWR curves, we can see further evidence of the consequences
of using the design over a frequency span that is a higher percentage of the design
frequency.

Linear vs. Multiplicative Steps

We have looked at only some of the applications of frequency sweeps. Since a
frequency sweep yields a NEC core run that produces all of the output data, we also
have access to these data, ordinarily in tabular form. Among the most significant
data that we might examine are the current magnitudes and phases, perhaps on the
parasitic elements of a Yagi. These values may go a long way toward explaining the
behavior of an array across an intended operational passband. Additionally, the
change of source resistance and reactance across a passband is also valuable
information to extract from a frequency sweep. Such data are useful in comparing
two designs as well as in designing feedpoint matching systems.

Most of the work we wish to do with frequency sweeps can be done using linear
frequency steps. Therefore, entry-level NEC-2 programs may limit the user to this
option. However, the basic NEC core input system permits another type of sweep.
Let's re-examine the frequency input card once more.

FR 1 13 0 0 14. 00 1. 00206
Type of Stepping No. of FGs Start FQ Increnent
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We have modified the FR entry relative to the entries used throughout the exer-
cise so far by changing the “Type of Stepping” value from 0 to 1. A zero indicates
linear stepping, but a 1 activates multiplicative stepping. The start frequency is 14.0
MHz in the example. We can calculate the increment via the following equation:

N1

me- |Jo
fio

where M.F. is the multiplying factor, N is the number of frequency steps, f is the
highest frequency of the sweep, and f_is the lowest frequency (the “start” frequency).
In the example, the 12th root of the ratio of 14.35 to 14 is about 1.0020598.

For most common purposes, we mentally extrapolate from linear sweeps those
performance factors that are functions of a percentage of design frequency rather
than strict linear frequency functions. However, on some occasions, it may be use-
ful to view NEC output data more directly in these terms. In such cases—assuming
one’s program permits the use of multiplicative frequency sweeps—the use of this
alternative input may prove beneficial.

In this small foray into sweeping frequencies with antenna modeling programs,
we have certainly not covered all of the potential uses. However, | hope that there is
enough here to either get you started on the road toward making good use of the
facility.

* * *k % %

Models included: 33-1 through 33-4. (.NEC and .NWP model dimensions in meters;
.EZ model dimensions in inches.)
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34. The Second Ground Medium

Way back in the 11th column of this series (Volume 1), | discussed the use of the
various types of ground available in both NEC and MININEC. What we by-passed
at that time was the fact that these calculating cores permit the use of two ground
media. Perhaps it is time to fill in that gap—at least partially. In this episode, we
shall look at the use of using 2 ground media to define the ground beneath and
away from the antenna.

In order to keep the discussion focused on using more than one ground me-
dium, | shall restrict the discussion to Sommerfeld-Norton (S-N) high accuracy
grounds found in NEC. Multiple media can be defined for both MININEC and NEC
real grounds of all sorts, and it is even possible to place a NEC perfect ground
beneath the immediate vicinity of the antenna. However, for the sake of focus, |
shall stay with the one ground calculation system and concentrate on the 2 ground
media possible within NEC.

To define a single S-N ground, we simply follow the program directions for se-
lecting the ground type and then plug in the values of conductivity (in Siemens per
meter) and relative dielectric constant (or permittivity) that define a single medium.
This medium pervades and defines the entire ground surface from coordinates 0, O,
0 to the limits of the antenna’s far field. In raw NEC terms, a typical card or entry
would look like the following line (spaced out for identification of the entries):

&N 2 0 0 O 13 . 005
Card Gnd Nr  of Zer os D.C. Cond.
Type Type Radials

The “GN” card identifies both the ground type and medium. Atype 2 ground is
the Sommerfeld-Norton type. We set the number of NEC radials at zero (manda-
tory for an S-N ground). The following two columns are always zeros. The last two
columns specify the relative dielectric constant and the conductivity: the values shown
are those for what is commonly taken to be average ground. Note that the GN card
accepts the values defining the medium in the reverse order of entry relative to the
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input system of most commercial implementations, which specify the entry of con-
ductivity first. The ground definition is called in the NEC manual “an infinite ground
plane,” since it extends in every direction indefinitely. There are further columns,
but if they are empty—as in this example—the program presumes that they have
zero values. In many places around the NEC core, a zero value is interpreted as an
absent value that then plays no role in the calculations or that triggers certain ways
of handling the user input.

As arefresher on the general classification of ground values used in most com-
mon sources, | shall repeat a table appearing in the earlier column on grounds.
Always substitute more precise values wherever known. The table represents an
adaptation of values found in The ARRL Antenna Book (p. 3-6), which are them-
selves an adaptation of the table presented by Terman in Radio Engineer’'s Hand-
book (p. 709), taken from “Standards of Good Engineering Practice Concerning
Standard Broadcast Stations,” Federal Register (July 8, 1939), p. 2862. Terman’s
value for the conductivity of the worst soil listed is an order of magnitude lower than
the value shown here.

Soil Description Conductivity Permittivity Relative
in S/m (Dielectric Quality
Constant)

Fresh water 0.001 80

Salt water 5.0 81

Pastoral, low hills, rich
soil, typical from Dallas,

TX, to Lincoln, NE 0.0303 20 Very Good
Pastoral, low hills, rich

soil, typical of OH and IL 0.01 14 Good

Soil Description Conductivity Permittivity Quality

Flat country, marshy, densely
wooded, typical of LA near

Chapter 34 ~ The Second Ground Medium



Antenna Modeling Notes: Volume 2 143

the Mississippi River 0.0075 12

Pastoral, medium hills, and

forestation, typical of MD,

PA, NY (exclusive of mountains

and coastline) 0.006 13

Pastoral, medium hills, and
forestation, heavy clay soils,

typical of central VA 0.005 13 Average
Rocky sall, steep hills,

typically mountainous 0.002 12-14 Poor
Sandy, dry, flat, coastal 0.002 10

Cities, industrial areas 0.001 5 Very Poor
Cities, heavy industrial areas, Extremely
high buildings 0.001 3 Poor

As areminder, the ground beneath a NEC model is homogenous, whatever the
degree of ground penetration by a signal. Real ground may be stratified within the
region of ground penetration, especially from the lower HF to the VLF portions of the
radio spectrum. Penetration more significantly affects the propagation of signals
from vertically polarized antennas than from horizontally polarized ones, but both
types are affected to some degree. Any errors created by the difference between
modeled homogenous ground and real stratified ground, however, tend to be greater
for vertical antennas.
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Fig. 34-1
Z

10-Meter Dipole

Height=
1 Wavelength

Fig. 34-1 shows a 10-meter dipole at a height of 1 wavelength above ground.
With a single ground medium, we obtain an elevation pattern like the one shown in
Fig. 34-2. Everything in the pattern—including the gain, the elevation angle of the
lowest lobe, and the number of lobes—should be familiar to even relatively new
modelers.

So far, we have a modeling situation of no great interest or significance. How-
ever, there are numerous circumstances in which we may wish to simulate multiple
ground media. As one hypothetical case, let's assume that the dipole we just exam-
ined is about 1 wavelength from the ocean.
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10-Meter Dipole _ . Cond. = 0.005 S/m
Height= 1wl UdB DC=13
1 Ground Medium : : o : L

Elevation Plot — /i .1 . CuwsorBlev 140dey
Azimuth Angle 90,0 des. S can 761 dBi

Cuter Ring 7 G1dBi T 0.0 dBmax

Slice Max Gain - 7.61 dBi @ Elev Angle =14.0degy. . N

Bearmwidth 147 deg,; -3dB @ E9,21.6 deg. . E

Sidelobe Gain - 7.61 dBi @ Elev Angle = 166.0degy. . - -~ | o . -

Fromt/Sidelobe 0.0 dB . o ’ L . Flg 342

Let us restrict ourselves for the moment to using a circle to define the limits of
the inner medium. There are other possibilities, but mastering them one at a time
will be the order of the day. If we happen to be interested in the radiation toward an
inland location, we can use the single medium model. If we are interested in the
radiation out to sea and beyond, we can use the next model to emerge.

When we use more than one medium, NEC calculates the current distribution
and source impedance of the antenna based on the inner medium. The combined
media play a role in the far field calculations. To specify a second medium, our GN
card might look like the following entry:
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N 2 0 0 0 13 . 005 81 5 10. 7
Card Gnd Nr of Zer os D.C. Cond. D.C. Cond. Boundary
Type Type Radials [l nner Med.] [Quter Med.] Radi us

This card specifies two media, an inner and outer, with the inner medium having
average soil values and the outer one having salt-water values. The boundary ra-
dius tells us how far (in meters) from the coordinate system origin that the outer
medium begins. Note that boundaries are always specified in terms of distance
from the 0, 0, 0 point of the coordinate system, not necessarily from the antenna.
Since we can alter the coordinates of the antenna elements, we can place it any-
where in the inner medium region.

10-Meter Dipole . 0dB . Inner Medium to 1 wl
Height = 1 wl I _ - - Cond. = 0.005 S/m, DC = 13
2 Ground Media e . . . Outer Medium

' - : "~ - Cond.=%5,D.C=81

Elevation Plat ' ' o TS f D CursorEley 140 deq.

Azimuth Angle 900 deg. oS gain 8.15 i
Outer Ring 81508 . IR o 0.0 cBmex

Slice Max Gain 815 dBi @ Elev Andle =140 deg.

Beatmwvictth 145 deg,;, -3dB @ 7.2, 22.0 deg.

Sidelobe Gain - 8.15 dBi @ Elev Angle = 166.0 deg. I . .
FrortiSidelobe 0.0 dB : - .7 7 Fig.343
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To obtain a far field NEC-2 plot that takes account of the outer medium, we have
to make a change in the requested plot or RP card. The normal mode has a value
of 0 in the first integer slot of the RP card. For a radial boundary between 2 ground
media, we change this number to 3. There are other values, but for 2 media with a
radial boundary—the limits of this column—the 3 will cover all our work. (If we leave
the value at 0, the far field will be calculated in NEC-2 using only the inner medium,
as if it extended indefinitely. Wherever a commercial program does not ask for a
user change to the radiation pattern set-up, it is made automatically when the user
specifies a second medium.) See model 34-1.

Fig. 34-3 provides an elevation plot for the antenna in its new environment. Note
the increase in gain for the lobe at 14 degrees. Note also the nearly “knife-edge”
change in gain value within the second lobe. Reality would not likely in this kind of
case provide such a sharp change in gain. However, the boundary between mod-
eled ground media is a sharp change and shows up as such in the calculations. The
lower values of signal strength at higher angles result from reflection from within the
inner medium (at least in part). The approximate 45-degree elevation changeover
point for the 1 wavelength boundary radius is no accident.

In this example, both ground media are at the same level, namely Z=0. How-
ever, we can go a step further in defining media by placing the outer level at a lower
height by a defined amount. Let's assume that our salt water is a full wavelength
below the ground beneath the antenna itself, which is above the ground by a wave-
length. Then our GN card takes on this appearance:

N 2 0 0 0 13 . 005 81 5 10.7 10.7

Card Gnd Nr of Zer os D.C. Cond. D.C. Cond. Boundary Neg.

Type Type Radials [l nner Med.] [Quter Med.] Radius Qut er
Hei ght

The new number (again in meters, even if the user interface entry is in other
units) represents the distance by which the outer medium surface is below the inner
medium surface. A commercial program might call for a negative number as an
input to remind the user that the outer medium can never be higher than the inner
medium. However, the NEC card requires that this value of lower ground be en-
tered on the card as a positive distance downward. 10.7 meters is about 1 wave-
length at the 28 MHz test frequency for the model we are using.
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10-Meter Dipole
Height =1 wl

2 Ground Media )
Outer = 35" Down . -

.0dB ... Inner Medium to 1wl
- Cond. = 0.003 S/m; D.C. =13
Outer Medium
" Cond: =5; D.C. = 81

Elevation Plot Curzor Eley  7.0deg.
Azimuth Anale 900 deq. Cain 217 dBi
Outer Ring 5.17dBi 0.0 dBmax
Slice Max Gain 817 dBi @ Elev Angle = 7.0 deg.

Beamwvicth 7.2 deqy, -3dB @ 3.6, 10.8 degy. . .

Sidelobe Gain 517 dBi @ Bley Angle =173 0deg. . - .

Frort/Sidelobe 0.0 dB . Fig. 344

Fig. 34-4 presents the modeled elevation pattern for our old dipole in its revised
environment. Note that the lowest lobe has dropped to 7 degrees, since the an-
tenna is now about 2 wavelength above the medium most affecting far field patterns
at elevation angles below 45 degrees. At that angle, the inner medium exerts the
dominant effect. The model once more shows the knife-edge effect presented by
the models sharp boundary—something unlikely in reality. However, the lower lobes
are likely to be reasonably accurate with respect to a real situation.
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Let's change the scenario to explore some other modeling results that you may
expect from NEC calculations with multiple media. The first move is the change our
dipole into a vertical dipole for 30 MHz and to set its lowest point about 3' above
ground. Fig. 34-5 shows the general scheme.

Fig. 345

Z

30 MHz Vertical Dipole

:Base Height =
3"

Initially, let's set the antenna over a single ground medium defined as “very poor”
(Cond. 0.001 S/m; D.C. 5).

Fig. 34-6 presents the elevation pattern of the antenna over its very poor soil.
Note the very modest gain figure for the antenna under these conditions.
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30-MHz VYertical Dipole Cond. = 0.001 S/m
Base Height = 3" o .-0dB - D.C.=5

1 Ground Medium o . o S ) (Very Poor 5oil)

Elevation Plot ' ' T As Cursor Elev 189 deg.

Azimuth Angle  90.0 deg. DO ST L Gain 055 dBi

Outer Ring 0.85dBi oS 0.0 dBmax

Slice Max Gain - 0.83 dbi @ Elev Angle =159 deg. .

Beamvicth 286 deq., -3dB @ 5.0, 36.6 deg. )

Sidelobe Gain - 085 dBi @ Elev Angle = 1609 deg. . . -~ | L . - '
Frort/Sidelobe 0.0 dB ) L . - . Fig. 346

Next, let's make a change. Let’s place a modest ground screen or ionizing salts
in the ground in an effort to improve its quality. Let's estimate that the result is
ground that qualifies as very good (Cond. 0.0303 S/m; D.C. 20). We shall leave the
overall playing field level, but make the radial boundary 1/4 wavelength from the
point beneath the antenna. Outside the boundary, the ground values remain at the
very poor level. See model 34-2.

Now, a warning. What follows is what the NEC model reports and no more. No
claim about reality is made for the purposes of this note.
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30-MHz Vertical Dipole .. 0dB .. Inner Medium to 0.25 wl
Base Height=13" e . " - Cond.=0.0303; D.C.= 20

2 Ground Media S T ‘Outer Medium
- ' ' ' Cond. =0.001; D.C.= 5

Elevation Plot . ' S G- i1 CursorBlev 192 deq.
Szimuth Angle 9000 deg. e ST ain 0.74 dEi

Cuter Ring 0.7 4dBi o - . 0.0 dBma::

Slice Max Gain 0,74 dBi i@ Elev Angle = 19.2 deg.

Besmuwviddth 278 deg., -3dB @ 5.0, 359 deg.

Sidelobe Gain 0.74 dBi @ Elev Angle = 1606 deg. : . L . L '
Frart/Sideloke 0.0 oB : R : - Fig. 347

Fig. 34-7 shows the elevation pattern of the antenna with the revised soil condi-
tions. The antenna shows a tad less gain and a slight increase in the elevation
angle of maximum radiation. The ground improvement did not extend to the major
portion of the Fresnel or reflection zone of the antenna and hence does not show an
improvement in radiation at low levels. This result is typical of modeling outputs for
vertical antennas that do not use a set of radials as both a ground plane and an-
tenna element completion, such as the group of 1 wavelength loops fed as vertically
polarized antennas. As a useful exercise to acquaint yourself with multiple ground
media, you may wish to change the inner medium values across a range of values,
including but not exceeding those for salt water. There are some reports that values
higher than those for salt water may yield inaccurate modeling results.
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For our next example, let's increase the frequency of our vertical dipole to 300
MHz to simulate another common situation: the placement of an antenna over a
building top. To simplify matters, we can work in meters, since the nearly resonant
vertical dipole is a bit shorter than 0.5 meters. Initially, we shall place the base of the

antenna 5 meters above a single ground medium consisting of very good ground
(Cond. 0.0303; D.C. 20).

300 MHz Vertical Dipole ..0dB - .. Cond. = 0.0303;
Base Height=5m e : S D.C.=20
1 Ground Medium . o e

Elerwation Plot Cursor Elev 2.5 deg.
Azimuth Angle  90.0 deg. Gain 5.45 dBi
Outer Ring E.43cBi 0.0 dBmax
Slice Max Gain 6.45 dBi i@ Elev Angle = 2.5 deq.

Beamwyicth 28deg,; -3dB @ 1.2, 40 degy. . L

Sidelohe Gain 548 dBi @@ Elev &ngle =177 Sdey. . -0 P : -
Frort/Sideiobe 0.0 o8 : - - - - Fig. 348

Fig. 34-8 shows the elevation pattern for this model. Note the gain of nearly 6.5
dBi at an elevation angle of 2.5 degrees. (In working with antenna more than a very
few wavelengths above the ground, you will often obtain greater accuracy by reduc-
ing the pattern steps from 1 degree to about 0.1 degree, especially for elevation
patterns.) These values are typical for VHF vertical dipoles.
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Now, let us make the case interesting. Let us assume that the antenna is 5
meters above a modestly tall building, perhaps 5 meters high. We shall assume—
in order to preserve our simplified RP value of 3—that the building is circular and
has a diameter of 10 meters, with the antenna mounted in the exact center. Beyond

the building, the soil is very poor (Cond. 0.001; C.D. 5). Fig. 34-9 illustrates that
situation.

300 MHz Fig. 349
Vertical Dipole
+ = Coordinates 0, 0, 0
G1: Cond. =.0303 S5fm 5m 5m
D.C. =20
G2: Cond. = 0.001 S/m sy
D.C.=56 {

&m

| o

The GN card for this antenna looks something like the following lines:

N 2 0 0 0 20 . 0303 5 .001 5 5

Card Gnd Nr of Zer os D.C. Cond. D.C. Cond. Boundary Neg.

Type Type Radials [l nner Med.] [Quter Med.] Radius Qut er
Hei ght

Fig. 34-10 provides the modeled elevation pattern for our VHF antenna atop the
building. The “cliff’ (as it is called in NEC manuals) results in a 1.2 dB gain for the
antenna, with nearly half the elevation angle for the main lobe. As well, the in-
creased radius (as a function of a wavelength) results in a lower angle for the tran-

sition between dominance by the inner and by the outer media—about 25 degrees.
See model 34-3.
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300 MHz Vertical Dipole .. 0dB - ..

Base Height=5m
2 Ground Media
Cliff Scenario -

.10

20/

Inner Medium to 5 m

©. . Cond.=0.0303; D.C. =20

Outer Medium 5 m lower

. Cond.=0.001; D.C.=5

— o

Elevvation Plot Cursu:ur Elev 1.4 dey.
Azinuth Angle 900 deg. Gain 7 B4 dBi
Cuter Ring ¥ BddBi 0.0 dBmazx
Slice Max Gain 764 dBi @ Eley Angle =1 .4 deg.

Bearmwwvidth 14dey, -3dB @ 0.7, 2.1 deq.

Sidelobe Gain - 7.64 dBi i@ Elev Angle = 1756 deqg. .
Front/Sidelobe 0.0 oB Fig. 34-10

As an exercise, to increase further your familiarity with modeling results using 2
media, you might place antennas of various sizes (or resonant frequencies)—both
horizontal and vertical—over this building and compare the results with their coun-
terparts using a single medium. For some HF antennas, do not be surprised to get
knife-edge effects that cut a lobe into a stronger and a weaker part.

Once more, reality may or may not exhibit the sharp change in pattern lobes.
Remember that the rooftop was considered a homogenous ground material having
enough metal in it to simulate very good soil. Real buildings may range from very
poor to even better than very good, depending on their composition and the fre-
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guency of the antennas involved. | chose the very good rating for the example with
the assumption of there being a good bit of metal in the upper structure under the
roof. In reality, both the amount and the arrangement of the metal may play a

significant role is determining how good a ground medium that a given roof top
makes.

Let's perform an additional experiment. Remember that the coordinates for a
ground medium must be 0, 0, 0, the coordinate system origin. However, there is no
restriction on where we place our antenna. Therefore, let's return to the 30 MHz
vertical dipole and place it about 1 meter (3') above the inner medium, which simu-
lates a circular rooftop. Next, let's place it 0.1 m from the building edge by changing
the X or Y coordinate by 4.9 m.

30 MHz Vertical Dipole

/ . 0dB .. Inner Medium to 3 m
Base Height=1m S ; R Cond. = 0.0303; D.C. = 20
Base Position=.1m -~ L " Outer Madium 5 m lower
from "Cliff" edge - - : .+ Cond.=0001;D.C.=5

2 Ground I'uledia_ o

Elevatian Plat i 0l CursorBlev 124 deg.

Azimuth Angle 900 deg. TS0 S Gain 3.09 dBi

Outer Ring 3.09dBi A 0.0 cBmasx

Slice Max Gain - 3.09 dBi (@ Elev Angle =124 deg. .
Bearmwvicth 347 deg; -30B @ 54,401 deg. -
Siclelobe Gain 274 oBi @ Elev Angle =167 9degy. | . - -
FrortiSidelobe 035 dB

Fig. 34-11
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Fig. 34-11 shows the results of our move in an elevation pattern for the antenna.
The shift in antenna position results in a pattern displacement over the edge of the
building. At the same time, we see the emergence of higher-angle energy in the
direction over the building edge. Although the displacement is—for most purposes—
hardly fatal to the new antenna placement, the practice of modeling the antenna
position as exactly as possible over or on the inner medium shows its merits. How-
ever, beware of placing the antenna beyond the inner medium. Because NEC will
calculate the impedances and current distribution based on the inner medium, the
results may not be accurate.

We can specify the boundary between media as either a radius or a linear bound-
ary. In NEC-2, the difference appears in the RP card, where the mode is specified
as 2 rather than 3. The linear boundary occurs parallel to the Y-axis as a value for X.
To see the difference, let's look at two azimuth patterns of our 30 MHz vertical
dipole. First, we shall examine a circular or radial cliff. With the antenna near the
edge of the building—at 0.1 meter from the building edge, which is point X on Fig.
34-12—the alteration produced by the antenna position is a slight offset in the circu-
lar azimuth pattern.

When the “cliff” is linear, it extends indefinitely and creates a larger change in
the far field azimuth pattern. Fig. 34-13 illustrates the pattern from our 5-meter tall
building with the antenna 0.1 meter from the edge. As an exercise, one might wish
to run a selection of models in which the only difference is the type of boundary
between the inner and outer ground media.
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30 MHz Vertical Dipole
.1 meter from Edge
of Circular Building

Fig. 3412

Antenna Relative to .
~Circular Building

SOT IR

Cursor AZ 0.0 deg.

Azimuth Plot
Elewvation Angle  12.0 deg. T - ain 3.07 dBi
Outer Ring 3.07dBi 0.0 dBmax
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Fig. 34-13

30 MHz Vertical Dipole 0
.1 meter from Edge e
of Circular Building . -

.10

Linear CIiff . :

. | Along Y-Axis.at

£ Specified
Antenna x |Value of X

. Belative -] - 7 .

* toLinear”| - .-

“cliff el

Azimuth Plot

Elevation Angle  12.0 deq. Cursor AT 0.0 deg.
Outer Ring 3.07dBi Gain 3.07 dBi
Front/Back 239 0.0 cBmsx
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We have restricted ourselves to S-N ground using two media with a radial bound-
ary between them. These are not the only possibilities that NEC offers. For ex-
ample, if we change to the NEC fast or reflection coefficient ground system, we can
create a set of radials beneath the antenna. We can also add our second medium
by the use of a GD (Ground Description) card instead of expanding the content of
the GN card. For example, if the 2-media GN card were to look like this:

N 2 0 0 0 20 . 0303 5 .001 5 5

Card Gnd Nr of Zer os D.C. Cond. D.C. Cond. Boundary Neg.

Type Type Radials [l nner Med.] [Quter Med.] Radius Qut er
Hei ght

Then the corresponding pair of (NEC-2) GN and GD cards would have this
appearance:

N 2 0 0 0 20 . 0303

Card Gnd Nr of Zer os D.C. Cond.

Type Type Radials [l nner Med.]

(€] 0 0 0 O 5 . 001 5 5

Card ( Zeros ) D. C Cond. Boundary Neg.

Type [Quter Med.] Radi us Qut er Hei ght

(Note: in NEC-4, the first GD integer position—a zero in NEC-2—uses a 1 for a
linear boundary, a 2 for a circular boundary, and a 0 for no second medium. This
system replaces the options found in the RP card for NEC-2. A NEC-4 card for the
current outer medium would begin GD 2 0 0 0. . ., with the remainder as shown.
This note is an example of some of the easily missed entry requirement differences
between NEC-2 and NEC-4. Although many models developed in NEC-2 will run
without alternation in NEC-4, it pays to keep on hand a list of commands whose
requirements change between the two cores. As well, a good practice when going
from one core to the other is to do a thorough inspection of the model input file. The
larger the file, the more important that inspection becomes in terms of the long
partial run times that may occur before the core rejects the model or turns out im-
probable results.)

Whether one uses a single GN card or a GN-GD pair, the calculations would
provide the same output. Some commercial implementations of NEC tend to favor
the use of the GD card for the second medium. Not all low-end programs allow the
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full spectrum of ground potentials. Multiple ground media may require advance-
ment to a professional version of some programs.

Although we have not surveyed all of the ground type and descriptions available

in NEC, perhaps this much of a start may be useful. It pays to be well grounded in
NEC’s multi-media potentials.

* % *x % %

Models included: 34-1 through 34-3. (All model dimensions in meters.)
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35. Notes on Using AZ-EL Plots Effectively

The most common use for azimuth (AZ) and elevation (EL) plots might be
summed up in the following example:

Suppose that we have a 3-element Yagi designed for 28.5 MHz composed of 1/
2" diameter elements placed at a height of 35' above average ground. The 3-ele-
ment Yagi would look, in outline, like Fig. 35-1.

Typical 3-Element Yagi Beam

Director

Driver Feedpoint

£
A

Reflector

Fig. 35-1
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The following table describes the model (35-1) of this antenna.

3 el Yagi 1/2" al elenents Frequency = 28.5 MHz.

Wre Loss: Al um num (6061-T6) —Resistivity = 4E-08 ohmm Rel. Perm =1

W RES
No. End 1 Coord. (ft) End 2 Coord. (ft) Dia (in) Segs
X Y z X Y z
1 -8.595, 0, 35 8. 595, 0, 35 0.5 21
2 - 8. 207, 5.2, 35 8. 207, 5.2, 35 0.5 21
3 -7.722, 11.212, 35 7.722, 11.212, 35 0.5 21
Total Segnents: 63
SOURCES
No. Speci fi ed Pos. Actual Pos. Anpl i tude Phase Type
Wre # %FromEL %FromElL Seg (VIA) (deg.)
1 2 50. 00 50. 00 11 1 0 \Y,

Most of us have grown accustomed—perhaps too much so—to examining the
AZ-EL plots for only a small amount of information: maximum gain, front-to-back
ratio, and elevation angle of maximum radiation. Since we know that the maximum
forward gain of the antenna is (literally) straight forward, we can begin with an eleva-
tion plot by setting the azimuth angle for it along the axis we chose as the front-back
direction. In this case, let's assume that the elements stretch from end-to-end along
the X-axis, which makes the Y-axis the standard beam direction. So we shall set the
AZ heading to 90 degrees. The resulting EL pattern looks like Fig. 35-2.

From Fig. 35-2, we pick up the maximum gain figure (13.35 dBi) and the take-
off (TO) angle (elevation angle of maximum radiation): 14 degrees. The next stepis
to call for an AZ plot, setting the elevation angle to 14 degrees. The result looks like
Fig. 3.
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Standard Elevation Pattern . -~ 0 dB B Fig. 352

Elevation Plot ’ ’ o A i . Curzor Elew 140 deg.
Azimuth Angle  90.0 deg. = 13.35 dBi
Cuter Ring 13.3acBi o EERE o .IZI.D dEImfax
Slice Max Gain 13.35 dBi (@ Elev Angle = 14.0deg. ..

Beamuwyicith 14.4 deg,; -3dB @@ 6.5, 21.0 deg. o A - :
Sidelobe Gsin - 10.03 dBi @ Elev Angle = 450deg. . - : L o : 28 5 M HZ

FromtiSidelohe 327 dB

An examination of Fig. 3 yields a confirmation of the maximum gain as well as
the front-to-back ratio: 25.05 dB in 180-degree F-B terms.

Very often, we neglect much of the information that is also included on these
plots. For example, the horizontal beamwidth to the -3 dB or half-power points is
63.4 degrees. This data gives us some idea of the coverage of the antenna without
having to change beam heading. It should also inform us of why it is a fairly futile
exercise to try to orient a beam such that the reference heading of our rotator is
correct to under 1 degree.
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The EL plot informs us that the vertical beamwidth to the -3 dB points is 14.4
degrees. Although the horizontal beamwidth was composed of symmetrical pattern
portions left and right of the centerline, we should never assume that the same is
true of a vertical beamwidth value. In this instance, the symmetry around the
centerline is not severely distorted. The upper -3 dB point is 6.6 degrees above the
TO angle and 7.8 degrees below the TO angle. Our coverage to the half-power
points ranges from 6.6 to 21 degrees, covering most of the skip angles we are likely
to encounter on 10 meters.

Standard Azimuth Pattern Fig. 353
aimuth Plot o S B - Cursor &z 900 dég:
Elevation Angle  14.0 deq. <. - Gain 13.335 dBi
Cuter Rino 13.35cBi L . L 0.0 dBmax
Slice Max Gain 13.35 dBi @ Az Angle = 9000 deg. e a
FrontBack 2505 o ) .
Beamuwicith B3.4 den,; -3dB @ 53.3, 121.7 deqg. - R .

Sidelobe ain - -11.7 dBi @ Az Angle=2700deg. . - o : 28 . 5 M HZ

FrortfSidelobe  25.05 dB
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Also notable in the elevation pattern is the secondary lobe at a higher angle. The
plot informs us that its angle of maximum radiation is 45 degrees and that it is more
than 3 dB weaker than the main lobe.

How we use this information to evaluate the potential performance of the an-
tenna involves a number of factors that go beyond what the model tells us. First, we
have to determine the weight to give each element of the information relative to the
purpose for which we might install this antenna. Second, we must factor in informa-
tion that may alter the reliability of the modeled numbers relative to the actual site
situation of the antenna itself. For example, terrain variations may require special
treatment outside the realm of NEC modeling to determine more precise expecta-
tions of the antenna when pointed in various directions.

Having said this much about AZ and EL plots, we tend to stop our investigation.
In doing so, we often deny ourselves useful data that might be supplied by a few
supplementary plots. Here are a couple of examples—using the same initial model—
of what we might learn.

Case 1—an alternative direction: Suppose that we have the 3-element Yagi set
on a certain heading, perhaps the primary direction for communications. Now fur-
ther suppose that there is a secondary heading about 20 degrees to the right of the
primary bearing—with the new heading indicating a station or set of stations with
which we wish to communicate.

One solution to this situation is to move the beam heading by 20 degrees. How-
ever, one might wonder whether this solution is necessary. The ultimate answer to
the question might well involve the type of operation involved. Casual contact leaves
the operator plenty of time to change the antenna direction. However, there are
contest and similar operational contexts in which every movement that can be clas-
sified as unnecessary is eliminated as part of the operational strategy. Hence, for
some contexts, the decision to move or not to move the antenna heading may ac-
quire some significance.

One important piece of data that might enter into the decision process is how
much signal strength we might lose by not moving the antenna. Alternatively, we
can ask how much signal strength we would have in the secondary direction if we
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leave the heading in the primary direction. The answer is as simple as requesting a
new elevation plot using a heading that is in the secondary direction.

Special Elevation Pattern . 0dB . Fig. 354
20 degrees right of C : T
centerline

Elevation Plat S S S i ClrsorBlev 130 deg.

Azimuth Angle 1100 deg. LT ST EaEin 1217 dBi

Outer Ring 13,3505 S 0.0 dBmax

Slice Max Gain 1217 dBi i@ Elev Angle = 13.0 deg.

Beamwidth 14 4 deg.; -3dB @ 6.6, 21.0 deg. : - K — ’ '
Sicelobe Gain 924 dBi @ Elev Angle = 45 0deg. - - : . S '

Frort/Sidelobe  2.93 dB : - . 28.5 M HZ

For such plots, it is useful to set the outer ring of the plot at the maximum gain
obtained from our initial elevation plot—in this instance, 13.35 dBi. The resulting
elevation plot will then show graphically as well as numerically the difference in
signal strength. Fig. 35-4 shows the new plot.
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From the EL plot, we can discover that the gain in the secondary direction is
12.17 dBi, down 1.18 dB from the primary direction. Although we might have esti-
mated these values from the initial azimuth plot, the ability to request alternative EL
plots for any AZ bearing can provide a table of values that can contribute either to
operational planning or to an evaluation of the potential antenna performance.

Case 2—an alternative elevation angle: The TO angle or elevation angle of
maximum radiation is not the only elevation angle that is important. Adjunct to many
types of operation are programs and other sources that predict propagation. The
predictions may also include estimated skip angles for different frequencies. These
predictions in the short term may open the question of just how effective our subject
antenna might be at its present height. Over a longer term, we might question
whether or not it would be useful to change the antenna height to obtain better
results.

Suppose, then, that we are interested in a skip angle of 10 degrees—4 degrees
lower than the TO angle that we initially obtained from our general analysis of the 3-
element 10-meter Yagi. We can simply set the elevation angle for an AZ plot to the
10-degree mark. Once more, it is useful to set the outer ring of the AZ plot to the
maximum gain level from our initial analysis—13.35 dBi. Then, the new AZ plot will
graphically as well as numerically show the difference in signal strength. The result
appears in Fig. 35-5.

From Fig. 35-5, we learn that the forward gain at a 10-degree angle is 12.67 dBi,
about 0.68 dB less than at the TO angle. We may also note in passing that the front-
to-back ratio changes by only an insignificant amount. Just how we factor this
information into the overall operational and construction planning will depend on all
of the additional factors we have so far noted. Since we can request AZ plots for
any elevation angle, we can develop detailed information across a spectrum of pos-
sible skip angles. Of course, all such data must be adjusted for any terrain affecting
signal propagation to the antenna and its site.
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These two cases are only the beginning of the kind of information that we can
gather if it is useful to us. For example, if we propose to raise the height of the
antenna—anywhere from the present height of 35' to an upward limit of 200'—we
may wish to develop detailed data about beamwidths and angles. The higher we
raise the antenna in terms of wavelengths above ground, the more elevation lobes
we shall encounter. Even though the lowest lobe is usually the main lobe of interest,
we must also note that each lobe will have a narrower beamwidth as we increase
the antenna height. This factor should be added into the data mix we obtain relative
to potential skip angles we may encounter in operation. If the antenna surpasses
certain heights (in terms of wavelengths above ground), we may discover that the
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null between the two lowest lobes potentially deprives us of possible communica-
tions paths on some occasions.

For some of the necessary planning data, tables of values may suffice. In other
instances, overlaying elevation plots can provide a graphic portrayal of both advan-
tages and disadvantages.

The cases we have been examining were based upon simple variations upon
an initial determination of the antenna’s maximum gain and the elevation angle at
which it occurs. For many types of antennas whose general properties at a given
frequency are well established, this procedure works well and leads us quickly to
the desired supplementary information. However, not all antenna properties are
well known in advance for some frequencies of operation.

67.75" Off -Center-Fed for 7.15 MHz

Test Frequency: 28.5 MHz

& Feedpoint Fig. 356
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As a case in point, consider the antenna in Fig. 35-6. Itis a 40-meter off-center-
fed antenna, with the transmission line set at approximately the 300-Ohm position
on 7.15 MHz. The antenna is of #14 wire and models a transmission line of about
410 Ohms, that is, 1" wire separation. The line is 35' long, with the antenna posi-
tioned 70" above average ground.

The question we might pose is what the maximum gain might be for the antenna
and at what TO angle, if we operate the antenna on 28.5 MHz. For our exercise, we
shall present the antenna along the X-axis so that in the plots to follow, it would
appear as a line from left to right across the center of the azimuth plots.

We shall quickly discover that the antenna pattern is neither broadside to the
wire nor off the wire ends at the frequency of operation. In order to answer our
guestions, we shall have to develop a procedure that allows us to “creep up” on the
values for maximum gain and TO angle.

In many instances, experience with similar antennas may let us start the pro-
cess fairly close to the final values. However, for illustrative purposes, let's choose
an arbitrary beginning point. We shall take an azimuth pattern at 14 degrees eleva-
tion and see where it leads. The pattern appears in Fig. 35-7.

From the azimuth pattern we obtain 2 critical pieces of data. For reference, we
shall record the gain (a low value of -0.83 dBi). As well, we shall record the azimuth
angle of maximum radiation: 177 degrees.
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67.75" OCF .. 0dB .. Fig. 357
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The next step is to request an elevation pattern at the azimuth angle of 177
degrees. From this elevation pattern, we obtain a new elevation angle of maximum
radiation, 141 (or 39) degrees. So we request an AZ pattern, using the new EL
angle value. We continue the process until the AZ and EL patterns provide the
same gain value and until the EL and AZ angle coincide on the respective plots. For
this exercise, the following table summarizes the steps that led to final values.
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Pr eset Pr eset Current Max. Gain Angl e of
Angl e Type Angl e Pattern Type dBi Max. Gain

EL 14 AZ 0.83 177

AZ 177 EL 6. 20 141 (39)

EL 39 AZ 6. 60 19

AZ 19 EL 7.11 22

EL 22 AZ 9.02 34

AZ 34 EL 9.76 7

EL 7 AZ 9.90 37

AZ 37 EL 9.90 7

67.75' OCF: -0dB .

Final Azimuth Plot

Azimuth Plot
Elewation Angle
Cuter Ring

Slice Max Gain
FrortBack
Beamwvicth
Sidelobe Gain
FrortsSidelobe

T0dey.
9981

99 dBi @ Az Angle = 37 0 ded. -
27208
28.8 deg; -30B @21 4, 50.2 ded.
9.9 dBi @ Az Angle = 323.0 deg.

0.0 de e

Cursor Az 370 deg.
T Gain 9.9 dBi
. 0.0 dBmax

285 MHz

Fig. 358
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Note first that the last two steps in the table replicate the maximum gain. As
well, each plot uses the other’s angle of maximum radiation as the preset angle.
This is generally the sign that one has arrived at the correct gain and angle values.
There are some patterns so complex that it may be necessary to sample other
regions of the overall plot fields, but these tend to be rare. Ordinarily, the number
and placement of lobes will be a guide to suggesting further exploration.

Fig. 35-8 provides a second factor to note. The AZ pattern clearly shows a null
in the final pattern just where the initial pattern shows a lobe maximum. In the
exploration of complex radiation pattern structures, it is never wise to assume that
an AZ pattern retains a particular shape as we change the elevation angle. Although
the antenna we used in the exercise seemed to be simple in geometry, it was actu-
ally fairly complex. The horizontal portion consisted of a 2-wavelength collinear
element. Since the parallel feedline does not have equal currents at its terminals,
the line is unbalanced and makes a net contribution to the overall radiation pattern.
The result is a complex radiation pattern whose elevation plots change with every
change of azimuth bearing.

Part of the pattern complexity appears in Fig. 35-9. We should note that the AZ
heading for this plot is 37 degrees, that is, an angle that is neither along the plane of
the wire nor broadside to it. In any data presentation, it is often useful to mention
this fact, since viewers tend to make erroneous assumptions about the azimuth
bearings of elevation plots unless the correct bearing is called to their attention. Itis
for this very reason that | have moved the data from outside the plot region directly
into the plot area.

In addition, we may note that the special elevation angle that was counted on a
0-180 degree scale. When counted above the horizon, the angle of 141 degrees
translated to 39 degrees. Some programs restrict elevation angles to the range of 0
through 90 degrees. Had we used the 141-degree angle, the maximum gain head-
ing would have appeared on the opposite side of the plot. That position might well
have led to wrong conclusions about the actual direction of maximum radiation.
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67.75° OCF: .- 0dB - Fig. 359
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One technique for sorting out the various lobes, nulls, and oddities (if any) of the
overall radiation pattern of a given antenna is to use a 3-D plot. 3-dimensional plots
are commonly found in commercial implementations of NEC (and MININEC). They
generally use a larger step size between azimuth and elevation pattern readings
than might be used in 2-dimensional AZ and EL in order to speed the execution of
the plot. However, they can be valuable adjuncts to the detailed information pro-
vided by standard AZ and EL plots.
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3-D Oblique View: Fig. 35-10
Wire is Along the S
X -Axis

Fig. 35-10 provides an oblique view of the OCF that we have been exploring.
Although the wider step size changes smooth curves into sharp angles, we can
clearly see the exceptionally complex structure of the lobes and nulls at most eleva-
tion and azimuth angles. The pattern is oriented to place the strongest lobes, as
revealed by the AZ and EL plots in Fig. 35-8 and Fig. 35-9, in the foreground. (Hence,
the axis letters appear as mirror images.)
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3-D View End-On Fig. 35-11
Along the Plane of
the Wire

Fig. 35-11 presents a 3-D view of the patterns as viewed down the antenna wire
from its end. This view is useful to establish that there are no broadside patterns
stronger than the one we identified as the lobe of maximum gain. As well, we can
see that there are no significant lobes below the angle of maximum radiation.

Fig. 35-12 presents a 3-D view of the pattern with the wire running directly from
left to right. This view gives us a sense of the strength of the pattern off each of the
antenna ends, with the long side of the antenna obviously yielding the strongest
pattern. The view also confirms that there are no lobes at upper levels stronger than
the one identified as the lobe of maximum radiation.

Chapter 35 ~ Notes on Using AZ-EL Plots Effectively



Antenna Modeling Notes: Volume 2 177

3-D Side View: Z Fig. 3512
Wire Runs From

Left to Right

+X

Some programs enable the user to specify a 2-D pattern from within the context
of the 3-D pattern. To use this provision, one simply specifies graphically the “slice”
desired for the 2-D view. In many cases, using both 3-D and 2-D patterns in con-
junction can resolve more quickly the problem we set for ourselves of identifying the
lobe of maximum radiation strength.

With some antennas—for example, VHF antennas at large heights above ground,
the multiplicity of elevation lobes may elude 3-D analysis and yield a false picture of
the radiation pattern structure. A pattern, whether 2-D or 3-D, simply connects the
dots between readings. 5 degrees is barely sufficient for lobe identification at the
frequency and height of the present antenna. For 2-D patterns, 1-degree steps
between readings generally suffice for most HF antennas at any reasonable height
and for VHF antennas at lower heights. Above about 5 wavelengths in height, the
use of a 0.1-degree step is advisable in 2-D plots in order to ensure that you capture
all elevation lobes.
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The cases we have examined in no way exhaust the potentials for AZ-EL plots
to provide the modeler with useful information. However, they hopefully provide a
start toward making new and productive use of this facility for those whose work has
not yet gone beyond the “standard” sorts of patterns with which we began.

* % *x % *

Models included: 35-1 through 35-2. (.NEC and .NWP model dimensions in meters;
.EZ model dimensions in feet.)

Chapter 35 ~ Notes on Using AZ-EL Plots Effectively



36. Getting a Grip on AZ/EL and Phi/Theta

Among the unappreciated subtleties of NEC (in any version from -2 to -4) is the
fact that the radiation pattern outputs make use of different conventions from those
we ordinarily apply to antennas in both amateur and field engineering work. We tend
to think of the horizontal dimensions for an antenna pattern in azimuth terms, which
correspond to the headings on a standard compass. For elevation, we count from
the ground upward.

However, the NEC core does its work with radiation patterns using the conven-
tions of phi and theta angles. Folks using “raw” NEC must either adopt the phi/theta
angle counting scheme or be ready to make conversions into azimuth/elevation
(AZ/EL) on a scratch pad. Those using commercial implementations of NEC have
access to pre-conversions that show up as AZ/EL headings in the graphical and
tabular outputs of NEC programs. In some programs, users may have a choice of
graphical labels for some plots.

However, not everything may be as it seems, that is, as pure elevation and
azimuth plots. Therefore, perhaps it may be useful to start at the beginning and
carry ourselves into the conventions used by at least a couple of commercial pro-
grams. In this way, we can become prepared for almost anything.

In the course of our discussion, we shall uncover some implementation schemes
that use the term “azimuth” but which are not quite pure azimuth structures. Our
purpose in noting these departures is not to be critical. Very often, there are good
programming reasons for the variants. We need to understand what is before us
and how to interpret it well, and that will be our primary goal in looking at the struc-
tures of pattern plots.

Elevation and Theta
The simple beginning in our effort to get a handle upon both theta angles and

elevation angles is to differentiate the two systems. The rule of thumb goes some-
thing like this: theta angles count downward from the zenith heading (directly over-
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head along the Z-axis on the coordinate system). Elevation angle count from the
horizon upward. Hence, for starters, we can think of a horizon as 90 degrees theta
or zero degree elevation. Likewise, directly above the antenna is zero-degrees theta
and 90-degrees elevation.

This simple convention works well for some purposes. For example, when we
specify the elevation angle in a commercial version of NEC, we enter a value be-
tween 0 and 90. Likewise, if we specify a theta angle, we normally specify a value
between 90 and 0. This practice is necessary when requesting an azimuth pattern
for an antenna over real ground.

However, this step is only the beginning of our understanding of how NEC counts.
Examine Fig. 36-1. The circle in Fig. 36-1 represents a free-space 360-degree set
of bearing that is possible for an antenna in free space. (The proper name for a free
space pattern in this set of directions is an H-plane pattern, if the antenna is a
horizontally oriented Yagi that would be parallel to the earth’s surface—if there were
an earth with a surface.) For antennas above ground, we use only the upper half of
the circle. To understand how the NEC calculating core performs its radiation pat-
tern duties, let's look on the inside of the circle. By convention, the direction to the
right is the primary heading for theta (and for elevation) angles, and its theta value is
+90. As we move up the circle, the angle decreases to 0. Moving back down the
circle to the left, we find -90 as the value. This scheme is convenient, since for
antennas above the horizon line, we have values between 0 and 90 in both direc-
tions.

The situation becomes somewhat more complex if we extend the circle to the
full 360 degrees for a free space pattern. By the time we return to our starting point,
the inner circle reads -270. In many ways, this is a perfectly sensible scheme, since
we can simply specify +90 degrees as the finish point for any theta pattern, whether
over ground or in free space. The starting point then becomes 90 degrees minus
180 degrees for patterns over ground or 90 degrees minus 360 degrees for patterns
in free space. (Remember that for NEC-2 patterns over ground, direct horizontal
values (+90 and -90 degrees theta) are illicit.)
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If we turn our attention to the labels outside the circle, we encounter the conven-
tions applicable to elevation patterns. Over ground, we have two choices, in the
main. We can count upward from the right from 0 to 90 degrees overhead and back
down to 0 at the left horizon point. Alternatively, we can count from 0 to 180 degrees
moving from the far right to the far left. This latter scheme is useful when we wish to
deal with a free-space pattern, since we can continue the count to the low point
value of 270 and than back to 360 or 0 degrees.
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Notice that on a circle, theta values increase in a clockwise direction, while el-
evation values increase in a counterclockwise direction—if we adopt the convention
of placing the prime direction or orientation to the right on the graph.

One of the commercial implementations of NEC that | use, EZNEC, uses eleva-
tion angles instead of theta angles, since elevation is the standard used by most
practical antenna folks. The program'’s graphical output for elevation patterns of all
types uses a single set of labels, shown in the free-space pattern for a 3-element
Yagiin Fig. 36-2.

Outer Ring = 8.20 dBi .- 9 4B
1z )
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Free-Space Elevation Pattern o : o o S l 300 Fig. 362
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The EZNEC scheme exactly follows the conventions shown in the general
scheme in Fig. 36-1. Incidentally, version 2 of EZNEC is used for this exercise,
since the patterns show the labels at all times. Version 3.0 is now available for
Windows, and it uses the same scheme. However, the graphical angles are not
labeled.

Free-Space Elevation Pattern
NEC-Win Plus
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Another NEC program that | regularly use is NEC-Win Plus. It offers the user a
choice of theta or elevation angles for the plots. Moreover, the user can also select
from 4 different sets of labels for elevation/theta plots (with the designations ar-
ranged from left to tight on the actual graphic):

1. -90/0/90 (theta)

2. 180/90/0 (elevation)
3. 0/90/180

4. 0/90/0

The first two selections replicate the standard theta and the elevation scheme
also used by EZNEC. The third option is useful for reversed patterns. The fourth
provides elevation angles in simple numbers for both directions away from the ze-
nith. Fig. 3 provides a sample of a free-space pattern using the 0/90/0 scheme.
Notice that area below the hypothetical horizon uses negative values, with the low-
est point using a -90 degree value.

Differences in the conventions used—either as provided by the software writer
or as selected by the user—begin to show up in elevation patterns for antennas
above ground. Let's set our 3-element Yagi about 1 wavelength above ground. See
model 36-1. Inthe EZNEC scheme, the new elevation pattern looks like Fig. 36-4.

Outer Ring = 13.45 dBi .- @aaB- ..
20 .. o ... 60

150

180 . .0 deg.

Elevation Pattern Over Ground/Horizon Fig. 364
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The 0-90-180 degree counting scheme (from right to left) requires that the user
do some mental or pencil arithmetic to determine the elevation angle of the lowest
rear lobe in the figure—which happens to be 13 degrees—the same as the main
forward elevation angle. Not all antennas yield such symmetry.

Elevation Pattern Over Ground/Horizon
HEC Win Plus
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The NEC-Win Plus pattern (Fig. 36-5), using the 0/90/0-degree elevation scheme
obviates the need for the simple arithmetic, although accurate location of the rear
lobe angle would require that | alter the graphic by choosing 1. thinner lines for the
plot and 2. a full screen plot that would be too large for easy replication in the format
used in these columns. Both programs offer a wide selection of color and line widths
to suit user preferences and specific applications of the graphics.

In general, the differences between implementations of elevation pattern head-
ing conventions are too slight to make a difference in how we use the programs. In
all cases, we can easily arrive at the elevation angle we need to use in the overall
antenna analyses we perform.

Azimuth and Phi

Theoretically, the differences between azimuth and phi angle systems are less
complicated than the ones for elevation and theta. With azimuth and phi patterns,
we always count a full 360 degrees around a circle, as shown in Fig. 36-6. We
simply count in different directions. However, the use of the upper point of the circle
as the stating or zero point is arbitrary.

The inner part of the circle shows the phi counting scheme (used by the NEC
core), which moves counter-clockwise around the circle. The outer labels show the
standard azimuth scheme, which counts clockwise around the circle. The two
schemes coincide at zero and 180 degrees.

Since free-space phi or azimuth patterns of antennas that would be horizontal if
over ground closely resemble the patterns of those same antennas at their take-off
or TO angle, we can by-pass a sample. However, the proper name of such free-
space patterns is E-plane patterns. To avoid an undue multiplication of labels, NEC
programs simply carry the pattern names applicable over ground into free space.

Some small difficulties of user orientation arise when implementations of NEC
develop the azimuth pattern graphics for their programs. Then we begin to see
some variations on the standard azimuth scheme. Most of the variations result from
the fact that converting a phi pattern requires—for complete conversion to azimuth
conventions—a full conversion of the data table that NEC produces. A simple re-
labeling of the headings will not suffice to do a complete job. Hence, we find some
shortcuts.
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Fig. 36-7 shows the azimuth pattern of our 3-element Yagi at a height of 1 wave-
length above ground. By setting the elevation angle to the “take-off” angle or the
angle of maximum radiation (13 degrees in this case), we obtain an azimuth pattern.
Note that EZNEC (Version 2) sets the zero point to the right. In this manner, the
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background graphical setting, consisting of dots and heading numbers, is the same
for both azimuth and elevation patterns. However, 90 degrees is not clockwise to
the left of the zero point, but counter-clockwise to the right of the zero point. EZNEC's
azimuth patterns are actually phi patterns.

Outer Ring = 13.45 dBi .- 9 dB -
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13 Degrees T . Co. 300 Fig. 367

In the latest (Windows) version of EZNEC, the label-less pattern grid avoids the
problem of orienting oneself to either phi or azimuth conventions. The user has a
choice between counting counter-clockwise from zero (the phi convention) or using

compass bearing (the azimuth convention), but this choice shows up only in data
entries.

Chapter 36 ~ Getting a Grip on AZEL and Phi/Theta



Antenna Modeling Notes: Volume 2 189

In Fig. 36-8, we see the NEC-Win Plus azimuth pattern for the same antenna
under the same conditions. NEC-Win Plus sets the zero point at the top of the
graph and labels everything in standard azimuth terms. So far, it appears that orien-
tation in the azimuth scheme presents no problem at all.

Azimuth Pattern: Elevation Angle 13 Degrees

MECWin Plus
30
60
A030;-20—__10 0 90
120
150
Fig. 368

180
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The question of orientation toward the graphical pattern outputs does not be-
come readily apparent until we decide to construct models in alternative ways to
those most often used. For example, all of the models of the 3-element Yagi we
have so far examined extend their linear elements along or parallel to the Y-axis.
The forward portion of the antenna (or the front end of the boom) has a positive
value on the X-axis, while the rear has a negative X-value.

Now let's reverse the procedure. We shall model the same antenna with the
linear elements extended left and right along or parallel to the X-axis. The front of
the array will have a positive Y value, and the rear will have a negative Y-value. If we
run this model, it will show exactly the same gain, front-to-back ratio, source imped-
ance, and element currents as the first model. So the only remaining question is
how it will appear in the azimuth pattern graphics.

Outer Ring = 13.45 d4Bi L
120

150 - 30
| T "0 deg.
2100 e el T 33
Azimuth Pattern
Elevation Angle:
13 Degrees o
Elements Along +/-X Axis R . L 300 Fig. 369
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Fig. 36-9 shows the EZNEC version of the azimuth pattern. The forward lobe
points toward 90 degrees, the heading of the Y-axis for positive values. However,
contrary to azimuth conventions, the graphical heading is counterclockwise relative
to the zero point. In short, we have a phi pattern.

Azimuth Pattern: Elevation Angle 13 Degrees
Elements Along +/-X Axis
NECWin Plus

180 Fig. 36-10
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In Fig. 36-10, we have the NEC-Win Plus azimuth pattern. In this case, stan-
dard azimuth counting is employed in a clockwise direction. However, to place the
pattern without converting the NEC table, the forward heading of the pattern now
points to 270 degrees, the opposite direction of the positive forward Y-values (which
would normally go to 90 degrees on a standard azimuth pattern).

My point in setting these items into print is not either to review the two software
implementations of NEC or to be critical. Rather, the aim is to orient the user so the
he or she understands how to read the data that appears on these patterns. Initially,
the differences of each from standard azimuth patterns are negligible because the
antennas for our test produce symmetrical patterns along their centerlines. Hence,
left and right make no difference at all.

Not all antennas yield symmetrical patterns, and in some cases, left and right
can make anywhere from a small to a Iarge difference.
Outer Ring = 12.75 dBi :

120 T N el

150 ©30
1 £: [ I "0 deg.
210- . - e T T a3e
Azimuth Pattern: Nun-Sym'metriﬁal' .
Elevation Angle: 3 Degrees . . o . . 300
Elements Along +/- X Axis el Fig. 36-11
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To illustrate, let's use an antenna with only a small non-symmetry. Itis a para-
sitic beam for 2-meters at a height of about 30' and modeled with the elements in
the +/-X axis and the forward direction as a positive value of Y. Fig. 36-11 is the
azimuth pattern in EZNEC, with the forward direction at 90 degrees. However, no-
tice the rear quadrants, where the pattern becomes obviously larger on one side
than on the other. The pattern in this case shows the larger lump at about 215
degrees, about 125 degrees from the forward direction. The actual pointin the rear
where the signal strength is greatest is on the more diminutive rear lobe, about 125
degrees in the other direction from the forward lobe centerline. Note that we have to
determine each differential by arithmetic. As well, the increasing values of the heading

Azimuth Pattern: Non-Symmetrical
Elevation Angle: 3 Degrees
Elements Along +/- X Axis

NECWin Plus 180 Fig. 3612
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as we moved left would be what we might expect had we been using a phi pattern
rather than an azimuth pattern.

In Fig. 36-12, we see the NEC-Win Plus equivalent pattern. The bearing differ-
entials are the same, but this time measured from a forward heading of 270 de-
grees—180 degrees in reverse of our expectations from having set the forward
heading in the positive direction along the Y-axis. However, the increasing values to
the right of the forward lobe are consistent with the standard azimuth conventions.

In each case, the exigencies of software development have created slight differ-
ences in the manner in which azimuth patterns are portrayed. For a symmetrical
pattern, the differences make little or no difference and one can make few errors by
virtue of the non-standard presentations. However, with non-symmetrical patterns,
errors are possible. Although not likely to be significant in the case we are using as
an illustration, the errors might well be important in other instances. Many off-cen-
ter-fed multi-band antennas, for example, show a pattern that is very sharply stron-
ger to one side of center than to the other. There are arrays that are directional by
virtue of the element phasing relationships rather than by virtue of geometry. In all
such cases, the critical question is this: which side is which?

The answer is fairly straightforward: ignore the heading numbers and place your-
self as an ideal observer at the center of the pattern. Face in the direction that
represents forward in the coordinate system within which you created the antenna
structure. Non-symmetries will now be correctly identified in terms of left and right
relative to your position. If you place a zero or north in the direction you are facing,
then east will be to your right and west to your left. The pattern will be correct in
either program for this way of looking at things.

Fig 36-13is a graphic representation of the way to ensure that you are correctly
oriented toward a non-symmetrical azimuth pattern, whatever its outer markings.
Imagine yourself at the center of the antenna and the pattern. The antenna we are
using here is a 2-element half-square—hence, the vertical elements at the ends of
the horizontal phase lines. Since the horizontal members are parallel to the X-axis,
the forward direction is in a positive direction in the Y-axis. Notice that the feedpoint
is on the side of the antenna showing the larger rear lobe.
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Reflector

Feedpoint

Half-Square Parasitic Beam
Elements Alonyg +/-X Axis
Fig. 36-13 Azimuth Pattern Superimposed

We have noted that the latest version of EZNEC has an option to use compass
bearings instead of counting counter-clockwise from the X-axis. The latter system
is the one used in earlier versions of the program and shown in the illustrations so
far. The new option is more than a way to count clockwise in the azimuth manner. It
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changes, for some modeling exercises, the way we should model to have the an-
tenna pattern register as facing north or to zero degrees.

Azimuth Pattern: Nun-Sym'metrifal' L
Elevation Angle: 3 Degrees .~ -~
Elements Along +/- X Axis

Fig. 36-14

Azimuth Plat " CursorBear 3.0 deg.

Elevstion Angle 3.0 deg. P L GEin 12.75 oBi

Outer Ring 12.7508i . L 0.0 dBma:

Shice Max Gain 12,75 dBi (@ Besring = 3.0 deg.

Front/Back 19.65 .
Beamyvidth MAdey, -3dB @ 3259, 37 0degy. . . - o : o
Sidelobe Gain  -4.71 dBi @ Bearing = 124.0 deg. o 146 MHz

FrontiSidelobe 17 .46 dB
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Fig. 14 illustrates an azimuth pattern in the new mode. As with the other pat-
terns for the half-square beam, the horizontal portions of the elements are parallel
to the X-axis, with the forward direction defined as a positive value of Y. The height
requires a 3-degree elevation angle to record maximum radiation on the azimuth
pattern. Because the antenna presents a slightly non-symmetrical pattern, the main
lobe is offset 3 degrees from zero.

Note that to place the forward direction at zero-degrees on the pattern, one must
model the antenna with the element extending parallel to the X-axis. This is the
opposite convention from the one used in other implementations of either phi or
azimuth patterns, where the elements must parallel the Y-axis to get a forward read-
ing of zero degrees.

Although the pattern bears no heading labels, it does read correctly with respect
to azimuth headings. Notice the line in the rear right quadrant, indicating the stron-
gest side-lobe. The line, from the data series below the graphic, shows a bearing of
124 degrees, which is a correct number in azimuth terms relative to the zero head-
ing directly up the page.

The purpose in surveying all of these options and variants of elevation/theta and
azimuth/phi labels on graphics is to make you aware of the differences. By becom-
ing aware of them, they will not take you by surprise when you develop and then
interrogate a pattern. You will know in advance the conventions themselves and the
particular ways in which they are implemented by at least some software. You
should be able to adapt these notes to cover any other piece of modeling software
that you may be using.

Since in all cases, the patterns are correct and correctly oriented to an ideal
observer, the labels are simply ways to keep track of various facets of the pattern.
Should absolutely correct azimuth labels be essential to some form of presentation,
you can always run a screen grab of a pattern and then process it through a painting
program. You need only change the labels to a set that is most suited to the presen-
tation task.

However, over time, all software changes. So these notes may turn out to have
only a short-term of direct relevance to the software packages from which | drew the
examples. One of those changes likely to occur in the next few years is the incorpo-
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ration of true azimuth inputs to one or more NEC programs, as an alternative to the
present strict use of counterclockwise Cartesian coordinates. Since the NEC core
requires Cartesian coordinates, the program will need to write a conversion table for
the core’s input file. The contexts within which compass bearing inputs are com-
mon include broadcast engineering and similar work. As well, those wishing to
transfer modeling output files to propagation software in VOACAP format will also
have use for this kind of input system when setting up complete fields of antennas.
Compass-heading-input users will also want a true azimuth-elevation output plot
that correctly reflects the input file. Hence, the likely implementation of the system
will include a complete output conversion table from phi to azimuth or compass-
rose headings. These NEC developments, however, lie in the future, although some-
thing similar is available in the proprietary program called Expert MININEC.

* % *x % %

Models included: 36-1 through 36-2. (.NEC and .NWP model dimensions in meters;
.EZ model dimensions in inches.)
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37. Verticals: Using the MININEC Ground

Many vertical antennas and arrays use extensive ground radial systems. A model
of the radial system very often requires many times the number of segments as the
antenna wires themselves. Many modelers resort to the use of MININEC or a
MININEC ground system attached to a version of NEC-2 (for example, EZNEC) to
avoid modeling the radials system. The run times are shorter, for starters. Addition-
ally, some popular programs in the low-end range do not have a sufficient number of
segments available to fully model a radial system and the antenna atop it.

For reasons that are not altogether clear, the MININEC ground system with a 1/
4 wavelength monopole directly connected to ground has achieved a reputation for
accuracy that is denied to NEC using the same modeling scheme and the
Sommerfeld-Norton ground calculation system. If the intrinsic gain figures are not
themselves useful, so the reasoning goes, the comparative figures for a baseline
monopole and a more complex array will be useable using a consistent MININEC
ground.

One disturbing tendency that has appeared in more than one volume containing
otherwise impeccable technical information has been to combine or compare with-
out caution the results of modeling using the simplified MININEC grounding system
and modeling over Sommerfeld-Norton ground, with or without radials. In addition,
a second disturbing tendency has emerged: to treat any predominantly vertical ar-
ray as if it were purely vertical, even if some of the elements (driven or parasitic)
slope.

The MININEC ground system becomes inaccurate for some wire antennas when
some or all of the height of wires in the array is below about 0.2 wavelengths. The
Sommerfeld-Norton ground calculation scheme, a part of the basic NEC core, can
be accurate to within about 0.001 wavelength of the ground, so long as the wire
surface does no go below that level. Some research indicates that a closer ap-
proach is possible. NEC-2 calls for a limit of about 30 wires for any one junction,
although with relatively thin wires, that limitation can be pressed without inaccura-
cies arising. Therefore, a 32-radial system is well within NEC-2 capabilities. Some
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low-end NEC programs (such as EZNEC and NEC-Win Plus) have facilities for
automated radial system construction. With these abilities, it is surprising that few
modelers actually model the radial systems, but opt instead to use a MININEC ground
with a monopole directly connected to ground.

Therefore, it would appear to be useful if we return to basics and find out what
the modeling results would be for various situations involving vertical antennas and
arrays using a number of different ground systems for the modeling task. In the
following exercises, all of which at conducted at 7.15 MHz, | shall use a 2" diameter
copper main element. All radials (where used) and guy wires employed as parasitic
elements will be 0.25" in diameter and also copper. | shall use a segment length of
close to 1'/segment to assure convergence of the models. Since | shall be looking at
antenna over various ground qualities, the following table summarizes the catego-
ries and their related conductivity and permittivity.

Ground Quality Conductivity Permttivity (relative
Label S/'m di el ectric constant)

Very Poor 0. 001 5

Poor 0. 002 13

CGood (Average) 0. 005 13

Very Good 0. 0303 20

Salt Water 5.0 81

With this data to ensure uniform treatment of each example, we can proceed.
Most of the modeling data presented in these exercises will be in tabular form. One
note of caution: the exercises will be wholly in the realm of comparing one type of
model with another. No claims are made for the accuracy of the data with respect to
test range measurements.

1. The 1/4 Wavelength Monopole

Fig. 37-1 illustrates the two forms of our first exercise. | begin with a 1/4-wave-
length monopole directly connected to ground. The antenna is 32.9' long and uses
33 segments. The antenna model is tested using the categories of ground quality
shown in the table above.
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1/4 WL Monopole 1/4 WL Monopole
Over Mininec Over Radial System
Ground

Fig. 37-1

In the first model test table, there are two columns of data. Column 1 represents
the results of modeling within MININEC (3.13), which places the source directly at
the ground connection point. The MININEC ground system always uses perfect
ground as the basis of the source impedance report, so impedance is listed only for
the “perfect” ground entry. Column 2 is the data from the use of the MININEC ground
within a NEC-2 system (EZNEC). The numbers given represent the far field gain in
dBi and the elevation angle of maximum radiation (TO angle). The slight differ-
ences, where they exist, result from the placement of the source in NEC within the
lowest segment, rather than at its end, as is done in MININEC 3.13.

G ound M NI NEC NEC/ w M N Gnd

Per f ect 5.14 0 35.9-j 0.3 515 0 36.4 +j 1.7
Very Poor -1.76 29 -1.76 29

Poor -0.28 27 -0.28 26

Good/ Aver age -0.04 26 -0.04 26

Very Cood 1.94 21 1.94 21

Salt Water 4.61 9 4.61 9
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In the following table, we have similar data in the first column, including the
source impedance (R +/- jX in Ohms), for the same antenna connected to ground
using the Sommerfeld-Norton (S-N) ground calculation system. In the final column
is data for the same antenna placed over a 32-radial ground plane that is 2" above
ground. This height is close to, but not on, the conservative limit for minimum wire
height above ground. The order of data is gain/TO angle/Source Z (if given). The
“perfect” line is omitted. See model 37-1.

Ground NEC/ w S-N Gnd NEC/ w Radi al System
Very Poor -2.20 29 40.1 +j 3.1 -1.15 29 30.7 - j 8.0
Poor -1.29 27 45.8 +j 5.5 0.01 26 32.6 - j 5.4
Good/ Aver age -1.18 26 47.1 +j 4.9 0.14 26 34.2 - j 5.5
Very Good 0.89 21 46.3 +j 7.1 1.48 21 37.5-j 2.8
Salt Water 4,57 9 36.7+j 1.5 R

NEC does not yield valid data for the “salt water” case for the ground plane
system close to ground. Of interest in the tables are the following items.

1. With no ground plane, the NEC impedance entries are out of line with both
the MININEC ground and the ground plane values. This variance represents one
reason why some modelers prefer the MININEC ground for “no-radial” modeling.

2. The source impedance varies somewhat as the ground quality is changed, a
feature that the MININEC ground modeling system cannot show.

3. There is no constant that one can use for all the systems to pre-estimate the
change in gain value as one moves from one ground quality to another.

4. The value for the TO angle for any given ground quality is consistent for all of
the ground systems examined.

The chief use of this data, however, will become apparent with the next exer-
cise. The values shown here represent what a modeler might use as a baseline for
estimating the advantages of a more complex array.

2. Two 1/4 Wavelength Monopoles Fed In-Phase

Chapter 37 ~ Verticals: Using the MININEC Ground



Antenna Modeling Notes: Volume 2 203

Two 1/4 WL Monopoles (Shown with Radials)
Spaced 0.55 WL Apart

Radials: 0.25 WL

Fig. 37-2

In Fig. 37-2, we have 2 monopoles spaced just a bit more than 1/2 wavelength
apart. For each case that we shall examine, we record the same data as in the first
exercise, except that the impedance figures are understood as applying to each of
the two sources, which are fed in phase with each other. Although Fig. 37-2 shows
the dual ground radial system, set up to avoid an intersection for this exercise, the
first three data sets employ a direct connection of each monopole to ground. Not
listed in the tables are horizontal -3 dB beam widths, which are completely consis-
tent from one model to the next at any ground quality level. See model 37-2.
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G ound M NI NEC NEC/ w M N Gnd

Per f ect 9.06 0 27.8 - j13.4 9.06 0 28.3 - j11.7
Very Poor 2.15 29 2.15 29

Poor 3.64 27 3.63 26

Good/ Aver age 3.88 26 3.88 26

Very Good 5.85 21 5.85 21

Salt Water 8.52 9 8.52 9

Ground NEC/ w S-N Gnd NEC/ w Radi al System
Very Poor 1.77 29 31.4 - j 2.3 3.05 29 23.4 - j16.5
Poor 2.61 27 36.3-j 2.2 4.22 27 24.7 - ji15.1
Good/ Aver age 2.80 26 36.6 - 3.3 4,10 26 25.6 - j15.4
Very Good 4,87 21 35.8 - 4.2 5,61 21 28.0 - j14.6
Salt Water 8.50 9 28.5- j11.7 —_—

Once more, salt water data for the ground plane system is not valid. However,
the more important use that is made of numbers from this chart set is to estimate
the advantage of the phase-fed system over a single monopole. Therefore, the next
chart compares the gain advantage for each system (combining the MININEC di-
rect ground systems into a single column).

Ground NEC/ w M N Gnd NEC/ w S-N Gnd NEC/ w Radi al System
Very Poor 3.91 3.97 4,20

Poor 3.91 3.90 4,21
Good/ Aver age 3.92 3.98 4,24
Very Good 3.91 3.98 4,13

Salt Water 3.91 3.93 —_—

The relative internal consistency of each system as we vary ground quality is
interesting. The consistency between the use of the MININEC ground system and
the S-N system suggests that for the purposes of gain comparisons, there is no
reason to prefer the MININEC system.

However, the radial system provides an advantage figure that is 0.2 to 0.3 dB
higher than those that emerged from the direct-ground connection systems. This
difference is significant. A full analysis would need to survey many more complex
arrays than the simple one used here before arriving at any general conclusions.
However, the difference is notable. The initial conclusion is that gain advantage
claims over a standard (such as the monopole used in this role) must always be
given with the full particulars of the modeling conditions that produced them. More-

Chapter 37 ~ Verticals: Using the MININEC Ground



Antenna Modeling Notes: Volume 2 205

over, gain advantages produced by different ground systems for the models in-
volved may not be directly comparable.

Once more the radial system provides a range of source impedance figures
specific to the ground quality.

3. ATilting 1/2 Wavelength Dipole

142 WL Dipoles at
Various Angles and
45 Degree Tilt Over Various Grounds
""""""""" 7.156 MHz
All Antenmas: 1#2 WL
Horizontal
Ground .
Fig. 373

Our third exercise is designed to serve as a reminder of the limitations inherent
in the MININEC ground system. As suggested in Fig. 37-3, we shall use a 1/2-
wavelength, 2" copper dipole. In successive steps, we shall tilt the vertical by 30,
45, 60, and 90 degrees. In each case, the left end of the dipole will be 1' off the
ground. Thus, the final position will place the entire dipole at a height of 1.

As before, we shall compare MININEC ground with S-N ground. We shall omit
the separate columns for MININEC and NEC using the MININEC ground, since the
results coincide almost exactly. The main differences that we shall examine lie
between the MININEC and S-N ground systems in their handling of the tilting ele-
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ment. In each case, we shall use a dipole length that has been resonated within the
MININEC ground system and then record the source impedance that results from
switching to the S-N system. See model 37-3, A-E. All gain and TO values are
broadside to the wire (not in the direction of tilt).

A. Dipole Vertical: Length—64.9'; MN Source Z: 99.8 - j 0.4
G ound NEC/ w M N Gnd NEC/ w S-N Gnd
Very Poor -1.20 22 -0.88 22 90.0 - j13.9
Poor -0.03 20 0.13 20 94.4 - j 9.1
Good/ Aver age -0.21 19 -0.17 19 96.8 - j 9.3
Very Good 1.96 15 1.92 15 100.0 - j 4.9
Salt Water 5.91 7 5.91 7 99.9 - j 0.7
B. Dipole 30-Degrees Of Vertical: Length—64.0";

M N Source Z: 93.0 - j 0.1
G ound NEC/ w M N Gnd NEC/ w S-N Gnd
Very Poor -0.44 29 -0.38 29 88.4 - j20.8
Poor 0.33 26 0.30 26 91.4 - j13.8
Good/ Aver age 0.31 25 0.15 25 94.3 - j12.8
Very Good 1.83 20 1.66 20 96.0 - j 5.9
Salt Water 4.96 8 4.94 8 93.3 - j 0.5

To a small, but detectable, degree, the MININEC ground is beginning to overes-
timate the gain of the dipole, especially over better ground qualities.

C. Dipole 45-Degrees Of Vertical: Length—-63.1';
M N Source Z: 77.3 +j 0.4

G ound NEC/ w M N Gnd NEC/ w S-N Gnd

Very Poor 0.74 42 0.18 42 84.1 - j26.1
Poor 1.15 40 0.66 40 84.1 - j17.2
Good/ Aver age 1.38 43 0.77 43 86.9 - j14.6
Very Good 2.12 34 1.68 34 84.9 - j 5.3
Salt Water 4.02 10 3.98 10 78.0 +j 0.0

As we move to the 45-degree angle, the over-estimation of gain by the MININEC
ground system becomes serious, averaging about a half dB. As well, the sensitivity
of the element to the ground quality with respect to source impedance becomes
apparent using the S-N ground system, but is invisible with a MININEC ground.
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D. Dipole 60-Degrees Of Vertical: Length-62.6";
M N Source Z: 49.2 - j 0.2

G ound NEC/ w M N Gnd NEC/ w S-N Gnd

Very Poor 2.89 88 0.73 88 77.6 - j25.4
Poor 3.09 90 1.31 90 72.3 - j16.6
Good/ Aver age 3.63 90 1.81 90 73.4 - j11.8
Very Good 4.27 90 3.12 90 63.9 - j 1.9
Salt \Water 4.37 90 4.26 90 50.5 - j 0.1

As we tilt the element within 30 degrees of ground, almost the entire antenna
lies below the so-called 0.2 wavelength limit for MININEC ground accuracy. The
inaccuracies show up in two ways. First, the MININEC ground system gain is much
too high. Second, the MININEC source impedance is much too low. The figures for
the S-N ground for very good ground and better might well bear scrutiny as well.

E. Dipole 90-Degrees Of Vertical: Length—68.5";
M N Source Z: 0.2 - j 0.3

G ound NEC/ w M N Gnd NEC/ w S-N Gnd

Very Poor 24.26 90 -4.13 90 147.8 + j132.8
Poor 21.40 90 -6.76 90 141.5 + j134.6
Good/ Aver age 20.91 90 -6.88 90 130.3 + j137.6
Very Good 16.95 90 -8.85 90 78.1 + j107.5
Salt Water 8.77 90 -9.38 90 11.4 +j 16.2

The MININEC values for the case of the dipole 1' off the ground clearly reveal
the inadequacy of the ground system for wires very close to ground. In addition to
the wholly unrealistic gain and source impedance values, the length of the required
dipole is also a clue to the situation. Using the S-N ground system over very poor
ground, the modeled dipole length for resonance is 58.3' and the source impedance
is 104.3 - j 0.5 Ohms, with -4.88 dBi gain. Hence, the use of a MININEC ground
does not even provide rudimentary guidance as to the required length of the ele-
ment.

As the antenna becomes more horizontal and as more of its structure moves
closer to the ground, the MININEC ground system creates increased errors and
serves less and less as an adequate guide to the likely performance of the antenna
modeled. Although this lesson is fundamental to almost any modeler when horizon-
tal wires and arrays are in question, the message appears to dim when the antenna
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bears the label “vertical array” or when sloping wires are part of the antenna struc-
ture, whether or not directly driven. Essentially, if any part of an antenna structure
has a horizontal component to its radiation field and if that part falls below the threshold
of accuracy for the MININEC ground system, then the use of the MININEC ground
becomes untrustworthy.

4. A Vertical Monopole with a Simple Ground Radial System

1/4 WL Monopole With Fig. 374
4 Radials at Various
Heights Above
Ground

Radials: 0.25 WL

There is one exception to the general rule just noted. Where a horizontal struc-
ture is symmetrical such that its radiation can be viewed as self-cancelling, the
MININEC ground system remains quite reasonably accurate. Such an antenna
appears in Fig. 37-4. The monopole with a 4-radial system, if elevated, shows quite
similar results over a MININEC and a S-N ground calculation system.
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The 7.15 MHz model has a set of 34.4' radials, 0.25" in diameter. The 2" diam-
eter main element varies in length to establish resonance at each height. The test
heights begin at 1/4 wavelength and halve in steps down to 1/32 wavelength. The
following table compares NEC using a MININEC and a S-N ground. As well, figures
are included for the same model directly handled in MININEC 3.13.

Hei ght: 34.4' (1/4 W)

Program Monopol e Gain TO Angl e Source Z
Length dBi degr ees R +/- jX Ohns
M NI NEC 34.6' 0.24 15 21.5 +j 0.7
NEC/ w M N 34.2' 0.15 15 21.4 - j 0.4
NEC/ w/ S- N 34. 2 0. 20 15 21.2 +j 1.0
Height: 17.2' (1/8 W)
Program Monopol e Gain TO Angl e Source Z
Length dBi degr ees R +/- jX Ohns
M NI NEC 34.6' -0.15 19 28.8 - j 1.0
NEC/ w M N 34.3' -0.23 19 28.9 - j 0.7
NEC/ w/ S- N 34.3 0. 22 19 26.1 - j 0.7
Hei ght : 8.6' (1/16 W)
Program Monopol e Gain TO Angl e Source Z
Length dBi degr ees R +/- jX Ohns
M NI NEC 34. 4 -0.27 22 34.4 - j 0.1
NEC/ w M N 34. 1 -0.36 22 34.5 +j 0.4
NEC/ w/ S- N 34.3 0. 04 22 31.7 +j 0.4
Height: 4.3 (1/32 W)
Program Monopol e Gain TO Angl e Source Z
Length dBi degr ees R +/- jX Ohns
M NI NEC 34.1' -0.25 24 36.7 +j 0.4
NEC/ w M N 33.7 -0.34 24 36.5-j 0.7
NEC/ w S- N 34.1' -0.11 24 35.2 +j 0.9

Despite the close approach to ground by the horizontal members of the mono-
pole-plus-radials assembly, the figures comparing MININEC ground—used with ei-
ther the NEC or MININEC algorithms—and the S-N ground are remarkably consis-
tent. Field-canceling symmetrical structures are remarkably resistant to the error-
producing aspects of the MININEC ground structure. See model 37-4.
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5. A Parasitic Vertical Array with Sloping Parasitic Elements

| found a parasitical array that has the general appearance of Fig. 37-5 in a
reputable handbook with the notation that it had been modeled using a MININEC
ground because the NEC program lacked sufficient segment capacity to permit
modeling the radial system. The present model is only like the original in appear-
ance, since itis not a direct scaling of the MF array for 7.15 MHz. | have placed the
lowest wires at the 1' level, corresponding to the lowest height in our third exercise.
The parasitic element wires slope somewhat more than the originals. However, all
that these modifications achieve is to make the results a bit more dramatic. See
model 37-5.

Parasitic Vertical Array . Fig. 375
Over Mininec Ground

Over Radial System
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The following table provides the dimensions of the array used in this example.
40-mvertical array Frequency = 7.15 MHz.
Wre Loss: Copper —Resistivity = 1. 74E-08 ohmm Rel. Perm =1

W RES
Wre Conn.—£End 1 (x,y,z : ft) Conn.—End 2 (x,y,z : ft) Di a(in) Segs

1 0.000, 0.000, 29.000 WE1 0.000, 0.000, 0.167 2.00E+00 28
2 WBE1 0.000, 0.000, O0.167 34.400, 0.000, 0.167 2.50E-01 33
3 WE1 0.000, 0.000, O0.167 33.739, 6.711, 0.167 2.50E-01 33
4 WeE1  0.000, 0.000, O0.167 31.781, 13.164, 0.167 2.50E-01 33
5 WE1 0.000, 0.000, O0.167 28.603, 19.112, 0.167 2.50E-01 33
6 WE1L 0.000, 0.000, O0.167 24.324, 24.324, 0.167 2.50E-01 33
7 WBE1  0.000, 0.000, O0.167 19.112, 28.603, 0.167 2.50E-01 33
8 WE1 0.000, 0.000, O0.167 13.164, 31.781, 0.167 2.50E-01 33
9 WOE1 0.000, 0.000, O0.167 6.711, 33.739, 0.167 2.50E-01 33
10 WM1E1  0.000, 0.000, O.167 2. 6E-06, 34.400, 0.167 2.50E-01 33
11 W2E1  0.000, 0.000, O0.167 -6.711, 33.739, 0.167 2.50E-01 33
12 WM3E1  0.000, 0.000, O0.167 -13.164, 31.781, 0.167 2.50E-01 33
13 W4E1  0.000, 0.000, O0.167 -19.112, 28.603, 0.167 2.50E-01 33
14 W5E1  0.000, 0.000, O.167 -24.324, 24.324, 0.167 2.50E-01 33
15 W6E1  0.000, 0.000, O0.167 -28.603, 19.112, 0.167 2.50E-01 33
16 W7E1  0.000, 0.000, O.167 -31.781, 13.164, 0.167 2.50E-01 33
17 W8E1  0.000, 0.000, O0.167 -33.739, 6.711, 0.167 2.50E-01 33
18 W9E1  0.000, 0.000, O0.167 -34.400,5. 2E-06, 0.167 2.50E-01 33
19 WOE1 0.000, 0.000, O0.167 -33.739, -6.711, 0.167 2.50E-01 33
20 W1E1  0.000, 0.000, O0.167 -31.781,-13.164, 0.167 2.50E-01 33
21 W2E1  0.000, 0.000, O0.167 -28.603,-19.112, 0.167 2.50E-01 33
22 W3E1 0.000, 0.000, O0.167 -24.324,-24.324, 0.167 2.50E-01 33
23 W4E1  0.000, 0.000, O0.167 -19.112,-28.603, 0.167 2.50E-01 33
24 W5E1  0.000, 0.000, O.167 -13.164,-31.781, 0.167 2.50E-01 33
25 W6E1  0.000, 0.000, O0.167 -6.711,-33.739, 0.167 2.50E-01 33
26 W7E1  0.000, 0.000, O.167 4.1E-07,-34.400, 0.167 2.50E-01 33
27 W8E1  0.000, 0.000, O0.167 6.711,-33.739, 0.167 2.50E-01 33
28 W9E1  0.000, 0.000, O0.167 13.164,-31.781, 0.167 2.50E-01 33
29 WBOE1  0.000, 0.000, O0.167 19.112,-28.603, 0.167 2.50E-01 33
30 WB1E1  0.000, 0.000, O0.167 24.324,-24.324, 0.167 2.50E-01 33
31 WB2E1  0.000, 0.000, O0.167 28.603,-19.112, 0.167 2.50E-01 33
32 WB3E1  0.000, 0.000, O0.167 31.781,-13.164, 0.167 2.50E-01 33
33 WE2 0.000, 0.000, O0.167 33.739, -6.711, 0.167 2.50E-01 33
34 0.853, 0.000, 26.448 WBS5E1  0.853, 0.000, 29.000 2.50E-01 3
35 WB4E2  0.853, 0.000, 29.000 WB6E1 35.000, 0.000, 1.000 2.50E-01 44
36 WB5E2 35.000, 0.000, 1.000 21.500, 0.000, 1.000 2.50E-01 13
37 -0.853, 0.000, 26.448 WBBE1 -0.853, 0.000, 29.000 2.50E-01 3
38 WB7E2 -0.853, 0.000, 29.000 WB9El -35.000, 0.000, 1.000 2.50E-01 44
39 WBBE2 -35.000, 0.000, 1.000 -19.000, 0.000, 1.000 2.50E-01 15
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SOURCES
Sour ce Wre Wre #/ Pct FromEnd 1 Ampl . (V, A) Phase(Deg.) Type
Seg. Act ual (Speci fied)
1 28 1/ 98.21 ( 1 /100.00) 1. 000 0. 000 |

Gound type is Real, high-accuracy anal ysis
Conductivity = .005 S/'m Diel. Const. = 13

The following table lists the results for directly connecting the 1/4 wavelength
driver to ground using the MININEC ground system. Direct connection using the S-
N system is also shown for reference. The last entry shows the results of placing
the monopole on a 32-radial system with the S-N ground. All models use average
(good) ground.

Ground Gain TO Angl e Front-to-Back Beamni dt h Source Z
System dBi degr ees Rati o dB degr ees R +/- jX Ohns
Di rect Connecti on:

M NI NEC 6. 28 37 24,99 110.6 9.2 +j 9.1
S-N -1.50 34 9.55 98.2 30.1 +j 21.6
Radi al System

S-N 1.18 34 11.38 99.5 14.8 +j 3.8

Compared to a radial system over S-N ground, the MININEC system not only
overestimates performance figures, but as well, provides dimensions that are at
odds with those which might yield maximum gain and front-to-back ratio in the radial
configuration. If optimization is performed, along with the use of additional radials,
available in NEC-4, the performance of the array over radials might show better
numbers, but still, nowhere near those provided by the MININEC ground analysis.
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Fig. 37-6 provides a view of the MININEC and Radial system elevation patterns
for comparison. Fig. 37-7 provides a similar comparison of the azimuth patterns at
the 34-degree elevation angle of maximum radiation.

The array uses near ground horizontal portions of the parasitic elements, along
with sloping elements at about a 45-degree angle. Both of these conditions incur
the typical MININEC ground errors. | have modeled the lowest wires very close to
ground to accentuate the error potential of using the MININEC ground in arrays with
the listed problematical structures. However, placing any part of the structure below
0.2 wavelengths and having a horizontal component to either driven or parasitic
elements will leave the results equally untrustworthy.

Elevation Patterns R '0_ B .. Outer Ring = 6.28 dBi
3-Element Arrays o - . B0 Fig. 37 6
.15 MHz -
MININEC Ground _
and Radials with )
S-H Ground o
150 R 30
' "MININEC '
S " RadialsSH| )
. L AMNINEC
. Radials/SN :
180 . 0 deg
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-0 dB - Outer Ring = 6.28 dBi

Azimuth Patterns 120 o S 60

3-Element Arrays
7.15 MHz

MININEC Ground
and Radials with

S-N Ground
150
MININEC
o. i Radials/S-N 0 deg.
. Radials'SN® AR
210 . N T a3
- 300 Fig. 377
Conclusion

The selection of a ground system for modeling vertical arrays requires consider-
able care. In general, any serious model—that is, one used for design, analysis, or
publication—should employ a radial system as close as possible to the structure of
the physical system to be used. If that requires borrowing or upgrading software
and the structuring of models with well over 1000 segments, than that is the cost for
internal consistency of modeling comparisons. (The largest models in these exer-
cises used close to 2,200 segments.)
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Models using different ground systems are not especially comparable, at least,
not on a simple viewing of their report numbers. Even within the same system,
there are differences in comparison numbers for larger arrays and whatever simpler
standard might be used; hence, such comparisons should be made with reference
to the actual ground quality of the antenna site.

The MININEC ground shortcut to vertical array modeling should generally be
avoided or used sparingly and under very limited conditions. At the very least, the
modeler should avoid using the MININEC ground system whenever any part of a
radiating structure has a horizontal component and is below the 0.2-wavelength
accuracy threshold. Better yet, the model should include the radial system that will
be used at the site and employ the S-N ground calculation system. Although these
measures would not guarantee the accuracy of performance figures from vertical
array models relative to the actual installation, at the very least, they would ensure
that internal consistency among modeled results is sustained.

* % *x % %

Models included: 37-1 through 37-5 (with 37-3A through 37-3E). (.NEC and .NWP
model dimensions in meters; .EZ model dimensions in feet.)
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38. Radials: Segmentation and Convergence

Working with radial systems for vertical monopoles and arrays often puts mod-
elers off, since the radials occupy far more wires and segments than the antenna
elements themselves. Hence, there is a tendency to be satisfied with results of
models that use directly grounded 1/4-wavelength monopoles without a radial sys-
tem. As well, modelers rarely place radial systems beneath 1/2-wavelength anten-
nas and arrays, especially if the elements make no connection to the ground.

In the preceding column, | noted some of the potential inaccuracies that may
arise from using a simple MININEC ground with no radial system. The source
impedance is calculated for a perfect ground only and hence does not show the
range of variation that may be occasioned by placing the antenna system over dif-
ferent soil qualities. Comparisons between an array and a standard antenna, such
as a 1/4-wavelength monopole yield different differentials when using the MININEC
ground and when using a radial system. Moreover, if the array employs any ele-
ment, driven or parasitic, with a horizontal component to its radiation field, and if the
element has any part less than 0.2 wavelengths above ground, the use of the
MININEC ground is subject to the known errors of that system for wires close to the
ground.

Consequently, modelers who are serious about working with vertical antennas
and arrays need to increase their familiarity with modeling radial systems using
NEC and the attached Sommerfeld-Norton (S-N) ground calculation system. For
NEC-2, which does not permit wires either on or below ground level, the radial
system should be no closer to ground than about 0.001 wavelength. The use of
very thin wires and length tapering is reported to permit placement of the radials
even closer to the ground, but for most general modeling purposes, the 0.001 wave-
length limit, rounded to a convenient number, should provide a self-consistent foun-
dation for comparing arrays to some standard vertical antenna placed on the same
radial system.
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How Many Radials?

The rule of thumb governing the proximity of the radials to the ground in NEC-2
is not the only limitation the modeler should observe. Consider the radial systemsin
Fig. 38-1. The upper system uses 32 radials, each with 20 segments per radial.
(The choice of 20 will become apparent later on; for now, it represents a relatively
high segmentation density.) NEC-2 warns against using more than 30 wires at a
single junction. As the angle between wires becomes smaller, the wire segments at
the junction interpenetrate. At a certain angle that varies according to the wire
diameter, the central portions of the segments will interpenetrate to a degree that
introduces errors into the calculations. The NEC core does not specifically check for
this limitation, as it does for wire intersections that occur at mid-segment points.
Hence, it will not block the completion of the calculation. However, some programs
check for this condition and will alert the user.

For radial systems, a 32-radial model does not press the limit significantly. How-
ever, we might check the results of using a 64-radial system, shown on the lower
part of Fig. 38-1. As well, we might check both in both NEC-2 and NEC-4 to see if
there is any difference of note. In both cases, we shall place a 40-meter copper
vertical wire that is 0.25 m in diameter and also using 20 segments over a field of
radials, each of which is copper and 2 mm in diameter. (2-mm wire falls between
AWG #14 and AWG #12.) The frequency will be 1.83 MHz. The radial system is
0.164 m off the ground (0.001 wavelength). Beneath the radial system is “average
ground” (conductivity: 0.005 S/m; dielectric constant: 13) in the S-N calculation sys-
tem.

Core No. of Gain TO Angl e Sour ce | npedance
Radi al s dBi degr ees R +/- jX Ohns
NEC- 2 32 1.02 22 39.3 +j 7.2
NEC- 4 32 1.02 22 39.3 +j 7.7
NEC- 2 64 1.01 22 38.8 +j 6.6
NEC- 4 64 0.98 22 39.1 +j 7.0

The 32-radial systems show excellent agreement between the two cores. How-
ever, as we double the radials, the results from the two cores begin to diverge.
Normally, we would expect any gain difference between the cores to give the advan-
tage to the system with the higher number of radials.
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In fact, we obtain precisely the opposite results, although hardly to an operationally
significant point. The source impedance in both cases decreases, as we might
expect of a radial system with lower losses. However, the amount of decrease
differs between the two cores.

For general purposes, then, the 32-radial system is a useful level. The model
employed in the example required 33 wires and 660 segments. The 64-radial sys-
tem required 65 wires and 1365 segments. Since run-time for a model increase
with the number of segments and also with the number of wires, the smaller system
is preferable for the additional reason of human impatience.
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{Radii not to scale; not all radials shown.)
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There are applications that call for exacting replication of radial systems that
have more than 32 radials. Fig. 38- 2 shows one scheme that can be used (and
expanded as needed) for adding more radials without increasing the junction count.
Although many versions are possible, the one in the figure uses a set of 16 inner
radial wires, each of which connects to a set of outer radial wires. Creating such a
system can be a tedious labor.

Simple radial sets can be created by automated radial makers that come with
commercial implementations of NEC or by separate equation sets. To create the
complex pattern shown in Fig. 38-2, we can make use of such facilities. First create
a 16-radial set at the inner radius, ordinarily a set of 1-segment wires having the
same length as the segments lengths in the outer wires. For the 20 segment wires
of Fig. 38-1, a 5% of total length would suffice.

Next, create a 64-radial set (or whatever number is desired) using the outer
radius for the wires. Then for each group of 4 outer wires, move their inner ends to
the correct outer end of one of the set of 16. The result will be the configuration in
Fig. 38-2 with the minimal amount of independent calculation. Do not try to run the
model until all of the outer radial wires are correctly placed at their inner ends. NEC
will block the run with a message indicating mid-segment wire intersections.

Convergence

Complex geometries do not answer to the minimum segmentation rules for lin-
ear elements. And a radial system with a vertical antenna at right angles to the
radials represents a complex geometry. Therefore, it is wise to perform a conver-
gence test on radial systems with their antennas attached. Fig. 38-3 shows two
versions of the same antenna, one using a low segment density, the other a much
higher level of segmentation. The question facing the modeler is at what level of
segmentation he or she should declare convergence.
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Sparsely Segmented
Model

Densely Segmented
Model

Fig. 383
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Let's take the model that we used above. The antenna is a 40-meter long ele-
ment, 0.25 m in diameter for 1.83 MHz. We shall use 32 radials of 2-mm diameter.
Everything is copper. Once more, the radial system is 0.164 m or 0.001 wavelength
off the ground for the benefit of NEC-2 restrictions. Hence, the tower top is at
40.164 m. Now let’s uniformly segment each wire in steps of 5 from 5 segments per
wire to 30 segments per wire. Each antenna model will be over average ground in
the S-N system.

The results of the convergence test are as follows. The TO angle is omitted,
since it is 22 degrees for all cases.

Segnent s/ Segnent | ength Tot al Gain Sour ce | npedance
Wre wavel engt hs Segnent s dBi R +/- jX Ohns
5 0. 0050 165 1.28 37.2 +j 9.4
10 0. 0250 330 1.14 38.2 +j 8.5
15 0. 0167 495 1.07 38.8 +j 8.0
20 0.0125 660 1.03 39.2 +j 7.7
25 0.0100 825 1.00 39.5 +j 7.6
30 0. 0083 990 0.99 39.6 +j 7.5

Now comes the moment of decision—declaring the level of segmentation at
which we arrive at convergence. In one sense, we have not arrived, since the
progression of decreasing gain and source reactance, with an increasing source
resistance, has not terminated. Ideally, we achieve convergence when the values
noted simply vary around a central value with only small changes per increment of
increased segmentation.

Obviously, holding out for the ideal can drive a modeler crazy. In practical terms,
we achieve convergence when the differences between levels of segmentation make
no operational difference relative to a real antenna whose properties we might mea-
sure after building. In these terms, 10 to 15 segments per wire would certainly
suffice. More stringently, but still within the realm of realistic modeling, we can apply
this standard: the differential between a given level of segmentation and the next
lower level is not significantly larger than the difference between the given level and
the next higher level. The 20-segment-per-wire level appears to meet this require-
ment easily.
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In the end, however, it is up to the individual modeler to determine—relative to
the overall task of which the model is a part—what is a suitable level of segmenta-
tion, that is, when convergence is obtained. Although | have shown the total number
of segments in the 33-wire models used for the example, this factor should not be
among the decision makers for any significant project. In all cases, where the infor-
mation may be of use to those who might try to replicate the model, the segmenta-
tion data should be included in the model description.

Differential i Fig. 384
Segmentation

There is a tendency for newer modelers to assume that, because a radial sys-
tem is largely self-canceling with respect to its radiation field, it is satisfactory to use
fewer segments in radials than in the main radiator(s). The situation is illustrated in
Fig. 38-4. Therefore, let's take our model and run it through some cases where
there is a differential. Once more, the TO angle is a constant 22 degrees for all
cases.

Chapter 38 ~ Radials: Segmentation and Convergence



Antenna Modeling Notes: Volume 2 224

Segnent s/ Segnent s/ Tot al Gain Sour ce | npedance
Radi al Radi at or Segnent s dBi R +/- jX Ohns
5 10 170 1.23 37.4 +j 8.7
5 20 180 1.35 36.4 +j 9.5
10 20 340 1.14 38.3 +j 8.7
15 20 500 1.06 38.9 +j 8.1

Notice that we do not approach the values of gain and source impedance that
attach to the earlier table until we hit the 15-20 case. There is a reason for the
variance. The segment lengths on either side of a source segment in NEC should
be equal in order to obtain the greatest accuracy. Since the vertical is fed on its
lowest segment, only the 15-20 case begins to approximate this condition. For this
reason, the 5-20 case shows a higher deviance from the cases in the preceding
table than does the 5-10 case, where we have a closer fit between the source seg-
ment and the innermost radial segments.

The upshot is that, for most purposes, using equal segment lengths for both
radials and radiators is the most accurate route to follow.

Length Tapering
Standard Segmentation Fig. 385

wire 1
s1 52 1) 54 s5 s6 sT 1 59 510

Length-Tapered Segmentation

44—+ + | | +
wl w2 w3 L widl o
s1 51 51 o 51 52 s3 o

The 32-radial system using 20 segments per 1/4 wavelength wire remains a
large model with respect to some low-end NEC modeling implementations. It re-
guires 660 segments, which can overrun a 500-segment limitation. Although up-
grading software to a professional package is wise for serious modeling, there is a
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technique that the modeler can use to reduce the number of segments in the model
without sacrificing accuracy. Itis called length tapering and is illustrated in Fig. 38-
5. Compare models 38-1 and 38-2.

The practice of tapering the length of segments progressively arose from ne-
cessity with the use of MININEC and its initial restriction to a maximum of 256
segments for the entire model. To handle angular junctions, the modeler had to
either use very many segments or resort to length tapering. Because NEC cores
are segment-limited only by the user’s setting of a variable, length tapering is not
widely used in NEC-2 or NEC-4 models. However, the technique remains a valid
option for the modeler.

The principle of length tapering involves setting a lower and upper length limit.
One commercial program uses a default lower limit of 0.0025 wavelength and an
upper limit of 0.04 wavelength. The user can alter these values to suit a particular
set of needs. However, for our example, let's use these values on each wire of the
basic monopole model we have been using. We need to taper only the inner junc-
tion ends of each wire (although the user has the option to taper either or both
ends). Inthe process of creating tapered-length elements, the program will replace
each individual wire with a set of wires meeting the requirements. If we do this for
the 32-radial monopole, we obtain a model using 165 wires and 330 segments—
well within the program limitation of 500 segments per model. However, here are
the results we obtain from the length-tapered model.

Tot al Tot al Gain Sour ce | npedance
Wres Segnent s dBi R +/- jX Ohns
165 330 1.39 35.9 +j 5.6

The surprisingly high gain stems from an error we made in constructing the
model. The tapered segment length increases when using a default systemina 2:1
ratio. Although the initial radial segments are the same length as the source seg-
ment, the segment on the monopole adjacent to the source segment is twice as
long as the source segment. Let's go back and try again, using a bit of the data we
obtained from our first try.

This time, we shall create a new wire that is .0025 wavelength long and running
from 0.164 mto 0.574 m in the Z-axis. Now we shall finish the vertical portion of the
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antenna with a second wire from the top of the first to the upper limit of the vertical.
When we length taper the model, we shall skip the new wire. In this way, the first
segment above the new wire will be the same length as the new wire, as will be the
inner wires of the radials.

Because length-tapering may be unfamiliar to some readers, here is the model
description in EZNEC format.

160-neter vertical

w radials

: length tapered

Wre Loss: Copper —Resistivity

Wre Conn.— End 1 (x,y,z

1 0. 000, 0.000, 40.
2 WE2 0.000, 0.000, 6
3 WE2 0.000, 0.000, 3.
4 WBE2 0.000, 0.000, 1.
5 WE2 0.000, 0.000, O.
6 W,E2 0.000, 0.000, O.
7 WZ2E1 0.000, 0.000, O.
8 WE2 0.410, 0.000, O.
9 WBE2 1.229, 0.000, O.
10 WE2 2.867, 0.000, O.
11 WO0E2  6.143, 0.000, O.
12 W7E1  0.000, 0.000, O.
13 W2E2  0.402, 0.080, O.
14 W3E2  1.205, 0.240, O.
15 W4E2  2.812, 0.559, O.
16 W5E2  6.025, 1.198, O.
17 W2E1  0.000, 0.000, O.
18 W7E2  0.378, 0.157, O.
19 W8E2  1.135, 0.470, O.
20 W9E2  2.649, 1.097, O.
21 WO0E2 5.676, 2.351, O.
22 W7E1  0.000, 0.000, O.
23 W2E2  0.341, 0.228, 0.
24 W3E2 1.022, 0.683, 0.
25 W4E2  2.384, 1.593, O.

(Many radials omtted to

141140E2 2. 351,
142147E1 0. 000,

1. 74E-08 ohmm Rel.

-5.676, O

164
L1717
440
802
983
574
164
164
164
164
164
164
164
164
164
164
164
164
164
164
164
164
164
164
164

. 164

W RES
m) Conn.— End 2 (X,y,z : m

WEL
WBE1L
WAEL
WBEL
WSEL
WEL
WBE1L
VOEL
WLOEL
WL1EL

WL3EL
WL4EL
WL5EL
WL6EL

WLBEL
WLOEL
W20EL
W2 1El

W23EL
W24EL
W25EL
W 6EL

0.000, 0.164 143E1

0.000, 0.000,
0.000, 0.000,
0.000, 0.000,
0.000, 0.000,
0.000, 0.000,
0. 000, 0.000,
0.410, 0.000,
1.229, 0.000,
2.867, 0.000,
6.143, 0.000,
40. 966, 0.000,
0.402, 0.080,
1.205, 0. 240,
2.812, 0.559,
6.025, 1.198,
40. 179, 7.992,
0.378, 0.157,
1.135, 0.470,
2.649, 1.097,
5.676, 2.351,
37.848, 15.677,
0.341, 0.228,
1.022, 0.683,
2.384, 1.593,
5.108, 3.413,

conpress the nodel description.)

15. 677, - 37. 848,
0.228, -0.341,

0.
0.

COO0O0000000000000000000 R Wa

Fr equency

Perm =

L1717

440
802
983
574
164
164
164
164
164
164
164
164
164
164
164
164
164
164
164
164
164
164
164

. 164

164
164

= 1.83 M.

D a(mm) Segs
2. 50E+02
2. 50E+02
2. 50E+02
2. 50E+02
2. 50E+02
2. 50E+02
2. 00E+00
2. 00E+00
2. 00E+00
2. 00E+00
2. 00E+00
2. 00E+00
2. 00E+00
2. 00E+00
2. 00E+00
2. 00E+00
2. 00E+00
2. 00E+00
2. 00E+00
2. 00E+00
2. 00E+00
2. 00E+00
2. 00E+00
2. 00E+00
2. 00E+00

PR PRPRORRRPRPRORPRRRPRPRORRRRPRERRRERLO

2. 00E+00 6
2. 00E+00 1
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143142E2 0.228, -0.341, 0.164 144E1 0.683, -1.022, 0.164 2.00E+00 1
144143E2 0.683, -1.022, 0.164 145E1 1.593, -2.384, 0.164 2.00E+00 1
145144E2 1.593, -2.384, 0.164 146E1 3.413, -5.108, 0.164 2.00E+00 1
146145E2 3.413, -5.108, 0.164 22.760, -34.062, 0.164 2.00E+00 6
147152E1  0.000, 0.000, 0.164 148E1 0.290, -0.290, 0.164 2.00E+00 1
148147E2  0.290, -0.290, 0.164 149E1 0.869, -0.869, 0.164 2.00E+00 1
149148E2  0.869, -0.869, 0.164 150E1 2.027, -2.027, 0.164 2.00E+00 1
150149E2 2.027, -2.027, 0.164 151F1 4,344, -4.344, 0.164 2.00E+00 1
151150E2 4,344, -4.344, 0.164 28.968, -28.968, 0.164 2.00E+00 6
152157E1 0.000, 0.000, 0.164 153E1 0.341, -0.228, 0.164 2.00E+00 1
153152E2 0.341, -0.228, 0.164 154E1 1.022, -0.683, 0.164 2.00E+00 1
154153E2 1.022, -0.683, 0.164 155E1 2.384, -1.593, 0.164 2.00E+00 1
155154E2 2.384, -1.593, 0.164 156E1 5.108, -3.413, 0.164 2.00E+00 1
156155E2 5.108, -3.413, 0.164 34.062, -22. 760, 0.164 2. 00E+00 6
157162E1 0.000, 0.000, 0.164 158E1 0.378, -0.157, 0.164 2.00E+00 1
158157E2 0.378, -0.157, 0.164 159E1 1.135, -0.470, 0.164 2.00E+00 1
159158E2 1.135, -0.470, 0.164 160E1 2.649, -1.097, 0.164 2.00E+00 1
160159E2 2.649, -1.097, 0.164 161E1 5.676, -2.351, 0.164 2.00E+00 1
161160E2 5.676, -2.351, O0.164 37.848,-15.677, 0.164 2. 00E+00 6
162 WBE2  0.000, 0.000, 0.164 163E1 0.402, -0.080, 0.164 2.00E+00 1
163162E2  0.402, -0.080, 0.164 164E1 1.205, -0.240, 0.164 2.00E+00 1
164163E2 1.205, -0.240, 0.164 165E1 2.812, -0.559, 0.164 2.00E+00 1
165164E2 2.812, -0.559, 0.164 166E1 6.025, -1.198, 0.164 2.00E+00 1
166165E2 6.025, -1.198, 0.164 40. 179, -7.992, 0.164 2.00E+00 6
SOURCES
Sour ce Wre Wre #/ Pct FromEnd 1 Ampl . (V, A) Phase(Deg.) Type
Seg. Act ual (Speci fied)
1 1 6 / 50.00 ( 6 /100.00) 1. 000 0. 000 |

Gound type is Real, high-accuracy anal ysis
Conductivity = .005 S/'m Diel. Const. = 13

Fig. 38-6 is a view of the length-tapered model above. Since the model begins
with the upper end of the vertical element, the new wire is Wire 6, as also indicated
by the source entry. The radials were developed by first creating and tapering one
radial. Then the radial maker was applied to the substitute wire group to yield the
remaining 31.
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The new model returns the following reports.

Tot al Tot al Gain Sour ce | npedance
Wres Segnent s dBi R +/- jX Ohns
Correctly | ength-tapered nodel

166 331 0. 93 39.9 +j 6.2

20- segnent per wre nodel

33 660 1.03 39.2 +j 7.7

10- segnent per wire nodel

33 330 1.14 38.2 +j 8.5

The reports from the length-tapered segment model better approaches the re-
ports for the 20-segment/wire model than does the reported data for the 330-seg-
ment (10 segments per wire) model. Moreover, the length-tapered model produces
a gain figure in the direction that the progression toward convergence was taking
when terminated at 30 segments per wire. Hence, it is, in general, a better model-
type to use than simply reducing the segmentation density to a level deemed to be
within program limitations.

These notes cover only a few of the elements of adequate radial system model-
ing. The escape from large models that we effected by length tapering each long
wire may be adequate for simple vertical monopole systems. However, there are
many larger radial systems used by multi-element vertical arrays. We cannot evade
large models with vertical arrays. Nonetheless, we need to look at their construc-
tion, our project for next time.

* % *x % *

Models included: 38-1 through 38-2. (All model dimensions in meters.)
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39. Radials: Complex Radial Systems

In the past two columns, we examined some of the modeling issues surround-
ing vertical antennas using radials systems. These columns, like all those in this
series, were predicated on using a version of NEC-2 as the basic modeling core.
We were left with some questions of modeling complex radial systems, which we
shall examine in this column. However, it may be useful to begin by reviewing the
limitations of NEC-2 with respect to radial systems.

Elevated vs. Buried Radials

NEC-2 does not permit wires either on or below ground. Therefore, radial sys-
tems must be constructed above ground, usually at a minimum height of about
0.001 wavelength. NEC-2 also recommends limiting the number of wires at a junc-
tion to about 30, making a 32-radial system about the largest that is practical. As
noted in previous columns, there are some work-arounds, but these parameters
generally set the limits for vertical antenna radial systems. Length-tapering tech-
nigues can reduce model size, and that technique allows many 32-radial systems to
be modeled within the 500-segment limit of some commercial implementations of
NEC-2.

However, modelers should be aware that there are significant differences in
reports from above ground radial system models—even when pressed to the limit of
proximity to the ground—and buried radial system models. Of course, buried radi-
als are only feasible in NEC versions above NEC-2. However, without some sense
of what NEC-4 might report for a buried radial system, the NEC-2 modeler might
uncritically accept a report from the NEC-2 above ground system model as reflect-
ing accurately what occurs with a buried radial system.

Therefore, consider the following simple model: a 40-m element for 1.83 MHz
with a diameter of 25-mm (nearly 1"). The diameter for the model was chosen to
simplify the modeling of the radial systems, since the length-to-diameter ratio would
be better than 4:1 throughout. The radials will consist of 2-mm diameter wires.
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Above-Ground a Wire Juncti
Radials Buried Radials re Junction
Tapered-Length Tapered-Length

Elements Elements

Fig. 391 Above-Ground and Buried Radial System Models

The ground treatment for separate above ground and buried radial systems is
indicated in Fig. 39-1. The radials in the above ground system will be 0.001 wave-
length above ground (0.164 m or about 6.5"). Afixed-length 1-segment source wire
that is 0.001 wavelength long is at the base of the vertical. The radials and the main
element above the source segment are length-tapered from 0.001 wavelength to
0.04 wavelength, which ensures that segments adjacent to the source segment are
the same length as the source segment itself.

The buried radial system requires a wire junction at ground, so we shall add a 1-
segment wire below ground. It is 0.001 wavelength long to match the depth of the
radials. The radials and main element above the source wire are length-tapered as
in the above ground model. Compare the modeling details of models 39-1 and 39-
2 to more clearly see the differences between above ground and below ground
monopole + radial structures.

| constructed radial systems using 4, 8, 16, 32, 64, and 128 radials for the mod-
els using NEC-4. The 128-radial system approaches the practical limit of small
angles between wires and may result in somewhat dubious results for radial sys-
tems of that size. However, the trends in the two types of radial systems are fasci-
nating, as the following tables reveal.
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Table 1. 40-m vertical nonopole, 25 nm dianeter; 40.96-m (0.25 wavel ength)

radials, 2 mm dianeter, tapered segnentation: 0.001 to 0.04 wavel ength per
wire; radials 0.001 wavel ength above ground; NEC- 4
Soi | Type Gain TO Angl e Sour ce | npedance
dBi degr ees R+/- J X Ohns
4-radials: 31 wires; 61 segnents
Very Poor -1.90 27 41.91 + j 18.38
Poor -0.33 25 40.27 + | 22.38
Good 0. 66 22 41.28 +j 23.89
Very Good 2.45 17 42.26 + | 21.04
8-radials: 55 wires; 109 segnents
Very Poor -1.47 27 37.49 +j 3.69
Poor 0.03 25 36.84 +j 6.82
Good 1.01 22 37.99 +j 8.78
Very Good 2.81 17 38.89 +j 9.56
16-radials: 103 wires; 205 segnents
Very Poor -1.34 27 35.91 - j 1.80
Poor 0.09 25 36.08 +j 0.89
Good 1.06 22 37.37 +j 2.61
Very Good 2.92 16 37.91 +j 4.36
32-radials: 199 wires; 397 segnents
Very Poor -1.29 27 35.09 - j 3.55
Poor 0.09 25 35.69 - j 1.05
Good 1.04 22 37.24 +j 0.48
Very Good 2.92 16 37.83 +j 2.46
64-radials: 391 wires; 781 segnents
Very Poor -1.23 27 34.36 - ] 3.63
Poor 0.10 25 35.24 - j 1.36
Good 1.02 22 36.97 - j 0.10
Very Good 2.91 16 37.91 +j 1.99
128-radials: 775 wires; 1549 segnents
Very Poor -1.12 27 33.81 - 3.04
Poor 0.17 25 34.80 - j 0.95
Good 1.03 22 36.51 +j 0.04
Very Good 2.87 16 37.97 +j 1.89
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Table 2. 40-mvertical nonopole, 25 nmmdianeter; 40.96-m (0.25 wavel engt h)
radials, 2 mm dianeter, tapered segnentation: 0.001 to 0.04 wavel ength per
wire; radials 0.001 wavel ength bel ow ground; NEC- 4
Soi | Type Gain TO Angl e Sour ce | npedance
dBi degr ees R +/- J X Ohns
4-radials: 32 wires; 62 segnents
Very Poor -4.37 27 87.04 + j 25.31
Poor -2.49 25 72.45 + j 19.47
Good -0.71 23 60.96 + j 20.42
Very Good 2.10 17 47.34 +j 14.52
8-radials: 56 wires; 110 segnents
Very Poor -3.11 28 65.90 + j 18.09
Poor -1.51 25 58.63 + j 15.18
Good -0.04 23 52.43 +j 15.94
Very Good 2. 60 17 44.34 +j 12.60
16-radials: 104 wires; 206 segnents
Very Poor -1.61 28 52.71 +j 12.43
Poor -0.16 25 49.71 + j 12.18
Good 0. 86 23 46.79 +j 12.83
Very Good 2.79 16 42.20 +j 11.18
32-radials: 200 wires; 398 segnents
Very Poor -1.32 27 44,89 + | 7.54
Poor 0.17 25 43.44 + j 9.55
Good 1.12 22 42.67 + j 10.46
Very Good 2.94 17 40.48 + j 10.03
64-radials: 392 wires; 782 segnents
Very Poor -1.19 27 40.68 + | 4.11
Poor 0.32 25 39.43 +j 7.08
Good 1.26 22 39.73 +j 8.50
Very Good 3. 05 17 39.06 +j 9.07
128-radials: 776 wires; 1550 segnents
Very Poor -1.12 28 38.60 +j 2.18
Poor 0.17 25 37.32 +j 5.29
Good 1.03 23 37.91 +j 6.99
Very Good 2.87 17 37.94 +j 8.27

With better soil quality, the differences between the above ground and buried
radial models are not severe. However, with very poor soil, the 4-radial systems
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show a great disparity: nearly 2.5 dB. As the graph in Fig. 39-2 shows, buried radial
systems show a rapid rise in gain as radials increase from 4 to 16, but the curves
are much shallower after that point. Although the curve for very poor soil continues
to rise through 128 radials, the curves for better soils actually decrease in gain from
64 radials upward. Hence, my trepidation over the 128-radial models.

160-m 1/4-WL, .25-m dia.; 2-mm radials
GP: tapered; .164-m below ground

4
I -
2
1 1
@ g o
e /
= 4
£ /
& -2
1/
) /-
./
-G
4 8 16 32 G4 128
Number of Radials
Fig. 392 —— ‘ery Poor —%— Poor —&— (Good —— Yery Good
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Perhaps the most telling differences between above ground and buried radial
system models lie in the source impedance reports. Fig. 39-3 graphs the source
resistance of above ground and buried radial systems for very poor and very good
soil through the range of radials used. Note that there is no aberration in the curves,
with a steady descent in all cases. Hence, there is also a reservation in my trepida-
tion about the 128-radial models. The above ground and buried radial models for
very good soil are quite parallel and not very far apart. However, for very poor soil,
the buried radial system model reports much higher values of source resistance
with lower numbers of radials.

Radials 0.001 WL Above & Below Ground
Source R: VP and VG Sail

50
¥
80
g
6 il \
£ i
&0
©
7 Y
wa e
o A
40 S — \;
SD T T T T
4 B 18 32 fit 128
Number of Radials
Fig. 393 —=— P-Above —¥— YP-Below —e— VG-Abhove —a— VG-Below

The upshot is that above ground radial systems have severe limitations in their
role as substitutes for buried radial systems. If one plans to seriously model buried
radial systems, then an investment in NEC-4 is likely the best course.
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We have examined some data derived from models of 160-meter monopoles
and radials systems in order to compare some modeling techniques. The data,
however, is not necessarily transferable to other frequency ranges without some
significant adjustment—in the data, not in the general modeling techniques. Indeed,
as an exercise of instruction concerning what the modeling software yields by way
of data on monopoles above buried radial sets of different sizes, you may wish to
replicate the modeling experiment on each of the harmonically related amateur bands
on which such antennas are common—for example, 160 meters through 40 meters.

Sloping Buried Radials

The model that we just used limited the diameter of the main element to an
unnaturally low size for 160 meters, and the radials were purposely buried over 6"
deep so that a relatively simple model might be used. However, there are many
cases of shallower radials and fatter main elements. Either of these cases can
press the NEC limits for a good length-to-diameter ratio for the segments.

Fig. 394
' ‘ Tapered-Length Element and Radials
for Shallow Radial Systems or for
Tapered Element Large Diameter Elements
Wire: 0.5 m Min.,
5.0 m Max.
Note: Element and radials not B
shown to full length.
Source gosu::e Wire

D
B L L |
D = Depth of Radials | A2 Tapered Radial Wire:
A1 = A2 = 0.5 m angular length 0.5 m Min., 5.0 m Max.

{See text for coordinate calculation.) Total Length of Radial
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The problem has a fairly straightforward solution—and likely not the only one
feasible. Fig. 39-4 sets up a radial system for a main element that is 0.125 m (about
4.92") in diameter, along with a radial system buried only 0.082 m (0.0005 wave-
length or 3.3") deep, the dimension D on the sketch. If we use our rule of thumb of
keeping the wire lengths in models with complex geometry at a 4:1 length-to-diam-
eter ratio, then the minimum wire or segment length will be 0.5 m, the lengths of A1
and A2 on the sketch.

We can start the main element (relative to ground) 0.082 m above ground and
use a 1-segment source wire followed by a tapered-length remainder of the ele-
ment, with the tapering having a 0.5-m minimum length and perhaps a 5-m maxi-
mum length for the segments. The first sloping portion of each radial will be from a
height of 0.082 m to zero, with the second going from zero to -0.082 m. Since the
sine of the angle is 0.082 over 0.5, the angle is 9.44 degrees. The cosine of this
angle is .986, so the dimension along the ground is 0.493 m. Little harm would be
done in using a round number like 0.5 for this dimension with shallow angles. How-
ever, for angles above 30 degrees—which are common in such models—the slop-
ing wire length requires the use of this excursion from dimension to sine to angle to
cosine to dimension. Hence, using the full progression of calculations is recom-
mended for all cases.

The following table contains partial descriptions (3 of 32 radials in each case) of
two models: one is a simple buried radial system like the one used with the 25-mm
main element; the other is a sloping radial model used with a 250-mm main ele-
ment. The contrast in modeling may reinforce the technique just described. Com-
pare models 39-2 and 39-3.

Si nmpl e Junction Between Main El enent and Radial s
160-m 1/4 w vertical, tapered radials Frequency = 1.83 MHz.
Wre Loss: Copper —Resistivity = 1. 74E-08 ohmm Rel. Perm =1

W RES
Wre Conn. — End 1 (x,y,z: m) Conn. — End 2 (X,y,Z : m) D a(mm Segs
0.000, 0.000, 40.000 WEl1 0.000, 0.000, 5.242 2.50E+01
WLE2 0.000, 0.000, 5.242 WBE1 0.000, 0.000, 2.621 2.50E+01
WeE2  0.000, 0.000, 2.621 WHE1 0.000, 0.000, 1.311 2.50E+01
2.
2.

WBE2  0.000, 0.000, 1.311 WsE1l 0.000, 0.000, 0.655 50E+01
WIE2  0.000, 0.000, 0.655 WE1 0.000, 0.000, 0.328 50E+01

OB wWN R
PR R e
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6 WE2 0.000, 0.000, 0.328 WE1 0.000, 0.000, O0.164 2.50E+01 1
Tapered-| ength portion of main el enent
7 WE2 0.000, 0.000, 0.164 WBE1 0.000, 0.000, 0.000 2.50E+01 1
8 WE2 0.000, 0.000, 0.000 WPE1 0.000, 0.000, -0.164 2.50E+01 1
Fi xed wires of nmin el enent
9 WJ5E1 0.000, 0.000, -0.164 WIOE1 0.164, 0.000, -0.164 2.00E+00 1
10 WOE2 0.164, 0.000, -0.164 WL1E1 0.491, 0.000, -0.164 2.00E+00 1
11 WLOE2 0.491, 0.000, -0.164 W2E1 1.147, 0.000, -0.164 2. 00E+00 1
12 WL1E2 1.147, 0.000, -0.164 WL3E1 2.457, 0.000, -0.164 2.00E+00 1
13 W2E2  2.457, 0.000, -0.164 WL4E1 5.078, 0.000, -0.164 2.00E+00 1
14 W3E2 5.078, 0.000, -0.164 40.955, 0.000, -0.164 2.00E+00 7
First tapered-length radia
15 W1E1 0.000, 0.000, -0.164 W6E1 0.161, 0.032, -0.164 2.00E+00 1
16 W5E2  0.161, 0.032, -0.164 WL7E1  0.482, 0.096, -0.164 2.00E+00 1
17 W6E2  0.482, 0.096, -0.164 WIBE1 1.125, 0.224, -0.164 2.00E+00 1
18 WL7E2 1.125, 0.224, -0.164 W9E1 2.410, 0.479, -0.164 2.00E+00 1
19 WL8E2 2.410, 0.479, -0.164 WOE1 4,981, 0.991, -0.164 2.00E+00 1
20 W9E2  4.981, 0.991, -0.164 40. 168, 7.990, -0.164 2.00E+00 7
Second tapered-1length radia
21 W7E1  0.000, 0.000, -0.164 W2E1 0.151, 0.063, -0.164 2.00E+00 1
22 W1E2 0.151, 0.063, -0.164 W3El 0.454, 0.188, -0.164 2.00E+00 1
23 W2E2 0.454, 0.188, -0.164 W4El 1.059, 0.439, -0.164 2. 00E+00 1
24 W3E2 1.059, 0.439, -0.164 W5E1  2.270, 0.940, -0.164 2.00E+00 1
25 W4E2  2.270, 0.940, -0.164 W6E1 4.692, 1.943, -0.164 2.00E+00 1
26 W5E2  4.692, 1.943, -0.164 37.838, 15.673, -0.164 2.00E+00 7
Third tapered-length radial (or 32 total radials)
SOURCES
Sour ce Wre Wre #/ Pct FromEnd 1 Ampl . (V, A) Phase(Deg.) Type
Seg. Act ual (Speci fied)
1 1 7/ 50.00 ( 7/ 50.00) 1. 000 0. 000 \Y,
Ground type is Real, high-accuracy analysis
Conductivity = .005 S/'m Diel. Const. = 13
Angul ar-Wre Junction of Main El enent and Radial s
160-m 1/4 w vertical, buried radials Frequency = 1.83 MHz.
Wre Loss: Copper —Resistivity = 1. 74E-08 ohmm Rel. Perm =1
W RES
Wre Conn. —End 1 (x,y,z : m) Conn. —End 2 (X,y,z : m) Di a(mm Segs
1 0.000, 0.000, 40.000 WE1 0.000, 0.000, 4.328 2.50E+02 9
2 WE2 0.000, 0.000, 4.328 WBE1 0.000, 0.000, 2.328 2.50E+02 1
3 WE2 0.000, 0.000, 2.328 WE1 0.000, 0.000, 1.328 2.50E+02 1

Tapered-| ength portion of main el enent
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4 WBE2 0.000, 0.000, 1.328 WE1l 0.000, 0.000, 0.328 2.50E+02 1

Fi xed I ength section of main el enent

WLOE1 0.000, 0.000, 0.328 WE1 0.945, 0.000, 0.000 2.00E+00 1
WBE2  0.945, 0.000, 0.000 WE1 1.890, 0.000, -0.328 2.00E+00 1

Two sloping wires of first radia
WSE2  1.890, 0.000, -0.328 WBE1 2.890, 0.000, -0.328 2.00E+00 1
WE2 2.890, 0.000, -0.328 W9E1 4.890, 0.000, -0.328 2.00E+00 1
WBE2  4.890, 0.000, -0.328 40.960, 0.000, -0.328 2.00E+00 10

Tapered-length portion of first radia

10 WM5E1  0.000, 0.000, 0.328 WL1E1 0.927, 0.184, 0.000 2.00E+00 1

11 WO0E2 0.927, 0.184, 0.000 WL2E1 1.854, 0.369, -0.328 2.00E+00 1
Two sl oping wires of second radial

12 W1E2 1.854, 0.369, -0.328 WL3E1 2.834, .564, -0.328 2.00E+00 1

13 WI2E2  2.834, 0.564, -0.328 W4E1 4.796, .954, -0.328 2.00E+00 1

14 W3E2  4.796, 0.954, -0.328 40. 173, 7.991, -0.328 2.00E+00 10
Tapered-| ength portion of second radia

15 W0E1 0.000, 0.000, 0.328 W6E1 0.873, 0.362, 0.000 2.00E+00 1

16 W5E2  0.873, 0.362, 0.000 WL7E1 1.746, 0.723, -0.328 2.00E+00 1
Two sloping wires of third radia

17 W6E2  1.746, 0.723, -0.328 W8BE1 2.670, 1.106, -0.328 2.00E+00 1

18 WL7E2 2.670, 1.106, -0.328 W9E1 4.518, 1.871, -0.328 2.00E+00 1

o O

© 00~

19 WA8E2 4,518, 1.871, -0.328 37.842, 15.675, -0.328 2. 00E+00 10
Tapered-length portion of third radial (of 32 total radials)
SOURCES
Sour ce Wre Wre #/ Pct FromEnd 1 Ampl . (V, A) Phase(Deg.) Type
Seg. Act ual (Speci fied)
1 1 4/ 50.00 ( 4/ 50.00) 1. 000 0. 000 \Y,

Gound type is Real, high-accuracy anal ysis
Conductivity = .005 S/'m Diel. Const. = 13

Intersecting Radial Fields

Sloping radials are not the only complexity that we may encounter when working
with radial systems for vertical arrays. Fig. 39-5 shows two intersecting radial sys-
tems for a 2-element array. Only a few wires have been shown in the sketch to
preserve some clarity. See model 39-4 for a sample of this type of radial system.
Between the two radial systems, there is a line of intersection, which for most pur-
poses can be taken as being defined by the midpoint between the two radial sys-
tems. Actual radials might well pass over and under each other, as indicated by the
dashed extensions in the figure. However, it is also common to join electrically the
ends of relevant radials so that the junctions form a line corresponding to the verti-
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cal dashed line in the sketch. The junctions along the line of intersection may be
connected by wires or simply left open.

Radial Junction Line

Element 2 Element 1

Simplified Junction of Two Radial Systems
Fig. 395

Fig. 39-6 shows a 3-system set of intersections. The principles are the same for
any number of intersecting radial systems. The key problem in constructing a model
is getting rid of overlapping wires, since the NEC core will reject any model with
wires that intersect at other than segment junctions. Instead, we need to calculate
the coordinates of each intersecting radial so that we end up with true wire junc-
tions. Model 39-5 provides a sample of a triple radial system.
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Radial Junction Line Radial Junction Line

End-2 Element Middle Element End-1 Element

Simplified Junction of Three Radial Systems
Fig. 396

The calculation technique is very straight forward, although its execution can be
tedious for very large radial systems. Refer to Fig. 39-7 for guidance. We can find
the line of intersection along (let us say) the X-axis. Hence, we know the X coordi-
nate of any radial to be shortened for a junction along this line. Since the original
and the shortened radial coordinates define a pair of congruent triangles, the ratio of
the new (shorter) X-axis coordinate to the original is also the ratio of the new Y-axis
coordinate to the original. Of course, both of these numbers are most easily ob-
tained if the origin of the radial system on which we do the original shortening is X=0
and Y=0. (We can always displace the entire system once our calculations and
modifications are complete.)
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Fig. 397 ¥-Axis
Original
Coordinates | :
I
¥=0C [
X=B | Intersecting Radial Coordinates 1
1

Y=C(AI/B)

Radial 2 Radial 1

'nn
[=R =]

1 =

Radial Junction Line

Calculating Coordinates for Intersecting Radals

If we are using uniform segmentation of the radial wires, then the same ratio that
we used to determine the coordinates also tells us the number of segments to use
in the shorter radial. The total number of calculations will actually be smaller than
we might expect, since we can simply use the values that we get for the positive Y
direction in the negative direction with a sign change (assuming an evenly sym-
metrical radial model). These new radial terminations also become the terminating
coordinates for the second radial system where it intersects the first. If a multiple
radial system is used and if the junction lines are equally spaced from the center
element, the numerical values—with sign adjustments—are applicable to both junc-
tion sets. Only the process of entering the values on the wire chart is somewhat
tedious and error-prone.
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The techniques of generating complex radial fields apply equally to those we
place above ground and to those we bury. From the notes developed here and
using whatever automated facilities may exist within your particular NEC software,
you can generate quite reasonable models for virtually any vertical antenna or array
that uses a radial system. As we have seen from the preceding columns, such

models are much preferable to the all-to-common over-simplifications that we have
used in the past.

* % *x % %

Models included: 39-1 through 39-5. (All model dimensions in meters.)

__
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40. Resolution

Modelers often seek the shortest run times, the smallest tables, and the least
resolution that they can get by with. This somewhat careless practice often begets
errors of various sorts. So let’'s spend a little time looking at the areas of modeling
where resolution makes a difference—or at least a potential difference—to the out-
come of a modeling session.

1. Segmentation: Every segment adds more time to each run of the NEC core.
Hence, modelers tend to use the least number of segments that they think will do a
minimal but adequate job. Of course, the test of whether a model is sufficiently
segmented is the convergence test, which we noted in detail in the very first episode
of this series.

Fig. 40-1

There are a number of areas in which we dare not use too few segments. Fig.
40-1 shows just one sample that should suffice as a reminder for virtually all other
cases. In this partial sketch of a common feed for two antenna elements, a single
source segment may lead to inaccurate results. Hence, we normally employ at
least 3 segments for the common section, and this action may result in quite short
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segments. The wires moving off from the junctions also require short section, close
to a match for the segment lengths in the common wire. With uniform segmentation
of the remainder of the antenna, we may end up with a very large model in terms of
the number of segments. The modeler can length-taper the elements so that the far
ends have longer segments. However, the test of whether a particular scheme of
length-tapering (described in discussions of radial is recent episodes) is adequate
is a comparison of the results with a uniformly segmented model. Hence, for at least
part of our work, very large models for seemingly simple antennas may not be avoid-
able. See model 40-1 for a sample.

In some projects, we may be interested in the trends in the current magnitude
and phase along elements, for example, in comparing long elements to very short
ones or in comparing linear elements to loops of various shapes. Here again, a
highly segmented set of elements—with attention to the relative equality of segment
length among the items compared—can better reveal the finer details of the trends
than truncated versions of the same models.

14% Fig. 402
~—]

_'_'_,_,_,-'-"’
Source Center

23% 23%
L . L
Load Source Load

Adequate segmentation is also required for precise placement of off-center
sources and loads, as suggested in Fig. 40-2. Adipole that may yield very accurate
results with only 11 segments does not provide the modeler with the ability to place

Chapter 40 ~ Resolution



Antenna Modeling Notes: Volume 2 246

an off-center source at exactly 14% of the distance from the element center toward
one end. Likewise, a high number of segments are required to place loading induc-
tors 23% of the distance from the element center outward towards the element
ends. If one is analyzing an existing antenna that uses such placements, segmen-
tation shortcuts will yield unreliable results.

Of course, the ultimate model-size cutting exercise occurs with vertical anten-
nas when we attempt to avoid the construction of a radial system. See the last three
columns in this series for ways to develop adequate radial systems.

Segmentation issues affect most of the tabular outputs available from NEC,
including the values for currents and far-field strength. Near field and ground wave
results are also affected. So it is impossible to over-stress the use of adequate
segmentation—both in terms of numbers and in terms of other constraints that we
have noted from time to time—in the development of an adequate model. The
longer core run-times will result in longer output tables of values. The tables of
currents on each segment may be especially important in some applications. The
following lines are only a sample, drawn from a random model.

CURRENTS AND LOCATI ON

DI STANCES | N WAVELENGTHS

SEG TAG  COORD. OF SEG CENTER SEG. - - - CURRENT
(AVPS) - - -

NO. NO X Y z LENGTH REAL | MAG
MAG PHASE

1 1 -0.2363 0.0000 0.0000 O0.00508 5.0770E-04 -1.6493E-04
5.3382E-04 -17.997

2 1 -0.2312 0.0000 0.0000 O0.00508 1. 3834E-03 -4.4791E- 04
1.4541E-03 -17.940

3 1 -0.2261 0.0000 0.0000 O0.00508 2.1974E-03 -7.0900E- 04
2. 3089E-03 -17.883

4 1 -0.2210 0.0000 0.0000 O0.00508 2. 9845E- 03 -9. 5965E- 04
3. 1350E-03 -17.825

5 1 -0.2160 0.0000 0.0000 O0.00508 3.7529E-03 -1.2025E-03
3. 9408E-03 -17.766

6 1 -0.2109 0.0000 0.0000 O0.00508 4.5061E-03 -1.4387E-03
4.7302E-03 -17.708

7 1 -0.2058 0.0000 0.0000 O0.00508 5. 2460E- 03 -1.6690E-03
5.5051E-03 -17.648
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8 1 -0.2007 0. 0000 0. 0000 0.00508 5. 9734E-03 -1.8936E-03

6. 2664E-03 -17.589
9 1 -0.1957 0. 0000 0. 0000 0.00508 6. 6889E-03 -2.1127E-03

7.0146E-03 -17.528
10 1 -0.1906 0. 0000 0. 0000 0.00508 7.3926E-03 -2. 3263E-03

7. 7500E-03 -17.468
11 1 -0.1855 0. 0000 0. 0000 0.00508 8. 0844E- 03 -2.5344E-03

8.4724E-03 -17.406
12 1 -0.1804 0. 0000 0. 0000 0.00508 8. 7642E- 03 -2. 7371E-03

9. 1816E-03 -17.344

The output file gives too much data per line to contain each data line to 1 line in
this format. However, the 12 lines shown bear some examination. Notice the rate
of change of current per segment. (The NEC output report uses absolute segment
numbers rather than a listing by wire and segment. The EZNEC current table trans-
lates this data back into the wire and segment numbers that apply to the wires
specified by the user.) The greater the number of segments for a wire of a given
length, the slower will be the rate of change of current per segment, since the rate of
change along the entire wire will be the same in both cases. Higher segment density
often allows one to locate better the effects of element loads and other phenomena
that may cause significant shifts in current.

Perhaps the one limitation of some entry-level software is that they place seg-
mentation restrictions on the modeler who takes these notes seriously. Other entry-
level software (such as NEC-Win Plus) and upgrades from the entry level, provide
more than enough segments for the largest model one might imagine well into one’s
career.

2. Pattern Resolution: A second arena in which resolution can make a large
difference involves the far-field radiation patterns that we specify. Fig. 40-3 is a
screen grab (from NEC-Win Plus) of an azimuth pattern specification box. Among
the matters that we can as users determine is the resolution of the pattern, that is, at
what angular increments NEC will produce a table of values out of which the inter-
face program creates a graph of the pattern.

Three-dimensional patterns, available in some implementations of NEC (for
example, NEC-Win Plus and EZNEC 3.0) require a relatively high value for the
increment, somewhere between 3 and 5 degrees as the lowest value. Since the
program must calculate all values for all bearings in the free-space sphere or the
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hemisphere over ground, excessive resolution encounters two problems. First, the
higher the resolution, the longer the core run time. Second, because the result is
presented as a single graphic, the result of maximum resolution would be a solid
mass of dots and connecting lines that would obscure the view of useful detail.

Radiation Pattern

+ Azimuth Pattern ¢ Elevation Pattern

z

Elevation

------- Y
Azimuth
X
Azimuth Elevation
Initial: | 24
Final: | 350
Increment: I1

Cancel |

Fig. 40-4 shows a pair of 3-D patterns of a quad beam over ground, taken from
NEC-Win Plus. The 10-degree resolution graphic provides more widely spaced lines
for easier identification of portions of the pattern, especially those parts on the far
side of the pattern. However, notice the level of distortion to the pattern relative to
the 5-degree resolution version. Entire segments of the major lobes appear to be
missing from the graphic. In contrast, the 5-degree version show much more detalil,
but at the expense of blurring the details, especially of the concentrated lobe struc-
ture to the rear of the pattern.

Chapter 40 ~ Resolution



Antenna Modeling Notes: Volume 2

249

Resolution Level: Detail vs. Readability

10-Degree Resolution

- Degree Resolution

Fig. 404
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Even the 5-degree 3-D graphic shows strong signs of distortion relative to the
actual pattern. The sharp corners taken by lines at intersections are unnatural to
normal radiation patterns.

3-D patterns are both a convenience and often a useful way to cross check our
identification of the strongest lobe or the deepest null of a pattern. In addition, we
can rapidly survey a pattern for various oddities, such as lobes that increase in
strength upward or downward, but which also change the azimuth bearing of maxi-
mum strength as we change the elevation angle as well.

However, the main work of far-field pattern analysis is usually a function of 2-
dimension elevation and azimuth patterns. For these patterns, unless we have a
special function in mind, we resort to the maximum resolution (or minimum incre-
ment) made available to us by a program. For many programs, this is 1 degree.
However, some implementations of NEC, such as EZNEC, provide resolutions as
fine as 0.1 degree. This degree of fineness requires a table with ten times the
number of values as needed with 1-degree resolution, and the graphic calculations
naturally take longer. However, the chief question for the modeler is this: when are
they useful?

For most azimuth patterns, a resolution of 1 degree is more than adequate. For
very regular patterns with few lobes and nulls, even a 5-degree resolution will yield
a satisfactory azimuth pattern. Typical of the antennas able to use lower resolutions
in azimuth patterns are the dipole, Yagi, and quad beam.

Until a wire reaches 10 to 15 wavelengths, a 1-degree resolution captures all of
the relevant detail. Non-integer wavelength values (for example, 19.6 wavelengths)
that show both emergent and declining lobes and nulls may require a slightly higher
resolution to capture every detail of note. As well, complex wire arrays with equally
complex phasing conditions among the wires may yield patterns with side and rear
structures that benefit from resolutions less than 1 degree. However, these in-
stances are fairly rare.

More commonly, the modeler requires better than 1-degree resolution with el-
evation patterns as the antenna height exceeds several wavelengths above ground.
Let’s look at some elevation patterns at different resolution levels and different heights
to get a feel for what occurs. We shall use the EZNEC 0.1-degree level, along with
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the more universal 1.0-degree level. Our subject antenna will be a simple horizon-
tally polarized Yagi set for 299.7925 MHz, so that each wavelength is also 1 meter.
See model 40-2 and vary its height.

Fig. 405 ... 0dB -

0.1 Deg.
H=2 WL ____..--Elu_:iEI-.

1.0 Deq.

Fig. 40-5 shows the elevation patterns for both degrees of resolution at an an-
tenna height of 2 wavelengths. The patterns are indistinguishable to the eye. In fact,
both patterns show an elevation angle of maximum radiation (TO angle) of 7 de-
grees (7.0 in the 0.1-degree system).

Let's elevate the antenna to 8 wavelengths. For those who are familiar only with
HF antennas, an 8-wavelength height is virtually unthinkable. At 20 meters, we are
speaking of 525' or so. However, at 300 MHz, the height is simply 8 meters or about
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26'up. As we scan Fig. 6, there appears at first sight to be little difference between
the patterns, and the TO angles (2 vs. 1.8 degrees) seem to confirm that the two
patterns are virtually identical. However, look closely at the second lobe in the 1-
degree resolution pattern. It should be stronger than the third—as shown by the
0.1-degree resolution pattern—but it is not. Slight irregularities in the lobe structure
have begun to appear as a result of insufficient pattern resolution.

Fig. 406 L DdB

H=8 WL 0.1 Deg.

1.0 Dey.
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Fig. 407 ISR L1: 20

H=10 WL

1.0 Deq.

If we further elevate the antenna to 10 wavelengths (10 m or 33" at 300 MHz),
the irregularities become serious, as shown in Fig. 40-7. Note that in the 1-degree
resolution version of the pattern, many lobes appear as straight-line to points rather
than as rounded lobes. Note also that the lowest lobe, which should be the stron-
gest and is the strongest in the 0.1-degree resolution pattern, is weaker than the
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lobes above it in the 1-degree resolution pattern. In fact, the pattern identifies the
TO angle as 7 degrees rather than as the more nearly correct 1.4 degrees.

Fig. 408 0B

H=12 WL

1.0 Deq.

Fig. 40-8 carries the problem still further as we elevate the antenna to 12 wave-
lengths (12 m or 39"). The 1-degree pattern identifies the strongest lobe at 6 de-
grees up, whereas the 0.1-degree version places it at 1.2-degrees elevation. Note
also that, although all 24 lobes from the ground up to 90 degrees (zenith) are present,
the null structure has deteriorated significantly. Compare the two graphics with
respect to the interior that shows the depth of nulls. Very often, this structure re-
veals inadequacies of resolution more evidently than tracing the outer perimeter of
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the lobes. An adequate pattern for an antenna producing a quite regular far field
should show the relatively smooth curve of nulls displayed by the 0.1-degree resolu-
tion pattern. If this smooth curve is absent without other known cause, then suspect
that the pattern resolution may be inadequate.

Fig. 40.9 L DdB

H=20 WL LdEe. 0.1 Deg.

1.0 Deg.

Let's jump to an antenna height of 20 wavelengths (20 m or about 66' at 300
MHz). We can count lobes in Fig. 40-9 and see that the 1-degree resolution pattern
shows only 28 of the 40 total lobes in the 0.1-degree version. Considerable portions
of the fine structure of the pattern are missing, and the lower resolution pattern
identifies the TO angle as 5 degrees. The more nearly correct value is 0.7 degrees.
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* Fig. 40-10

10

Enlargement

F;{d1 ;:w ;¥£' '.: - of Fig. 9

Fig. 40-10 enlarges the patterns to reveal just how much of the pattern detail
has been lost by the 1-degree resolution pattern. Entire sections of the pattern
show almost no nulls, and the lobes are irregularly spaced in many areas. Some
wider lobes are actually two lobes with the null between having been missed by the
lower resolution.

However, Fig. 40-10 has a second message for the perceptive viewer. Although
the outer limit of the lobe structure appears to form a smooth curve, just as we might
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expect, the inner structure of nulls is showing the first signs of deterioration. Noth-
ing is seriously amiss yet, and the pattern is perfectly usable for all normal pur-
poses. However, a mere 20-wavelengths up is a fairly low height for many UHF
antenna installations. Hence, even the 0.1-degree resolution pattern table prom-
ises to reach a limit of usefulness at frequencies lower than the limit for the remain-
der of NEC calculations.

Fig. 40-11 L DB

0.1 Dey.
H=3 WL - ddE

1.0 Dey.

Vertically polarized antennas tend to show the same signs of inadequate pattern
resolution, but in ways whose appearance varies from their horizontally polarized
brethren. Therefore, let's look at a 3-element Yagi for 299.7925 MHz that is turned
to be vertical. We shall be looking for signs of pattern deterioration that are similar
to those we have thus far observed. See model 40-3.
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Fig. 40-11 forms our baseline, with the antenna 3 wavelengths in the air over
average ground. Essentially, there is no difference between the two elevation pat-
terns, and the lower (1-degree) resolution version is perfectly adequate for all nor-
mal purposes.

Fig. 40-12 RUSRER L

0.1 Deg.
H=8 WL e 0dE

1.0 Dey.

As we raise the antenna to 8 wavelengths (8 m or 26' at 300 MHz), the signs of
inadequacy in the 1-degree pattern might elude us, especially if we focus upon the
outer edge of the lobes in Fig. 40-12. However, in the 1-degree resolution pattern,
notice the absence of a deep null between the first and second lobes, a sign that the
degree of resolution is inadequate to pick up values close to the deepest null. By
way of contrast, the interior structure of the 0.1-degree resolution pattern forms a
smooth curve. The pattern of lobes and nulls for a vertically polarized antenna is
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different from that of a horizontally polarized antenna of the same general type.
Hence, each polarization will show different outer and inner curves formed by the
tips of the lobes and of the nulls.

Fig. 4013 0B

H=12 WL

1.0 Deg.

By the time we reach an antenna height of 12 wavelengths (12 m or 39'), the 1-
degree resolution pattern in Fig. 40-13 has severely deteriorated to the point of
yielding inaccurate information. The higher resolution plot shows the TO angle at
1.2 degrees, with the next major lobe at 3.5 degrees. However, the 1-degree plot—
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while giving us an accurate 1 degree for the TO angle—reports the next major lobe
at 6 degrees. Our last pattern, Fig. 14, taken at an antenna height of 20 wave-
lengths, shows severe deterioration of both the interior and exterior curves. Con-
trasting the 0.1 and 1 degree resolution plots should provide ample guidance in
detecting when pattern resolution is severely inadequate.

Fig. 40-14 - DdE -

H=20 WL

1.0 Degy.
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Conclusion

The adequacy and accuracy of the information that we derive from NEC models
depends to a great degree upon our selections as users. In this episode, we have
noted two general areas in which we are prone to use inadequate resolution: seg-
mentation and pattern resolution. Both tendencies can yield unrecognized inaccu-
rate results and should be avoided—without going to the wasteful extreme of using
uninformative excess resolution.

We are also limited to some extent by extant implementations of NEC, only
some of which provide either or both the pattern resolution needed for high UHF
antennas or the number of segments adequate for large models. Therefore, if we
are not going to develop our own interface systems for the available NEC cores, we
must use care in selecting the software we buy. As in all such matters, we must
match up the software capabilities to the set of anticipated tasks. If entry-level
software fails to meet user needs, upgrading is certainly in order.

* % *x % %

Models included: 40-1 through 40-3. (All model dimensions in meters.)
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41. Multiple-Feedpoint Loop Modeling

There are a number of questions that often arise surrounding quad loop model-
ing. Some of the answers to these question also apply to other antenna models, so
it may be worthwhile to spend an inordinate amount of time with the simple quad
loop.

Fig. 411
q - W3E1 W3E1 VW2E2
WAE1 W2E?2
\ W3E?2 W2E1
Square Diamond

\ WAE1 W1E2
WAE2 b W2E1
WAEA —W1E2

WAE2 W1E1
The Usual Convention

For a single quad loop with a single feedpoint, the conventions of modeling
shown in Fig. 41-1 are very convenient. Essentially, we model “around the horn,”
taking one wire after the other so that End-2 of the preceding wire matches End-1 of
the succeeding wire. We can apply the technique to either square or diamond quad
loops—or to any other closed polygon.
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The technique is orderly, giving us a systematic way of keeping track of the
wires in complex arrays of which this loop may be one of many. However, the
technique has more to recommend it than simple orderliness.

JH-1T79.3 0.99/178.1 JH-1T9.3

681785 7 ‘ 1 .68-179.0

Current Magnitude
and Phase

Single Feedpoint

008884 1 o eloop 1 0.08-88.4
Model
Fig. 412
691-8.3 1 1 .691-8.3
1 . 1
TALT.6 1.010.0 TALT.6

Fig. 41-2 shows the current magnitudes and phase angles at selected points
around the loop. Each loop side (21.876") for the sample model has 21 segments
(in case you want to replicate the exercise). Copper wire and an arbitrary but reso-
nant (+/- j1 Ohm reactance) frequency of 144.4 MHz with #18 wire complete the
essential ingredients for the model used here. See model 41-1.

Note that as we begin at the source (the dot in the figure) and move in either
direction, we have an orderly progression of current magnitudes and phase angles.
Because we have a single feedpoint and a wire that is not perfectly conductive, the
midpoints of the vertical wires do not show a relative current magnitude of zero or a
phase of exactly -90 degrees. At the upper corners, current magnitude is very
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slightly less than at the lower corners—not enough to affect antenna operation, but
enough to prove that copper has a small amount of resistive loss.

The figure that may seem oddest to the beginning modeler is the phase angle at
the point directly opposite the feed point. However, in most implementations of
NEC, phase angle values are run from -179.99 to +179.99. The sudden shift in the
phase angle value to +178.1 degrees is the equivalent of having a phase angle of -
181.9 degrees. With that mental adjustment, then, we have a seemingly smooth
transition of current levels along the quad wires.

However, appearances—especially when developed by showing only selected
values—can be deceiving. Well over half of the current phase transition occurs in
the small region around the vertical wire mid-points, where the current magnitude
also approaches zero and rises again. This set of transitions is similar to that for a
dipole end, except that the dipole end is open.

In fact, one way to think about a quad loop is as two dipoles with the ends bent
toward each other until they touch. The touching ends eliminate the shortening of
the so-called end-effect, and a quad loop will have a circumference that is longer
than the sum of two dipoles. As well, the effects of changing the wire diameter are
opposite each other. For resonance, the fatter the wire of a dipole, the shorter its
length must be. For a closed loop, the fatter the wire, the larger the loop circumfer-
ence for resonance. Despite these behavioral differences, it is often useful to look
at a 1-wavelength loop with a single feed as two dipoles with touching ends.

One result of this orientation to the loop is to think of the halves of the overall
guad as being in phase and hence additive in their pattern production. In fact, a
guad loop of the specifications used in this exercise has a free-space gain of about
3.3 dBi in contrast to the 2.1-dBi gain of a dipole in free space.

However, if the two halves of the loop, counting from the left side mid-point to
the right side mid-point are two dipoles in phase, why does the upper horizontal mid-
point show a phase angle about 180 degrees out of phase with the feedpoint? The
answer lies partially in the modeling convention we chose and partially in data that
we do not see in Fig. 41-2 (or in any of the usual tables produced by NEC). The wire
direction of our continuous loop model is opposite for the upper and lower horizontal
wires. Since current values are functions of the End-1 to End-2 orientation of the
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wires, we find a -180-degree phase angle at the top relative to the zero-degree
phase angle at the bottom. What we do not see is that the voltage at the upper mid-
point would have a phase angle that is also 180 degrees out of phase with the
voltage at the feedpoint. Hence, the combination yields a power that is in phase for
the two positions on the wire loop.

A similar phenomenon occurs with a number of other antennas, some of which
are not closed loops. For example, a half square fed at one corner can be thought
of as two right angle Vees, each with a quarter wavelength leg vertical. The horizon-
tal quarter wavelength sections join at their ends. The standard and correct way of
treating the half square is as two quarter wavelength verticals in phase spaced just
about 1/2 wavelength apart. The 1/2 wavelength horizontal wire is often called a
phasing line because most of the radiation from it cancels.

However, if we model two 1/4-wavelength verticals independently, we must pro-
vide two sources, each of which has the same current magnitude and phase angle.
Only in this way can we obtain a pattern similar to that of the half square. However,
if we look at the current tables for the half square, then we find that the current at the
corner away from the feedpoint has a phase angle about 180 degrees different from
that of the source. Once again, the voltage phase angle at the far corner would also
be 180 degrees different from that of the source, establishing an in-phase relation-
ship between the two points.

For single feed systems, these small mental adjustments make almost no differ-
ence in the ways in which we handle loops and half squares in the design or analysis
efforts to construct arrays with them. However, the adjustments required begin to
make a larger difference—with more room for unseen errors—whenever we begin
to look at multiple feedpoints on a single wire structure. For example, we can feed
a quad loop at both the upper and lower wire center-points. We might use equal
lengths of parallel feedline with a junction to the main feedline directly between the
upper and lower loop wires. To feed the loop wires in phase, we would physically
run the wires in straight lines, with no twist to either the upper or the lower section
from the junction.
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However, our model—if it uses the convention of wire structuring that we started
with—uwill not reflect reality if we feed it as we would when building the physical
antenna. Fig. 41-3 shows two source points, one at the center of each horizontal
wire. Both sources are specified for a current magnitude of 1 and a phase angle of
0, as revealed by the designation “No-Twist” on the figure. Relative current magni-
tude and phase angle values are shown for the same points as in Fig. 41-2. See
model 41-2.

The current magnitude and phase angle values are very much different from
those in Fig. 41-2. In fact, the no-twist sourcing of this model has in fact placed two
sources that are 180 degrees out of phase on the model, since a source is in series
with its wire. Moreover, the source follows the End-1 to End-2 orientation of the
model. Hence, the source on the upper wire is set in the opposite direction as the
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source on the lower wire. However, we cannot change the voltage phasing, so that
the two feedpoints are now out of phase relative to each other.

A similar situation would occur if we simply placed a second source on the half
square at the “other” corner of the array. (In fact, if one draws the open wire ends of
a half square together, letting the horizontal wire bend at its center, the result would
be a diamond-shaped quad loop.)

Azimuth Patterns
of a Quad Loop
with Normal and
Reversed Phasing
of Dual Feeds

... 0dB. ..

) Outer Ring = 4.45 dBi
120 - 0

150 -

180 Phased . - - -' - :: . ._ E':_ .- -. _:'E _. . Z: .' - Phased 0 dEg

- 330

. Norimal - ' Quad Loop
Fig. 414 300 Orientation
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Note that there is no error within NEC in this regard—only an error caused by
our not keeping track of the wire directions and making the sources coincide with
those directions. Physically, the difference between feeding the two wires in phase
and out of phase makes a big difference to the resulting pattern. Fig. 41-4 shows
the patterns for a normal quad with an in-phase dual feed and one that is dual fed
out of phase. The “normal” in-phase feed results in pattern lobes broadside to the
plane of the loop. In contrast, out-of-phase feeding results in lobes off the edges of
the loop—a situation not designed to bring out the best in a multi-element quad
beam.

If we adhere to the modeling convention with which we started—remembering
that it is most useful for single feedpoint loops—then our model only (and not the
physical antenna) will have to place a half twist in one (but not both) of the two
sections of feedline from the junction to the antenna wire. Now the model will yield
a correct radiation pattern and a set of correct feedpoint values for a dual in-phase
feed quad loop. See model 41-3.

1.0/180
J3MTTIS JITTS
BEMTTS 1 ¢ '+ .68MTT.5
Current Magnitude
and Phase
Dual Feedpoint
0.0/71.6 T Continuous-Loop T 0073
Model
"Half-Twist"
Fig. 415
6825 1 1 :
: ° : .68-25
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However, not everything regarding the model will be in best order. Our artifice,
while correcting certain elements of the modeling—the ones of highest interest to
most casual modelers—has still left some data out of good order. Fig. 41-5 sketches
the dual feed situation with one source set at 0 degrees and the other set at 180
degrees. Around the perimeter are the relative current magnitude and phase angle
readouts yielded by NEC for the model. Note initially that each outer corner has a
phase angle that is -2.5 degrees relative to the source phase angle. However, their
values are very different.

We may also wish to look at the side mid-point values. Although the current
magnitude has gone so close to zero as to not record in limited decimal places, the
phase angle is not an anticipated +/-90 degrees. The values differ and depart from
90 degrees by what seems to be a significant amount. However, remember that the
closer to the exact mid-point we get, the more rapid is the change of current magni-
tude and phase angle. At these point—as well as at the open ends of a dipole, NEC
calculations may depart by considerable amounts from what we presume (rather
than calculate) from theoretical considerations. For the model at hand, the spatial
displacement between the calculated +/- 70 degree angles and a true 90 degrees
would amount to a very small fraction of an inch at the frequency in question.

You may establish the correctness of the in-phase feeding as requiring no half
twist in reality. Simply construct a small quad loop within the frequency range of
whatever antenna analyzer you may have. Use equal lengths of parallel feedline
from the two source points to a common junction—and then a length of line about 1
wavelength long to the meter. If you give one section of line a half twist, your source
impedance will have a very low resistive component—a few Ohms. With correct in-
phase feeding, the resistive component will be moderate to high, depending the
length of the two sections of line and where you draw the line between “moderate”
and “high.”

If we wish all of our values to be correctly aligned and thus to require no mental
adjustments from the modeler, then multiple feed quad loops must employ a differ-
ent convention from the one with which we started. In short, we must model them
as two bent in-phase dipoles. Fig. 41-6 provides some guidance. For a diamond-
shaped quad loop, we need add no wires to the model. Instead, we simple model
both the upper and lower Vees from left to right, with junctions at the far left and at
the far right. (Of course, we might as easily have gone from right to left in both
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cases, but these notes follow the western convention of reading from left-to-right in
most matters.) Now both source points will follow suit and be in phase. However,
remember that for highest accuracy, sources at model corners or junctions of wires
should use either a short 3-segment wire on which to place the source or use a split
source. See model 42-4.

—
whel S02 wbhba?

wla? *® whel
1 wlal whea? 1
wilel woe?
wla? ® woel
wZel S01 wle?
T
Square

A Better Convention for Dual Feeds

What the square loop gains in simplicity of feeding, it loses in the need to add
wires relative to the standard way in which we model quad loops. We must start at
the far left mid-point at a junction of two wires, one of which goes down, the other of
which goes up. The horizontal wires can be single wires with an odd number of
segments in order to center each of the two sources. At the right, we again need
two wires, one from the bottom horizontal and the other from the top horizontal—
with a junction at the exact center pint between the horizontals. Thus has our 4-wire
model of a quad loop grown into 6 wires.
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Segmenting the model also calls for attention. If our horizontal wires have 21
segments apiece, then each of the verticals should use either 10 or 11 segments so
that segment lengths will be approximately equal throughout the model. Unfortu-
nately, | still encounter many models that simply give every wire the same number of
segments, regardless of the wire length. Sometimes, this practice causes no harm;
sometimes it yields significantly flawed modeling results. So | have simply tucked in
this reminder.

JH-2.5 1.0/0.0 JH-2.5
680-2.5 1 b 1 68-2.5
Current Magnitude Upper Half
and Phase
04825 | Dual Feedpoint 1 0423
JA8-2.3 2-Half-Loop L8203
Model
Lower Half
Fig. 417
G825 1 1 gar2
: ° : 68-2.5
JH-25 1.0¢0.0 JH-25

Fig. 41-7 shows the current magnitudes and phase angles that result from the
revised model. All four corners of the model are now synchronized. However, do
not be fooled by the nicely balanced current values at the mid-points of the sides.
The region at the very center of the sides—corresponding roughly to the ends of a
dipole—undergoes a very rapid change in current magnitude and phase. You can
see this in action by using 100 segments for each of the vertical wires and 201
segments for the horizontals—or as close to this as a software limitation in total

Chapter 41 ~ Multiple-Feedpoint Loop Modeling



Antenna Modeling Notes: Volume 2 272

segments may permit. Explore especially the current magnitudes and phases for
the segments at End 1 of wires 1 and 4 and at End 2 of wires 3 and 6.

Getting into the habit of modeling dual-feed quad loops (and similar closed poly-
gons) in the way suggested here may not be easy. Of course, since square quad
arrays and diamond quad arrays do not differ significantly in performance, you can
always simply use diamond-shaped elements and avoid having the 2 extra wires
per loop. Or, you can simply model in the old way and make mental adjustments as
you go. Or you can simply tell yourself that the current magnitude and phase angle
data makes no difference to anything and model in any old way that gets all of the
wires roughly in place. None of these options is advisable, although reality tells us
that some modelers will use them.

One way to get into the habit of using better conventions in modeling is to anno-
tate models thoroughly. Virtually all software allows for the use of the CM entry—the
comment card in the Fortran deck. Besides using this facility to give basic informa-
tion about the antenna that the model replicates, you should also give yourself a
record of any features of the modeling process that might be subject to memory
loss later.

In addition, if the dual fed quad loop is to be used in an array of loops, it is useful
to model each other loop in the same manner as the driven element. This practice
will ensure that current magnitude and phase values on the parasitic elements track
those on the driver in accurate ways.

What applies to the quad loop also applies to other types of antennas. Fig. 41-
8 shows the conventional single-feed half square, modeled in typical fashion. How-
ever, for a dual feed model that establishes an in-phase feed system, something
like the alternative convention should be followed. The vertical wires, as radiators,
should be parallel with respect to their End-1 to End-2 orientations. This creates
horizontal legs that project toward each other and meet in the middle. Now, when
we place separate but in-phase sources at the two corners, the model will perform
as it would in reality (apart from the field of sappy pine trees in which we were forced
to erect the actual antenna and which is not part of the model).
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Modeling the Half Square

Less likely to be done is the alternative method of modeling a folded dipole, as
shown in Fig. 9. Note that even with a single feedpoint, the current magnitudes and
phases will read differently according to the convention of modeling that we select.
The currents on a modeled folded dipole are a combination of “radiating” and “trans-
mission-line” currents. For an accurate correlation between a single-wire dipole
and a folded dipole, you must separate the two types of currents. The resulting
radiating currents will be virtually identical to those in the single-wire dipole. At every
point along the antenna structure the transmission-line currents will show a +/-90-
degree phase angle relative to the source current. As one widens the spacing be-
tween the wires and adjusts the length for a return to near-resonance, the transmis-
sion line currents disappear. By the time we reach the square shape of a quad loop,
they do not show up on the model.

Chapter 41 ~ Multiple-Feedpoint Loop Modeling



Antenna Modeling Notes: Volume 2 274

Fig. 419 W3

W4 q Conventional h W2
L

W1

\

WhH

/

WA — Altermative -1 W3

W44 ] W6
o

W2

Modeling the Folded Dipole

A correct analysis of a folded dipole that goes beyond simply recording its gain
and pattern features requires that we set up the model with the wires correctly ori-
ented to track the current magnitudes and phase angles along the wires. The folded
dipole and the quad loop have a common feature: we may model them in the sim-
plest fashion when our modeling task is equally simple. However, more complete
analysis places additional modeling demands on us. The utility and sensibleness of
the resulting data will depend to a great degree on the manner in which we construct
our models.

From the examples that we have examined, you should have acquired an ap-
preciation for the differences that modeling conventions can make in the data—and
sometimes, the pattern—outputs from NEC. In all cases, models should avoid short-
cuts. Instead, the conventions adopted for a kind of antenna or array should be
those which yield the most correct outputs across the board, whether we intend
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initially to use some of the data or not. We may often later find occasion to look into
the tabular data, and their usefulness without mental or paper conversions—or re-

making the initial model—will depend upon the care we use in constructing the initial
model.

* % *x % %

Models included: 41-1 through 41-4. (.NEC and .NWP model dimensions in meters;
.EZ model dimensions in inches.)

__
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42. Moving and Rotating

Windows-based facilities make available to the programmer, and the program-
mer sometimes makes available to the user, the ability to move and manipulate
blocks of numbers. Of greatest interest to this series is the ability to move and
rotate wires in an antenna model. Itis a very handy feature that is often overlooked
by users of programs that have it. | tend to use it considerably—even to the point of
moving models from one program to another with the facility and back again—if the
other program has a feature that | need there.

3-Element Yagi: Reflector at 0, Boom = ¥-Axis

Fig. 421

So let’s tell a short story with lots of pictures to get a handle on moving and
rotating the wires of a model. Fig. 42-1 is the outline of a simple 3-element Yagi that
happens to be cut for 10 meters. My habitual conventions result in two features of
note here. First, | tend to model with the reflector at zero and all other elements
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having positive spacing values ahead of the reflector.

Second,

| tend to model

element length from -X to +X, which aligns the boom along the Y-axis. Not every-
body uses these conventions, so we may wish to translate the model to something
in accord with other conventions. See model 42-1.

Fig. 42-2 shows the main screen of NEC-Win Plus, which happens to have the
necessary facilities. Version 4 of EZNEC will have full wire movement and rotation
facilities, but is not generally available at the time of writing. The dimensions of the
elements appear in the X1 and X2 boxes, with the spacing in the Y1-Y2 boxes. Note
the longest element—the reflector—is at Y=0.
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Now move to the “Geometry” box in the upper right corner of the screen. We
shall play with only two buttons on the top row. The left button is for rotation, which
we shall look at shortly. The middle button is for moving one or more wires, which
we shall examine immediately.

Suppose that we wanted to shift all three wires so that the beam’s boom is
centered on Y=0. Since the Yagiis 3.41742 m long, we need to move the beam to
the rear by -1.70871 m. We can do this by subtracting the movement number from
each Y value. However, let’s block the entire set of 3 rows and then click on the
“Move” button.
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i Screen Y1 = |-1.70871 Y2 = |-1.70871
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Fig. 42-3 gives us the resulting screen. The “Move” box is overlaid on the main
screen, but you can see the blocking of the relevant wire entries that will allow us to
move all three wires at once. In the translation entry area, -1.70871 has been en-
tered for delta-Y. The initial and final positions of the first wired is shown, but the
action will affect all of the wires that we have placed in the block.

Fig. 42-4 shows the main screen for the finished product. The Y-axis values are
now +/-1.70871 m. Note that the driven element for this array is not centered on the
boom, but is slightly to the rear of center. See model 42-2.
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There are many good reasons for wanting to center a Yagi in this way. For
example, if we are modeling a stack of antennas for different bands, we would want
the antennas to line up with the mast as the center spot for the array. In some
cases, the center of weight will not coincide exactly with the center of the boom, so
adjustments may be needed. Nonetheless, the ability to move numerous elements
at once by the same precise amount is handy to shorten the work—and to eliminate
errors with respect to individual elements.

Side-by-side stacks are also common. We can use the blocking facility to copy
a set of elements from the basic antenna. Then we can move the new elements to
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their final position by translation in any one or more of the axes. When making up
VHF squares of Yagis, for instance, | tend to copy one Yagi. Next, | position each
Yagi equal distances on each side of a chosen axis. Then | copy both wire sets to
create two more Yagis. These two can be moved together along a single axis to
complete the square array.

Although these actions have been illustrated with NEC-Win Plus, similar move-
ment facilities are available in EZNEC using the “Group” change facilities in that
program.

Now let's suppose that someone prefers to have the Yagi elements extended
along the Y-axis, with the boom along the X-axis. In NEC-Win Plus, we may make
the maneuver by going into each wire end entry set and swapping the X1 and Y1—
as well as the X2 and Y2—values, wire by wire. However, there is a quicker way
using the “Wire Rotate” routine.
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Fig. 42-5 shows our centered Yagi with all wires within a block. Also in the
picture is the rotation box. Since we wish to change the X-Y orientation of the
antenna, the rotation will be around the Z-axis. Note the entry of 90 degrees in the
“Rotation” area, with the initial and final values for the first wire shown as a check on
the work before we commit to it. See model 42-3.

By now, sharp-eyed readers will have noticed that the elements are not perfectly
symmetrical relative to the boom axis. As | noted, | often move models from one
program to another, and this model originated in another program. Translation from
one format to another often requires a bit of clean-up, which has not been per-
formed yet. However, before finalizing a model “for the record,” it is important to do
the clean-up—not so much because it will change antenna performance reports,
but because these small inexactitudes often distract and sometimes confuse others
who may examine the model.
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In Fig.42-6, we have the rotated antenna wire table—complete with its not-quite-
symmetrical elements. However, compare Fig. 42-6 and Fig. 42-4 to note the 90-
degree reorientation of the beam.
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We could have performed the same rotation on the initial model, which placed
that reflector at zero. By rotating the antenna around the Z-axis, the reflector would
have remained at zero, but on the X rather than the Y-axis. The Z-axis is always
presumed to have X and Y values of zero. If we had placed the reflector at Y=10 m
initially, under rotation, the reflector would end up at X=10 m.

One convenient use of the rotation facility is to test stacks of Yagis. Acommon
configuration is a stack of 2 Yagis, with one fixed toward a target region. (U. S.
contesters use Europe as a common target for such arrays.) The top beam rotates.
Now suppose that we feed both arrays in phase. What happens to the composite
pattern as we rotate the upper antenna some angular distance out of perfect align-
ment. Begin with model 42-4, an aligned stack.
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Fig. 42-7 shows the situation. Wires 1-3 represent the lower beam that is fixed.
Wires 4-6 represent the upper beam that we intended to rotate. 17 mis a very large
spacing for 10-meter arrays, but it will serve for the example. Let's rotate the upper
beam 20 degrees and see what happens to the composite pattern.
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The rotation box shows the 20-degree rotation of the blocked wires—the upper
Yagi—around the Y-axis. Both beams are otherwise identical. The final position
listings in the rotation box may not seem informative at first sight, but they can assist
in the prevention of errors before we alter the model itself.

Fig. 42-8 gives the final result for the tire upper beam in Wires 4-6. If the coor-
dinates do not seem to let us know that the rotation is correctly done, we can always
turn to the antenna view screen. See model 42-5.
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B |21 -1.62749 2409874 17 2795597 0799992 17 0.0127 25E+07 ulun]

7

Fig. 42-9 shows the antennas. | have drawn the two arrays closer to each other
to reduce the size of the image. However, we can see that the rotated upper array
has elements that preserve their alignment with each other. A protractor will confirm
that the rotation angle is 20 degrees.

What we can learn from the exercise may surprise some and be old hat to
others. We would want to keep a record for various angular intervals relevant to our
concerns—perhaps data and patterns every 20 degrees from in-line to out-of-line
(remembering that we will get mirror images as we return from out-of-line back to in-
line). Recording gain and front-to-back ratio, and checking the elevation patterns as
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well as the azimuth patterns will give us a rather complete picture of what happens
as we rotate the top beam only.

Stacked Yagis
20-Degree Heading
Difference

Fig. 42.9
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In Fig. 42-10, we can see the pattern for the example. The in-line case would
have placed the pattern on a heading of 270 degrees in the plot. With the top beam
rotated clockwise by 20 degrees, the maximum forward gain bearing is shifted by
only 10-11 degrees. Since this is only a hypothetical exercise, | shall do the unfor-
givable and leave the remainder of what happens to the gain and front-to-back

ratio—as well as to the vertical pattern—to the reader as an exercise well worth
doing.

Stacked Yagis: 20-Degree Heading Difference

180 Fig. 42-10
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The ability to rotate several wires at a time in a complex set of wires represent-
ing a large stack has further utility. In planning stacks, hams often combine 40-
meter beams with multi-band antennas for 20-10 meters. One common technique
is to place the 40-meter antenna at right angles to the multi-band array in order to
minimize interactions and to permit closer spacing. Assume that the 40-meter array
is above the multi-band antenna. Just how much separation is enough for in-line
and for 90-degree orientations? A single model with some rotation of one of the two
arrays will tell us much.

We can, of course, combine rotations with movements to try to find the very best
position for one array relative to another to minimize unwanted interactions. A simi-
lar problem occurs with multi-band quads, but here, the desire is often to place one
or more VHF quads in the center region of the larger collection of HF loops. With
the rotation facility, we can check performance potential with the VHF quads facing
forwards or backwards. Likewise, with the movement facility, we can run the VHF
guads forwards and backwards in the quest for perfect, non-interactive placement.

We can perform similar tests with relative ease for arrays of Yagis or quads
formed into squares, triangles, rhombi, etc. Changing separation, forward-rear-
ward alignment, and angular relative positions is made fairly simple by the facilities
we have been exploring.

Let's take a simple example. Suppose we model a square quad for 20 meters.
Face-on, it will have the appearance of Fig. 42-11 and model 42-6. Now suppose
that we wish to convert the square quad into a model of a diamond-shaped quad.
One way to do this is to note the length of any one side of each loop in the square
guad. From the center of the quad, each unseen support arm will be 0.707 times the
length of a side, and this value will determine the plus and minus Z values and the
plus and minus X values (or the Y values, if one uses that convention) for the new
model. Then we create 8 new wires using these coordinates.
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Z2-Element Quad: Square Configuration

Fig. 42-11

As the old saying goes, “Stop. There must be an easier way.” There is.

InFig. 42-12, we can see the block that encloses the values for the initial square
guad. To the right is the rotation box. Our use of it this time will not involve the Z-
axis. Instead, we shall use the Y-axis as the axis of rotation. The result will be to turn
the elements in terms of the values of X by the amount specified—45 degrees.
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[2lgs.n
File U Edit - Banhgure Eommands Help Wire Rotate %]
D=|&[S| &|=l@] fl  iital Z Final Position
-Frequency [MHz) | |- Ground-——  Position 2 s1-00 w2 = 3339321
Sta: 142 NoGround 37 = 7748 ¥1=00 Y2 =00
End  [142 ¥1 =00 Z1 =-3839307 Z2 = 0000014
Step Size: ID = Z1 =-2.7148
2 =271482 kiR
B Y2 =00 _
wire [Seg. | W ¥ 72 =-27148 s Square Quad Set
1 [ * Pods ID.D For 45 Degree Y-Axis
2 Rotation to Di d
g v Axis IF otation 10 Liamon
4 X Z Axi ID.D Fig. 4212
2 is iy
=1
7 OK Cancel |
g

The finished product appears in Fig. 42-13. Note that the initial quad model had
some trailing extra decimal place entries, suggesting once more that | pulled a model
from elsewhere and have not cleaned it up yet. Note also that some of the Z values
that ought to be zero are calculated to be very tiny numbers (E-5). We certainly
should clean up these numbers. See model 42-7.
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NEC—Win Pluz+ [2lgs.nwp] [Model Has Been Edited - HEC MHeeds to be Run)

Eile Edit Configure Command: Help

Dlﬁlnl%l & |.|ﬂ:,J _I §|F| _I Slrdﬂl £ |@| _I _J IAntennaEnwronment j EE.;_;J

Frequency [MHz]) Ground - [ Radiation Patterns G iy
Stat  [142 |No Ground & 0"<Az¢360° El=0° Step=1° O| /_}| /|
End: |14.2 ][lmlﬁml
—|5eq.
Step Size: IEI : | | = | 5
i B + @ =] Zo=500hm [~ Stepped meters
| A2 | Square Quad Rotated 45-Degrees to Form a Diamond Quad Fig. 4213
T e e e P e e e o el | Conduct [Sretd | <
1 | 0 0 -3839307 38389321 0 1.4E-005 0001626 S7471E+7 | 10 | —
2 3839321 0 14E-005 0 0 3539335 DO01626  S7471E+7 O
3 0 0 3839335 -3.839321 O 1.4E-005 DO01626 S747T1E+T O
4 121 -3839321 0 14E-005 0 0 -3839307 0001626 | S7471E+7  OM
5521 a -31407  -304509 39451158 |-31407  28E-005 0001626  S7471E+7 OM
6 |2 3045118 -31407  28E-005 0 S31407 3045147 0001626  ST471E+7 O
7o 0 S31407 3945147 3945118 |-31407  2.8E-005 DO01626  S7471E+7 O
8 |21 -3845115 -31407  28E-005 D -31407  -3.94509 DO01626  S7471E+7 O
a

However, except for a little messiness in the fifth decimal place and beyond, the
guad has converted to a diamond shape in perfect order, as revealed by Fig. 42-14.
The conversion was much faster than the recalculation of each wire end and reentry
from scratch.

Our work, however, is not finished. Note that the source segment is located
along one leg of the driven loop. We need to move the source to one corner. We
can implement the source using a split source technique, or we can create a short
3-segment wire at the corner and place the source on the center segment. We
connect the ends to each of the adjacent legs of the driven loop that we opened up
to make room for the feedpoint wire.
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2_Element Quad
Diamond Configuration

{Before Change of
Fig. 4214 Source Location)

Rotation in the X- and Y-axes has many applications beyond the simple case we
used as an illustration here. For example, one question raised by operators at both
HF and VHF is the effect on skip communications of changing the angle of the
antenna relative to the terrain. The ability to rotate the antenna along its boom can
provide some provisional answers to these questions—and rotating the entire an-
tenna at once to various angles makes the data gathering process fairly efficient.

How high must a VHF/UHF beam be to permit its main lobe to accurately track
a satellite without undue influence on the elevation of the lobe by ground reflec-
tions? Once more, changing both the angle and the elevation of the antenna by
rotation and movement actions provides relatively speedy answers.
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How will antennas on separate towers affect each other at various distances
and various aiming bearings? The antennas may be at the same or different heights
and operate on the same or different frequencies. Itis possible to check the current
levels of each antenna when one is left unfed while the other is fed. The exercise is
never a short one, but the ability to change directions for each antenna, as well a
moving them about the hypothetical antenna farm yard, will yield a large batch of
data much faster than making changes to the antennas wire by wire.

Similar analyses can be performed between antennas and wire-grid models of
buildings, vehicles, and other objects in the antenna’s area. The move and rotation
facilities allow the modeler to push buildings around with far greater ease than rein-
stalling a tower or reconstructing a home or utility building.

These are only some ways in which the move and rotation facilities in some
programs can be used to expedite the gathering of useful data from antenna mod-
els. If we master them well, then we may well become interested in tackling larger,
more informative projects with our modeling software. | hope these small exercises
make you more aware of what is available to you and why it is worthy to become
familiar with how to use it.

| have not focused on scaling elements in this episode largely because we de-
voted an entire installment to the subject (No. 26). However, it might be useful to
note that scaling facilities—whether based on frequency or simple multipliers—add
another tool to the collection that can be speed our work and enable us to do more
work than we might have initially imagined possible.

* % *x % *

Models included: 42-1 through 42-7. (All model dimensions in meters.)
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An under-appreciated property of arrays of many types is the fact that double
(and more complex) thin-wire elements can serve as substitutes for impractical fat
elements. As we reduce the diameter of an element, the mutual coupling between
elements within arrays—both phased and parasitic—decreases, with a consequent
decrease in array gain and an offset in frequency of other array properties. Much,
but not all, of an array’s properties can be fully restored by the substitution for the
impractical fat element and the single thin wire element of a double-wire element.
For most standard arrays, only the gain will suffer. The double-wire element will
restore a good portion of the gain. However, the higher losses of the double wire
elements relative to the original fat element will limit the degree of restoration. The
larger the number of 1/2 wavelength elements or their equivalents, the lower the
percentage of gain restoration. Nonetheless, the use of double-wire elements to
preserve such operating parameters as the pattern shape, the front-to-back ratio,
and the feedpoint impedance often suffices to make the use of double-wire ele-
ments preferable to single thin-wire elements.

The key question for these notes is how effectively to model double-wire ele-
ments so that we meet two criteria:

1. The substitute element is an effective substitute for the original fat element; and

2. The substitute double-wire element is adequately modeled to assure accurate
modeling results.

The first step in the process is sketched in Fig. 43-1. We take one representa-
tive element from the original array and find its self-resonant frequency. Then we
construct a double-thin-wire element model of the same length and place it at the
same frequency. We next vary the spacing between the wires each side of a
centerline until the new element is resonant. Resonance technically means having
a purely resistive source impedance with no reactance. There are no task-indepen-
dent standards for what counts as resonance, but my experience suggests that
resonating an antenna within +/-j1 Ohm of reactance is not a difficult task.
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Tubular Element

Q ) :i

o 12 L {resomant at f (MHz) ) -_\

— 2L - /\
Vary until resonant at f (MHz)

2-Wire Element
Development of a Double-ThinWire Element
to Replace a "Fat"Wire Element Fig. 431

To be exact, we should perform the same exercise with each element within any
array. However, unless there are oddities to the array, modeling a single represen-
tative element normally suffices to provide a usable uniform wire spacing for double-
wire elements throughout the substitute array.

Critical to the first step and to rebuilding the subject array with double-wire ele-
ments is figuring out how to model the substitute elements. Fig. 43-2 provides one
useful technique.
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—+—+— H—+—— Sowee \—t—+—H [ +—+—

1 W2 wa'| o lwr W9 1
wi W3 // ws [ & T ws // wio WM
L | | [ W6 [ | | [
I I 1 T T T T 1 T T
3 Segments
Modeling a Double-Wire Substitute Element Fig. 432

Assuming a driven element, we need a source wire. For most modeling, the
segment with the source should be the same length as the immediately adjacent
segments. Hence, the first task is to model a source wire (designated W6 in the
sketch) at the element center (assuming for simplicity a symmetrical set of ele-
ments in the array). How long we should make the wire and its segments is a
function of the wires labeled W4, W5, W7, and W8. The length of each of these
wires is one-half the spacing of the double wires in the ultimate substitute element.
Hence, the length of the source wire should be close to 1.5 times the spacing of the
wires. Arriving at the final number will, of course, require some trial-and-revision
modeling in pursuit of the double wire spacing figure in the first step in the process.

The end wires (W1 and W11) ideally should be composed of 2 segments each.
Equally ideal would be the case of keeping all of the segments in the model the very
same length. This practice is the most accurate, but can result in large models even
of single elements. The minimum requirement is that the segmentation for each of
the 4 long wires (W2, W3, W9, and W10) should be identical to ensure that the
segment junctions in parallel wires align with each other. Otherwise, NEC may
show some inaccuracies. The level of segmentation along these wires can be de-
termined by experimenting with levels of segmentation on a single element. As the
segmentation is reduced from the ideal level, the element reactance will increase.
The user must determine at what level the reactance is too high for us to use the
element-as-modeled as a substitute for the original fat-wire element. A few Ohms
reactance relative to a resistive value of 70 Ohms is normally acceptable for most
design exercises. However, the lower the resistive source impedance values en-
countered in the array, the higher the need to use more adequate segmentation on
the substitute elements.
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These practices are sufficient for modeling double wire substitute elements for
common parasitic arrays, such as Yagis. A 3-element 80-meter Yagi modeled with
4" diameter elements will show considerably more gain than a version made from
#12 or #14 AWG wire, even when both are optimized for their wire sizes. Most of the
gain—within a few tenths of a dB—can be restored using double-wire equivalents
for the 4" elements.

A More Complex Case: the Quad Loop

Quad beams show relatively narrow operating bandwidth with respect to some
parameters, largely because we conventionally construct them from thin wire ele-
ments. For most installations, the use of fatter aluminum tubing is impractical. There-
fore, the double-wire substitute for a better-performing fat-element version of the
guad becomes a desirable alternative.

I Q I Corner

(¢ | Tee Bridge Wire
Bridge Wire
Support
"Planar"
Assembly
Inner Wire
Outer Wire
"T ag"
Assembly
Wire 1
Support yire 2
Fig. 433
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Fig. 3 shows two ways of creating double-wire elements for quads. On the left
is the Tee assembly, which places one wire ahead of the original element position
and one wire behind the original element position, using a cross or Tee bar attached
to the normal quad arm support to hold the wires at a constant distance. Note the
use of a shorting wire between the elements at each corner. An alternative to the
Tee assembly is the planar arrangement of loops in a double-wire substitute ele-
ment. The planar assembly places both loops at the same distance from other ele-
ments in the array, but one loop must be larger than the other. A good starting point
in developing such a loop is to place each loop the same amount larger and smaller
than the original element. Extensive modeling with each type of double wire element
has shown that in every normal parasitic array tested, there is no performance dif-
ference between the two double-loop arrangements so long as the wire spacing is
the same within each element.

How we then handle the double-wire elements follows the same procedure as
for linear elements. See Fig. 43-4 for the outline of a 2-element quad beam using
the Tee arrangement. Of course, the sketch does not show the support structure,
which we shall assume is invisible to RF. See model 43-1.

Especially notable in Fig. 43-4 is the feedpoint arrangement, which follows the
same rules that we used for the linear elements that we examined. The source is on
a 3-segment wire at the center of the lower portion of the driven element. The
double wire arrangement begins and ends in the same way as the linear element.
The only difference is that the elements do not have ends, but form loops. The
corner shorting wires are necessary to ensure that each loop in an element has
virtually the same current at each corresponding point of each wire. In practice,
adding further shorting wires at mid-side points would likely be good building prac-
tice.

Chapter 43 ~ Modeling Element Substitutes



Antenna Modeling Notes: Volume 2 297

Outline Sketch of a 2-Element Quad
Using 2 #14 AWG Wires Spaced
Front-to-Back (Tee Corners)

\

|

Feedpoint

0

Fig. 434

The planar loop structure appears in Fig. 43-5, a version of the very same quad
using the alternative form of loop construction. See model 43-2. For many installa-
tions, planar loops would be simpler to construct, since they require no addition
attachments to the support arms except as necessary to hold the loop corners in
place. Likewise, the source treatment for the planar loop driver is the same as for
the Tee-assembly. With the planar loop model, it is important to use a level of
segmentation that is dictated by the wire spacing in order to keep the segment
junctions well aligned. Note at the corners that the outer loop has exactly 2 more
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segments than the inner loop, which is a function of setting the segment length
equal to half the wire spacing. That value is initially dictated by the length of the
wires from the source wire to each of the longer loop wires.

Outline Sketch of a 2.Element Quad
Using 2 #14 AWG Wires in
Planar Configuration

|

\

g_,,/”'/ Feedpoint

[

Fig. 435

Although linear double-wire elements are quite straightforward to model, loop
structures can be sufficiently complex to make it difficult for the modeler to keep his
place. Hence, utilizing every available modeling aid, including a good plan on paper
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before model construction, is always sound advice. However, access to a model-
ing-by-equation facility can go a long ways toward making the process very easy.

NEE-Win Pluz+ [g2lelpch.nwp] [Model Has Been Edited - NEC Needs to be Run)
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Frequency [MHz) — - Ground-——————— [~ Radiation Patterns -————— ~Geometry—————
Start: |28 IND Ground j 1*<Az<360° El=1° Step=1" Ol/—)l/‘l
End: |29 10|z gma;,
== | Sed.
ize: |D.5 7 =
i Edit | il ﬂl il Zo =50 Ohm [ Stepped inches
| B11 I Double-Wire Quad Equations Fig. 436
A B | C D | e B e g H
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3 = =299 582Madel P{="avelength"SModel ParamsISEE28'=299 792505 M
4 1A= |=03*0.1269 142 side length-reflector
5 = [=D3*0.13553 142 zide lencth-driver
B =
7 |D= [=D3*0164 space: refl to driver
g8 [E= [=25 142 wire spacing
9 |G= [=255 design frequency
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12 =
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Fig. 43-6 shows the equations page of a NEC-Win Plus model of a 2-element
guad. In this simplified version, each of the loop half-sides is defined by a simple
equation referenced to the length of a wave at the design frequency (variables Aand
B). D defines the driver-reflector spacing. H is the user input wire size, correspond-
ing here to #14 AWG wire. We can change the design for other wire sizes by
entering the new size and changing the constants in the equations for A, B, and D.
We can also change the design frequency in variable G.
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The essential loop-creation variable is E, which specifies half the distance be-
tween #14 wires. The total spacing will be 5"—the selected substitute for the origi-
nal 0.5" elements upon which the model is based. The rest of the task is simply to
set up the wires for the model to make use of these variables.

Fig. 43-7 shows the wire page in symbolic form for the 2-element quad. Wires
1-19 represent the driven element, with the source wire shown in the top place in the
listing. Wires 20-33 list the reflector loop, which lacks the need for a source wire
and hence uses fewer entries on the wires page. Out of view below the bottom of
the figure are the last 4 wires (30-33) which form the corner connectors for the
reflector double loop.

The length of the source wire is defined in numerical terms so that itis 1.5 times
the spacing between wires. Otherwise, the entire structure is set up in terms of
variables. The inner and outer loops of each element are set by using the baseline
dimensional variable (A or B) and adding to it or subtracting from it half the spacing
distance, as represented by variable E. Although the wire page may look complex
to newer modelers, consider the ease of introducing errors—if only by transposing
digits here and there—should every wire spreadsheet cell need a numeric entry.
For example, in the present model, the values of Aand B are 51.90357 and 57.3246,
which are in fact not used directly on the wire page. Instead, for each entry, we add
2.5 or subtract 2.5 to obtain each of the loop corners.

Still, there must be a somewhat easier way to model double-wire elements to
arrive at models with fewer segments and even fewer wire entries.
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Some Simplifications and Cautions

We can significantly reduce the level of segmentation if we can do away with the
source wire as a separate single wire. There are two ways to accomplish this, as
shown in Fig. 43-8.

T T T T
“Standard” Double- | 502‘39 |
Wire Source Treatment 1 |
l l l l
I I I I
l l l l
I I L I I
Source 2
Parallel Sources for .
Double Wire Elements Fig. 438
Source 1
l l l l
I I L I I
l l —r l l
T T HaH T T
|
11 Short TL
Transmission-Line (TL) i
Reduction to a single Source 11
11
11
11
. | : 1 Source-l |
T T 4 T T

Below the “standard” treatment of a double-wire assembly, we see an element
having two wires and two sources. This wire set might be the center of a linear
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element or the feedpoint area of a quad loop. By using two sources, we not only
eliminate the separate source wire assembly, but as well, we increase the ideal
segment length to the actual spacing between the two wires. Once more, we might
judiciously reduce segmentation further by sampling a single element as a means
of discovering how using few and long segments affects the self-resonant imped-
ance of the element. Once more, the limits of allowable variation depend on the
task at hand and are a user-responsibility. For loops, corner shorting wires are
required to ensure similar current patterns on the two wires.

Calculating the actual source impedance from this virtual parallel feed system
requires only a bit of hand-calculator work. Suppose that a quad loop returned
values of 165 +j2 Ohms for Source 1 and 138 - j3 Ohms for Source 2. We need not
do any fancy vector work to arrive at the final single source value. Instead, use the
hand calculator to add the inverses of the two resistances and then take the inverse
of the result (75.1). Do the same for the reactance values, taking into account their
signs (+6).

Perhaps the only thing that the hand calculation robs us of is using program
facilities to determine the SWR and to plot such values over a sweep of frequen-
cies. Only if we can reduce the parallel impedance to a single value within the
program can we use these conveniences.

The lower portion of Fig. 43-8 shows one technique that works with good accu-
racy. We select one of the two wires in the driven double-wire element to be the
source wire. From the source segment to the corresponding segment on the other
wire within the element, we create a transmission line using the TL facility within
NEC. Since the TL line is strictly mathematical, we may choose for it any value of
characteristic impedance and any length. The characteristic impedance should be
close to the median resistive value between those that would appear on each of the
two lines in a parallel source model. Using the figures that we just examined, a
characteristic impedance of 150 Ohms would be quite reasonable. Precision is not
too critical, since we shall make the line almost impossibly short. Any transmission
line effects an impedance transformation continuously down its length. Thus, an
extremely short line is needed so that the impedance placed in parallel with the
source is as close as possible to that occurring on the second wire of the pair. |
have used lines as short as 0.001" with success, although that practice may be a bit
fussy. The sample problem return a source impedance of 75.2 +j5.6 Ohms, which

Chapter 43 ~ Modeling Element Substitutes



Antenna Modeling Notes: Volume 2 304

is certainly as close as one needs to the calculated parallel values. See model 43-
3 for a sample of this technique.

There are some cautions that must be observed if the TL substitute for a double
source is to provide reasonable results—not only in terms of the source impedance,
but as well, in terms of the reported far-field pattern. The orientation of the TL line—
that is, whether it is “Normal” or “Reversed”—will be a function of how we construct
the double wire elements. For example, the portions of the planar quad loops that
we connected with a TL line for a single feed both proceeded from -X to +X. Hence,
the current direction was the same for both wires. Therefore, we employed the TL
as Normal.

One convention for constructing continuous loop double wire linear elements is
to go around the horn, that is, to let the bottom wire move from -X to +X, then to
create the end wire, next to make the other long wire move from +X to -X, and finally
to close the loop with the other end wire. In this situation, the current direction on
the two wires is in opposition. For a single wire element or even such a wire within
a parasitic array, there are no negative consequences for the far-field pattern. How-
ever, if we had applied the TL line to achieve a simulated parallel source, we would
need to use the “Reverse” option, which in fact places a half twist on the line and
reorients the sources in parallel.

Observing this requirements becomes especially important if we choose to model
certain types of driven arrays using double-wire elements as substitutes for single
fat elements. The LPDA makes a fine example. It consists of a sequence of linear
elements, each of which is connected to the next, both fore and aft, by a phasing
line. The line is reversed between each pair of elements.

Fig. 43-9 sketches the forward-most 2 elements of an LPDA array. Assume for
the moment that we model each substitute double-wire element as a continuous
loop, so that the direction of modeling is reversed for each long wire of each ele-
ment loop. In order to capture the action of the LPDA, we must parallel the two
wires into a virtual single feed point for the phasing line and then we must have a
phase reversal between the first element and the second.
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]
W3 ﬁ:‘ Reversed TL W2
—H— | : o
Normal TL
—H
// Reversed XTL //
e

Wire Modeling Direction
An Alternative Method of Modeling

2-Wire Elements in LPDAs Fig. 439

Using the modeling convention chosen, each element contains within it a phase
reversal relative to a parallel feed. Hence, the very short TL we create to connect
the two wires within an element must be reversed.

We shall connect the “rear” wire of one element to the “forward” wire of the next
element. How do we effect the required phase reversal from one element to the
next? We do so by making use of the fact that the connected wires already have a
reversed phase relative to each other. Hence, we use a phase-line section in its
normal mode.

It is possible to use an alternative convention in creating the double-wire ele-
ments. We can let each wire in the element pair have the same modeling direction,
say, from -X to +X. In this case, we would use a normal very short phase line
between wires within an element and a reversed phase line to connect one element
to the next.

Either system will return the same results in terms of array source impedance
and far-field pattern values. With careful model construction, both are capable of
very useful and accurate results. However, mixing systems tends to yield a bewil-
dering array of meaningless results.
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Properly and carefully used, the techniques we have explored can allow the
modeler to create full models that once seemed too complex to tackle. Often, mod-
els use simplified fat-element models for double-wire elements and simply presume
that they are “accurate enough.” That presumption is wholly unnecessary, since
there are a host of techniques, not only to fully model double-wire elements, but as
well to do so in reasonably compact models. Therefore, even those having seg-
ment-limited NEC modeling programs should be able to handle most of the cases
that arise. Moreover, the results obtained—when compared to both fat-wire and
single thin-wire models—can be edifying. In fact, they can go a long way toward
helping to make design and construction decisions.

Perhaps | can summarize the most significant findings from my use of the tech-
nigue with Yagi, quad, and LPDA designs that use two thinner wires (AWG 12 to
AWG #14) to replace a single fat element, when both are brought to the same self-
resonant frequency.

1. The source impedance characteristics of a well-designed double-wire substi-
tute for a single fat element will be virtually identical to the original design. The more
complex the geometry of the antenna, the more difficult it may be to obtain these
characteristics, including the desired SWR curve, on the first try.

2. The front-to-back characteristics of a directional array, such as a Yagi or a
guad beam will also be virtually unchanged when moving from the fat element to the
pair of thinner wires. The higher the number of elements, the more likely it will be
that you may have to make slight adjustments to position the frequency of the maxi-
mum 180-degree front-to-back ratio exactly where it was in the original design. The
slight movement in maximum front-to-back ratio frequency suggests that the mu-
tual coupling between the substitute elements may not be identical to that of the
original fat elements, although the difference is often too small to require any rede-
sign. In some cases, the peak front-to-back ratio may exceed the value obtained
from the original elements. The reason for this effect is also an influence on the
forward gain.

3. The forward gain of an array using wire pairs to replace a single fat element
may be slightly less than the original. Although the wire pair has the same self-
resonant frequency as the original element, it does not have the same surface area.
The smaller surface area and the resulting skin-effect resistance are sufficient to
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increase losses—especially in the lower HF range—even if the original element is
aluminum and the substitutes are copper. Gain losses (and improved peak front-to-
back ratio) tend to increase with the number of elements. However, these losses
rarely exceed a few tenths of a dB. Given the reduction in weight of the array using
two thinner wires—especially in quad designs, the reduction in forward gain is nor-
mally tolerable.

4. A pair of thinner wires yields significant performance improvements over
single thin-wire designs in terms of both gain and source impedance performance
(that is, a wider SWR curve), that it is a worth-while design alternative to consider,
despite the increased complexity of the design models.

* % *x % *

Models included: 43-1 through 43-3. (All model dimensions in inches.)
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Recently, | had occasion to design a 4+-element, 5-band quad array. The exer-
cise brought to mind a number of questions that have been sent to me over the last
few months, many of which involved ideas that came into play during the process of
generating the antenna design. Hence, | thought that making a case study of the
design effort might be useful to others who wish to use NEC (or MININEC) to design
one or more antennas of the garden variety. By garden variety, | mean antennas of
conventional HF and VHF design and structure.

The effort begins far from the software itself. Before we are done, we shall be
thoroughly involved with NEC, but initially, we start with pencil and paper (or word
processor and screen). The first step is deciding and defining what we wish to
design.

Specifications

In any design process, if you do not know what you want to achieve, you will
never know when you have achieved it—or why you may be falling short of the goal.
Therefore, the first “S” on our list is a set of specifications that gives a detailed
picture of the antenna you wish to design. All such lists involve familiarity with the
antenna type so that the specifications are realistic. For the case in hand, the an-
tenna is a 5-band quad on a 26' boom. There will be at least 4 elements per band,
arranged in the standard way: a 10' separation of the reflector from the driver, with
directors at 8' intervals ahead of the driver.

Starting Point

Before we complete the list of specifications, let’s introduce another “S.” Since
we do not need to reinvent the large multi-band quad array, we might as well begin
with an existing antenna that comes closest to what we wish to design. In this case,
itis the “3.5-element” quad array designed by Danny Mees, ON7NQ, and described
in some detail in Quad Notes, Vol. 1. For 20, 17, and 15 meters, the antenna has 3
elements that use the 10'-8' spacing. For 12 and 10 meters, Danny inserted an
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extra element 5' ahead of the reflector (and hence, 5' behind the lower-band driv-
ers). These elements are the drivers for the higher bands, and the remaining two
elements become directors. Fig. 44-1 shows the general outline of the array.

ON7YHQ 3.5-Element, 5-Band Quad
Qutline Sketch

7
7

rd
o
i

/i

Fig. 44-1

By analyzing the ON7NQ array, we can get a fairly good idea of 3+-element
performance potentials and put ourselves in a better position to set specifications
for the 4+-element array. The following table lists the dimensions of the elements,
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band-by-band. For the moment, we may ignore the first two columns and focus
solely on the side-length and circumference of each element. See model 44-1.

ON7NQ 3. 5-el ement 5-Band Quad Di nensi ons (I nches)

Model i ng Ant enna 1/2 Side Si de Loop
Vari abl e Par t Length Length Circunference
A 20 Refl 108.5 217.0 868.0
B 20 Dri 106. 85 213.7 854.8
C 20 Dir 1 102.5 205.0 820.0
D J—

E 17 Refl 84. 25 168. 5 674.0
(F) (Reserved for Start Frequency)

G 17 Dri 83.15 166. 3 665. 2
H 17 Dir 1 79.9 159. 8 639. 2
| J—

J 15 Refl 72. 4 144. 8 579. 2
K 15 Dri 71 142.0 568. 0
L 15Dr 1 69 138.0 552.0
M J—

N 12 Refl 61.2 122. 4 489.6
) 12 Dri 59. 95 119.9 479.6
P 12 Dir 1 59.1 118. 2 472.8
Q 12 Dir 2 59. 35 118.7 474.8
R J—

S 10 Refl 55. 34 110. 68 442. 7
T 10 Dri 52.9 105. 8 423.2
U 10 Dir 1 52.3 104. 6 418. 4
\Y, 10 Dir 2 51.995 103. 99 416.0
w (Reserved for Start Wavel ength)

X J—

Note: To convert to meters, divide inches by 39.37.

These elements were converted into numbers for a NEC-4 model, the details of
which we shall shortly address. For now, our main interest lies in the band-by-band
performance reports.

Model ed Perfornmance: ON7NQ 3. 5-el enent, 5-Band Quad
NEC- 4; Full Segnentation

Freq. Gain Front/ Back | npedance 50- Chm
MHz dBi dB R+/- jX SVR
14.0 8. 42 11.83 37.6 - j 18.5 1.66
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14.175 8. 29 15. 06 44.3 +j 4.4 1.17
14. 35 8. 06 9.76 34.8 +j 36.5 2.50
18. 068 8. 47 21.80 42.7 - j 5.1 1.21
18.118 8. 42 25.52 43.5 - j 0.3 1.15
18. 168 8. 36 20.90 43.2 +j 4.6 1.19
21.0 8. 43 15. 28 49.7 - j 20.1 1.49
21. 225 8.52 20.98 46.4 - j 0.0 1.08
21.45 8. 47 10. 24 36.2 +j 30.7 2.16
24.89 9. 26 22.72 35,1 -j 21 1.43
24.94 9.22 18.92 41.1 +j 2.3 1.27
24.99 9.18 16. 70 47.6 +j 4.8 1.12
28.0 9.01 18. 40 43.8 - j 31.6 1.96
28.2 9.35 25. 89 45.3 - j 11.0 1.29
28.4 9.62 30.72 51.3 +j 6.8 1.15
28.6 9.85 22.80 58.7 +j 9.6 1.27
28.8 9.73 12. 38 31.1 +j 8.1 1.68

The array is a quite good performer of its type, although there are a few areas on
which we might like to make improvements as we work toward the larger design.
The 20- and 15-meter bands are limited to the lower ends. Whole band coverage
would be desirable if possible. It is unlikely that a wire quad array of this order can
be made to cover the entire first MHz of 10 meters at the level of performance
reported.

The antenna also makes evident certain other limits of wire quad arrays. Al-
though monoband Yagis can be designed with better than a 20 dB front-to-back
ratio across the band of interest, wire quads have much narrower bandwidth limits.
Therefore, a 15 dB front-to-back figure is more likely to be achieved. As well, thin-
wire quad arrays are subject to rapid changes in performance characteristics with
relatively small changes in frequency. Therefore, it pays to scan the edges as well
as the middle of even the narrowest amateur bands to assure adequate perfor-
mance. Notice, for example, the 6-dB drop in the front-to-back ratio on 12 meters
from one edge of the band to the other.
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Specifications—Again

The object of the design process will be an enlarged version of the ON7NQ
array, with an extra director 8' in front of the current forward director. The array will
retain the extra elements for 12 and 10 meters and place them as in the original.
Now we can set some goals derived from the array we have just examined.

Gain: atleast 0.7 dB greater than the existing array

Front-to-Back Ratio: at least 15 dB across each band—if possible

Source Impedance: less than 2:1 50-Ohm SWR for direct feed (individually)
on each band with a standard 50-Ohm coaxial cable

Coverage: Full band coverage of all bands, with 800 kHz coverage of 10
meters

Let's see how completely we can realize these goals.
Strategy

To develop a model with which we can easily work while designing takes some
forethought. First, the model will be large—22 elements to be exact, with each
element consisting of 4 wires. To meet the general recommendation that segment
junctions be aligned as closely as is reasonable possible, the wires for each band
will require different levels of segmentation. If 10 meters receives 7 segments per
side-wire for each elements, then we should increase the number of segments per
side by 2 for each lower band. The 20 meter elements will use 15 segments per
side, about twice the number as those in each side of the 10-meter elements. Fig.
44-2 sketches the segmentation of the reflector elements from the array.

The basic model for the array consists of 88 wires and 944 segments. We shall
look at the model-size issue momentarily.
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Full Segmentation Scheme: 7 to 15 Segments per Wire

20M
17T M

15 M
12 M

10 M

Fig. 44.2

First, let's examine how design work will proceed. We have the ON7NQ dimen-
sions, but we must allow for the possibility that a larger array will require at least
small changes in any of the dimension figures. As well, we must begin with an
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educated guess at the proper size for the new directors that we shall add. Then, the
process will be to optimize the dimensions to achieve the performance specifica-
tions.

The model will be set in free space so that its dimensions can be set outin terms
of both +/-Y and +/-Z. This limits the key dimensional number to one per element.
However, manually changing the dimensions of any single element requires up to
16 numerical entries into a wire table, with considerable chance for the usual em-
barrassing lot of split-key entries and transposed numbers.

To simplify the process, | used the model-by-equation facility. The first column
of the ON7NQ dimension table lists the variable to which each element dimension is
assigned. (Note that the software used, NEC-Win Plus, reserves F for the start
frequency and W for the corresponding wavelength.) The variables carry us up
through X in the alphabet of available variables. To avoid using up variables on the
fixed spacing between elements, these values were entered numerically on the Wires
page. Fig. 44-3 shows a partial page of values.

Although not clearly evident from the wires-page graphic, | arranged the wires
according to the spacing from the reflector, with all 5 reflectors listed first, from the
lowest band to the highest. Then come the two high band drivers, followed by the 5
elements spaced 10' from the reflectors. However, on the equations page, each
band’'s elements are grouped together and labeled, since the optimizing process
would proceed one band at a time. Fig. 44-4 shows the equations page.

Segmentation

Hand optimizing a design requires many small changes in one or more dimen-
sion, followed by a sweep of the band in question to check performance at the band
edges and at mid-band. (Of course, more detailed sweeps are occasionally useful
to watch the progression of performance characteristics over smaller frequency
spreads.) The time required for a NEC run increases with the square of the in-
crease in the number of segments. Anything that might be done to shorten the
waiting time would prove useful so long as it did not introduce unacceptable errors
in the results.
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| MEC-Win Plus+ [on7ng5.nwp] = [=]

File Edit Configure  Command:  Help

Dlﬁlnlél & ||g| I-ﬁ @lg’/_/l EI swnl B |@| -@ EI IAntennaEnvimnment j E

— Frequency [MHz] | [ Ground | ~ Radiation Patteins — G try
Stat |28 |N.; Giround B 0°¢42¢359° El=1° Step=1° Ol /_>| /|
B 1 =]
s __Ed_lit il QI .;J Zo =50 Ohm ™ Stepped inches
| Al |15 Partial View: Wires Page With Variables Fig. 443
e e e e e e e | Conduct [areid | =]
1 |11 0 =J =J 0 =-J =J 12 AWIG Copper o0mn
12 11 i = =J ] =- =-. 12 B Copper ahi}
13 |9 i] = = i] = = 12 BTG Copper ufu] i}
14 |9 1] =k =-I 1] =k = 12 BNG Copper om
15 |9 1] =k = 1] =-M = 12 BNG Copper om
16 19 0 =M =h 0 =M =M 12 AWIG Copper o0mn
17 |7 0 =5 =5 0 =5 =5 12 AWIG Copper o0mn
18 |7 0 =3 =-! 0 =3 =5 12 BWIG Copper 0/
19 |7 0 =3 =5 0 =- =5 12 BWIG Copper 0/
20 |7 1] =5 =5 1] =5 =5 12 BNG Copper om
21 |9 =10 =-iJ =-i =10 =0 =-i 12 BNG Copper om
22 19 B0 = = B0 = = 12 AWIG Copper 0mn
23 19 B0 = = B0 = = 12 AWIG Copper o0mn
24 19 =] = =00 =] = = 12 BWIG Copper 0/
25 |7 =] =- =- =] =T =- 12 BWIG Copper 110
26 |7 50 =T =T 50 =T =T 12 BWG Capper 0
27 |7 =10 =T =T =10 =T =T 12 BNG Copper om
28 |7 B0 =T =T B0 =T =T 12 AWIG Copper 0mn
29 M5 120 =B =B 120 =B =B 12 AWIG Copper o0mn
a0 M5 120 =B =] 120 =B =B 12 BWIG Copper o0m
3 s 120 =B =B 120 =] =B 12 BWIG Copper 0/
32 |15 120 =] =B 120 =] =] 12 BWG Capper 0
33 M3 120 =-i3 =-i3 120 =G =-i3 12 BNG Copper om
34 13 120 =G =G 120 =G =05 12 AWG Copper 0m
33 13 120 =05 =05 120 =G =05 12 AWIG Copper o0mn
/13 120 = =05 120 = =3 12 AWG Copper o0m
3N 120 =K =k 120 =k, =] 12 BWIG Copper 0/
38 |11 120 =k, =k 120 =k, =K 12 BWIG Copper 0/
39 1 120 =k =K 120 =-K =K 12 BNG Copper om -
A e[, mires Equations 4, NEC Code A Model Params 7 [l
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NEC-Win Plus+ [on7nq5.nwp] = [=]

File Edit Configure  Command:  Help

Dlﬁlnlél & ||g| I-ﬁ @lg’/_/l EI swnl B |@| -@ EI IAntennaEnvimnment j E
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B 1 =]

B2 __Ed_lit il QI .EJ Zo = 50 Obm " Stepped inches
| A1 |\far. Equations Page With Variables Fig. 444

A B | C T R R I T e (R

1 |Yar. [Value Comment Scratch Pad b

- = |28 Primary Fregquency (MHz)

3 = |=299 582Model P{="Navelength("&Model Params5B5o8"

4 = [=1085 20 ref

3 |B= [=1065 20 driWire 29

E |C= [=97% 20

7 = |=95 20 02

g = |=8425 17 ref

9 |G= [=828 17 driWire 33

10 H= |=799 17 Il

11 1= |=799 17 02

12 = [=727 15 ref

13 k= |=707 135 dri\Wire 37

14 |L= |=69.73 151

15 M= |=E9E5 15 D2

16 b= |=F1.2 12 ref

17 0= |=A03 12 driire 21

18 |P=  |=591 12 1

19 Q= |=599 1202

20 |R= |=593 1203

21 5= |=55 10 ref

22 7= |=529 10 dri Wire 25

23 1= =522 10

24 W= |=525 10 02

25 |¥=  [=32 1003

26 |v=

27 (7=

28

29 -
4| v [5 Wiires Ak, Equations HNEC Code A Wodel Params 7 [l
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To reduce the size of the model, | reduced the segmentation for each element
wire in the following way. 20-, 17-, and 15-meter elements used 7 segments per
side, while 12- and 10-meter elements used 5 segments per side. | reached this
decision after checking the performance of the ON7NQ array on each band with full
segmentation and with the reduced segmentation scheme. Although the numbers
did not exactly coincide, the progression of values for each model was sufficiently
close to permit initial modeling via the smaller model. However, these results would
be considered provisional, pending a recheck using the full segmentation scheme.
In that way, only final tweaking—if any should be needed—would require the larger,
slower model.

The process of hand-optimizing even a complex model like a multi-element,
multi-band quad is not completely random. Fig. 44-5 shows the outline of the new
array. The starting point might be anywhere. However, in the development of such
arrays, one of the most stable bands turns out to be 15 meters. Thatis, it tends to
be least affected by changes to the other bands. So optimizing 15 meters firstis a
good way to proceed. Then work outward through 17 meters to 20 meters and
inward through 12 meters to 10 meters. As we shall have occasion to note in detail
when we evaluate the design, the bands that are not bound by other band elements
on both sides tend to be more difficult to set.

The development of a design is made easier by attending to details as we pro-
ceed. First, although we need to change the source location with every change in
band, we can remember where to place the source by annotations on the equations
page, as is evident in Fig. 44-4. Second, we can be alert to patterns that develop on
one band and apply them to related bands.

A case in point is the fact that for each of the 2 highest bands, the middle director
needs to be larger than either the first or the third director. The second director on
20 meters was also larger than the first, although this pattern did not hold for 17 and
15 meters.
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WARNL 4.5 Element, 5-Band Quad
Qutline Sketch
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A second case in point concerns which method to use to arrive at a desired
feedpoint impedance. One method involves making changes to the reflector; the
other involves work with the directors. In the optimizing process for this array, |
quickly learned that enlarging the reflector to increase the feedpoint impedance
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resulted in more rapid reductions in gain and front-to-back ratio than did the ma-
nipulation of the director dimensions.

Many of these points are evident in the table of dimensions and variables used
for the final version of the design exercise.

WIRNL 4. 5-el enent 5-Band Quad Di nensi ons (| nches)

Model i ng Ant enna 1/2 Side Si de Loop
Vari abl e Par t Length Length Circunference
A 20 Refl 108.5 217.0 868.0
B 20 Dri 106. 5 213.0 852.0
C 20 Dir 1 97.5 195.0 780.0
D 20 Dir 2 98.0 196.0 784.0
E 17 Refl 84. 25 168. 5 674.0
(F) (Reserved for Start Frequency)

G 17 Dri 82.8 165. 6 662. 4
H 17 Dir 1 79.9 159. 8 639. 2
| 17 Dir 2 79.9 159. 8 639. 2
J 15 Refl 72.7 145. 4 581. 6
K 15 Dri 70.7 141. 4 565. 6
L 15 Dir 1 69. 75 139.5 558. 0
M 15 Dr 2 69. 65 139. 3 557.2
N 12 Refl 61.2 122. 4 489.6
) 12 Dri 60. 3 120. 6 482. 4
P 12 Dir 1 59.1 118. 2 472.8
Q 12 Dir 2 59.9 119.8 479.2
R 12 Dir 3 59.3 118. 6 474. 4
S 10 Refl 55.0 110.0 440.0
T 10 Dri 52.9 105. 8 423.2
U 10 Dir 1 52.2 104. 4 417.6
\Y, 10 Dir 2 52.5 105.0 420.0
w (Reserved for Start Wavel ength)

X 10 Dir 3 52.0 104.0 416.0

Note: To convert to nmeters, divide inches by 39.37.

The performance figures reported by the small model used to manipulate di-
mensions are as follows.

Model ed Perfornmance: WRNL 4. 5-el enent, 5-Band Quad
NEC- 2; Reduced Segnentation

Freq. Gain Front/ Back | npedance 50- Chm
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MHz dBi dB R+ - X SWR
14.0 8.81 15. 13 33.9 - j 20.3  1.86
14. 175 8.57 16. 66 52.0 + | 10.3  1.23
14. 35 8.13 9.92 57.7 + ] 34.1  1.89
18. 068 9.21 21.09 35.6 - )] 2.6 1.41
18. 118 9.17 21.91 38.8+) 50 1.32
18. 168 9.09 18. 22 41.9 +j 11.9  1.37
21.0 9.41 15. 09 41.0 - j 16.6  1.51
21. 225 9.42 17.06 56.3 + ] 7.6  1.20
21. 45 9.53 20. 97 34.5 +j 81  1.52
24. 89 10. 19 21. 88 40.7 +j 4.1  1.25
24,94 10. 21 19. 60 42.2 +j 7.3  1.26
24. 99 10. 18 16. 57 43.5 +j 12.0  1.34
28.0 9.51 12. 01 39.7 - j 27.9  1.92
28. 2 10. 08 16. 81 48.6 - | 12.4  1.29
28. 4 10. 54 20. 44 47.2 - j 2.8  1.08
28. 6 10. 81 19. 69 42.2 +j 17.2  1.50
28. 8 10. 53 32.57 64.7 + | 15.4  1.45

Before we comment on the success or failure of the design exercise, let's look
at the numbers that emerged from the use of the fully segmented model on NEC-2.

Model ed Perfornmance: WRNL 4. 5-el enent, 5-Band Quad
NEC- 2; Full Segnentation

Freq. Gain Front/Back | npedance 50- Chm
MHz dBi dB R+/- jX SVR
14.0 8.81 15. 02 33.6 - j 20.5 1.88
14. 175 8.58 16. 76 51.9 +j 10.0 1.22
14. 35 8.14 9. 96 57.8 +j 33.8 1.89
18. 068 9.24 22.03 36.0 - j 1.7 1.39
18.118 9.18 21. 26 39.3 +j 5.7 1.31
18. 168 9.10 17. 39 42.3 +j 12.5 1.37
21.0 9. 49 15. 33 41.4 - j 15.6 1.47
21.225 9. 47 17.04 57.0 +j 7.5 1.21
21. 45 9.55 19. 16 31.3 +j 9.9 1.70
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24.89 10. 27 21.77 38.6 +j 5.2 1.33
24.94 10. 29 19. 80 40.2 +j 9.1 1.34
24.99 10. 25 16. 77 41.9 +j 14.3 1.43
28.0 9.59 12.15 40.7 - j 27.4 1.88
28.2 10. 15 17.00 49.3 - j 12.7 1.29
28.4 10. 60 20. 50 47.1 - j 2.8 1.09
28.6 10. 85 19. 76 42.6 +j 18.0 1.52
28.8 10. 51 29.74 64.9 +j 12.1 1.40

The deviations between the two sets of numbers are noticeable, but not large.
Perhaps the greatest difference occurs on 12 meters, where the segmentation on
the small model shifted to 5 segments per wire from the higher value of 7 used for
20-15 meters. Nonetheless, nothing in the sweeps of the larger model suggested
that any modifications to the design were necessary.

On occasion, NEC-2 and NEC-4 may differ slightly in values reported for quad
arrays. This difference is most noticeable in monoband arrays where an array is set
to a precise resonance (less than 1 Ohm reactance) and/or a precise front-to-back
peak value at the design frequency. The differences are usually a matter of +/-10
kHz or so in the frequency of resonance or front-to-back peak. Although the differ-
ences are small—perhaps less than operationally significant—a sweep of the de-
sign using NEC-4 seemed in order to be certain that some of the more rapidly
changing operational characteristics did not yield odd results.

Model ed Perfornmance: WRNL 4. 5-el enent, 5-Band Quad
NEC- 4; Full Segnentation

Freq. Gain Front/Back | npedance 50- Chm
MHz dBi dB R+/- jX SVR
14.0 8.81 15. 02 33.7 - j 20.8 1.88
14. 175 8.58 16. 76 51.9 +j 10.0 1.22
14. 35 8.14 9.95 57.8 +j 34.0 1.89
18. 068 9.23 22.01 36.1-j 1.8 1.39
18.118 9.18 21.24 39.2 +j 5.7 1.32
18. 168 9.10 17. 38 42.3 +j 12.5 1.38
21.0 9. 49 15. 33 41.5 - j 15.6 1.47
21.225 9. 47 17.04 57.0 +j 7.5 1.21
21. 45 9.54 19.13 31.3 +j 10.0 1.70
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24. 89 10. 27 21.79 38.6 +j 5.3 1.33
24.94 10. 28 19. 82 40.3 +j 9.1 1.35
24. 99 10. 24 16. 77 41.9 + | 14.4 1.43
28.0 9.59 12. 15 40.8 - | 27.4 1.88
28.2 10. 15 17. 00 49.3 - j 12.7 1.29
28.4 10. 60 20. 51 47.1 - j 2.8 1.09
28.6 10. 85 19. 77 42.6 +j 18.1 1.52
28.8 10. 51 29.75 64.9 +j 12.1 1. 40

Happily, the NEC-2 and NEC-4 results are coincident to the nth degree. | list
them here simply to note that, where the software is available, such checks are
useful and advisable. The check is especially applicable in this case, where the
model-by-equation facility was not available in a NEC-4 version for use from the
beginning of the process of design.

So now we have a design for a 4.5-element quad on a 26' boom. However, we
still have two major question areas left over. First, is the design—as a design—
successful relative to the specifications that we set up originally? Second, what
relationship does this design—as a model—have to an eventual physical antenna?
We shall look at both questions and the collection of data that forms some kind of a
set of answers to them next time.

* % *x % *

Models included: 44-1 through 44-2. (All model dimensions in inches.)
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In the first part of the case study, we looked at the 4 Ss of designing by modeling:
Starting Point, Specifications, Strategy, and Segmentation. Essentially, we began
with a design by ON7NQ and built upon it on the way to developing the following
antenna model, shown as a wire assembly. See model 44-2 from the preceding

column.

WIRNL 4. 5- El enent,

Wre Loss:

Wre Conn.—End 1 (x,y,z :

WIE2
WLE2
W2 E2
VBE2
VBE2
WBE2
WBE2
W E2
WL2E2
10 WBE2
11 WOE2
12 W1E2
13 WL6E2
14 WL3E2
15 W4E2
16 WI5E2
17 WeOE2
18 WL7E2
19 W8E2
20 WL9E2
21 W4E2
22 W1E2
23 W2E2
24 W3E2
25 W28E2

©CoO~NOULAWNPE

Copper —Resistivity

OO0 0000000000000 0000

60.
60.
60.
60.
60.

5-Band Quad Model

1. 74E- 08

W RES

ohmm Rel. Perm =

in)

. 000, -108. 50, -108. 50
. 000, 108. 500, - 108. 50
. 000, 108. 500, 108.
000, -108. 50, 108.
000, - 84. 250, - 84.
000, 84.250, - 84.
000, 84.250, 84.
000, - 84. 250, 84.
000, -72. 700, - 72.
000, 72.700,-72.
000, 72.700, 72.
000, -72. 700, 72.
000, - 61. 200, - 61.
000, 61.200, -61.
000, 61.200, 61.
000, -61. 200, 61.
000, -55. 000, - 55.
000, 55.000, -55.
000, 55.000, 55.
. 000, - 55. 000, 55.
000, - 60. 300, - 60.
000, 60. 300, -60.
000, 60.300, 60.
000, - 60. 300, 60.
000, -52. 900, -52.

500
500
250
250
250
250
700
700
700
700
200
200
200
200
000
000
000
000
300
300
300
300
900

WEL
WBEL
WAEL
WLEL
WSEL
WEL
WBEL
WBEL
WLOEL
WL1EL
WL2EL
VOEL
WL4EL
WL5EL
WL6EL
WL3EL
WLBEL
WLOEL
W20EL
WL7EL
W22E1
W23EL
W24EL
W21El
W26EL

Conn. —End

OO0 0000000000000 0000

60
60.
60.
60.
60.

2 (x,y,Z :in)

. 000, 108. 500, - 108. 50
. 000, 108. 500, 108.
. 000, - 108. 50, 108.

000, -108. 50, -108. 50

000, 84.250, - 84.
000, 84.250, 84.
000, - 84. 250, 84.
000, - 84. 250, - 84.
000, 72.700,-72.
000, 72.700, 72.
000, -72. 700, 72.
000, -72. 700, - 72.
000, 61.200, -61.
000, 61.200, 61.
000, -61. 200, 61.
000, - 61. 200, - 61.
000, 55.000, -55.
. 000, 55.000, 55.
. 000, - 55. 000, 55.
. 000, - 55. 000, - 55.
. 000, 60. 300, -60.
000, 60.300, 60.
000, - 60. 300, 60.
000, - 60. 300, - 60.
000, 52.900, -52.

1
Di a(in) Segs

8. 09E- 02
500 8. 09E-02
500 8. 09E-02

8. 09E- 02
250 8. 09E-02
250 8. 09E-02
250 8. 09E-02
250 8. 09E-02
700 8. 09E-02
700 8. 09E-02
700 8. 09E-02
700 8. 09E-02
200 8. 09E-02
200 8. 09E-02
200 8. 09E-02
200 8. 09E-02
000 8. 09E-02
000 8. 09E-02
000 8. 09E-02
000 8. 09E-02
300 8. 09E-02
300 8. 09E-02
300 8. 09E-02
300 8. 09E-02
900 8. 09E-02
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26 W25E2 60.000, 52.900,-52.900 W27E1 60.000, 52.900, 52.900 8.09E-02 7
27 W26E2 60.000, 52.900, 52.900 W28El 60.000, -52.900, 52.900 8.09E-02 7
28 W27E2 60. 000, -52. 900, 52.900 W25E1 60. 000, - 52. 900, - 52. 900 8.09E-02 7
29 WB2E2 120. 000, - 106. 50, - 106. 50 WBOE1 120. 000, 106. 500, - 106. 50 8. 09E-02 15
30 WR9E2 120. 000, 106. 500, - 106. 50 WB1EL 120. 000, 106. 500, 106. 500 8. 09E-02 15
31 WBOE2 120. 000, 106. 500, 106. 500 WB2EL 120. 000, - 106. 50, 106. 500 8. 09E-02 15
32 WB1E2 120. 000, - 106. 50, 106. 500 W29EL 120. 000, - 106. 50, - 106. 50 8. 09E-02 15
33 WB6E2 120. 000, - 82. 800, - 82. 800 WB4EL 120.000, 82.800, -82.800 8.09E-02 13
34 WB3E2 120.000, 82.800,-82.800 WB5EL 120.000, 82.800, 82.800 8.09E-02 13
35 WB4E2 120.000, 82.800, 82.800 WBGEL 120.000, - 82. 800, 82.800 8.09E-02 13
36 WB5E2 120.000, - 82. 800, 82.800 WB3EL 120. 000, - 82. 800, - 82. 800 8. 09E-02 13
37 WIOE2 120. 000, - 70. 700, - 70. 700 WB8EL 120.000, 70.700,-70.700 8.09E-02 11
38 WB7E2 120.000, 70.700,-70.700 WB9EL 120.000, 70.700, 70.700 8.09E-02 11
39 WBSE2 120.000, 70.700, 70.700 WOEL 120.000, - 70. 700, 70.700 8.09E-02 11
40 WB9E2 120. 000, - 70. 700, 70.700 WB7EL 120. 000, - 70. 700, - 70. 700 8. 09E-02 11
41 WHE2 120. 000, - 59. 100, - 59. 100 WI2E1 120.000, 59.100, -59.100 8.09E-02 9
42 WHLE2 120.000, 59.100,-59.100 W3EL 120.000, 59.100, 59.100 8.09E-02 9
43 WI2E2 120.000, 59.100, 59.100 WHEL 120. 000, -59. 100, 59.100 8.09E-02 9
44 WI3E2 120.000, -59. 100, 59.100 WHEL 120. 000, - 59. 100, - 59. 100 8. 09E-02 9
45 WISE2 120. 000, - 52. 200, - 52. 200 WIGEL 120.000, 52.200, -52.200 8.09E-02 7
46 WI5E2 120.000, 52.200,-52.200 W7EL 120.000, 52.200, 52.200 8.09E-02 7
47 WIGE2 120.000, 52.200, 52.200 WSEL 120. 000, -52. 200, 52.200 8.09E-02 7
48 WI7E2 120. 000, -52. 200, 52.200 WISEL 120. 000, - 52. 200, - 52. 200 8. 09E-02 7
49 WB2E2 216. 000, - 97. 500, - 97. 500 WS0EL 216.000, 97.500, -97.500 8.09E-02 15
50 WIQE2 216.000, 97.500,-97.500 Ws1E1l 216. 000, 97.500, 97.500 8.09E-02 15
51 WB0E2 216.000, 97.500, 97.500 Ws2E1 216. 000, - 97. 500, 97.500 8.09E-02 15
52 WB1E2 216. 000, - 97. 500, 97.500 WI9EL 216. 000, - 97. 500, - 97. 500 8. 09E-02 15
53 WB6E2 216. 000, - 79. 900, - 79. 900 WB4E1 216. 000, 79.900,-79.900 8.09E-02 13
54 WB3E2 216.000, 79.900,-79.900 WS5E1 216. 000, 79.900, 79.900 8.09E-02 13
55 We4E2 216.000, 79.900, 79.900 WS6EL 216. 000, - 79. 900, 79.900 8.09E-02 13
56 WB5E2 216. 000, - 79. 900, 79.900 WS3E1 216. 000, - 79. 900, - 79. 900 8. 09E-02 13
57 WBOE2 216. 000, - 69. 750, - 69. 750 WS8E1 216. 000, 69. 750, -69. 750 8. 09E-02 11
58 WB7E2 216.000, 69.750,-69.750 WS9EL 216. 000, 69.750, 69.750 8.09E-02 11
59 WB8E2 216.000, 69.750, 69.750 WSOEL 216. 000, - 69. 750, 69.750 8.09E-02 11
60 WB9E2 216. 000, - 69. 750, 69.750 WS7E1 216. 000, - 69. 750, - 69. 750 8. 09E-02 11
61 WB4E2 216. 000, - 59. 900, - 59. 900 Ws2E1 216. 000, 59.900, -59.900 8.09E-02 9
62 WB1E2 216.000, 59.900,-59.900 WS3EL 216. 000, 59.900, 59.900 8.09E-02 9
63 We2E2 216.000, 59.900, 59.900 WB4El 216. 000, - 59. 900, 59.900 8.09E-02 9
64 WB3E2 216. 000, - 59. 900, 59.900 WS1E1 216. 000, - 59. 900, - 59. 900 8.09E-02 9
65 WB8E2 216. 000, - 52. 500, - 52. 500 WS6E1 216. 000, 52.500,-52.500 8.09E-02 7
66 WB5E2 216.000, 52.500,-52.500 WS7EL 216. 000, 52.500, 52.500 8.09E-02 7
67 WB6E2 216.000, 52.500, 52.500 WB8EL 216. 000, - 52. 500, 52.500 8.09E-02 7
68 WB7E2 216. 000, - 52. 500, 52.500 WB5E1 216. 000, - 52. 500, - 52. 500 8. 09E-02 7
69 W2E2 312. 000, - 98. 000, - 98. 000 WOE1 312. 000, 98.000, -98. 000 8.09E-02 15
70 WB9E2 312.000, 98.000,-98.000 W1E1l 312.000, 98.000, 98.000 8.09E-02 15
71 WOE2 312.000, 98.000, 98.000 W2E1 312.000, - 98. 000, 98.000 8.09E-02 15
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72 W1E2 312.000, - 98. 000, 98.000 WS9E1 312. 000, - 98. 000, - 98. 000 8. 09E-02 15
73 W6E2 312. 000, - 79. 900, - 79. 900 WP4E1 312. 000, 79.900,-79.900 8.09E-02 13
74 W3E2 312.000, 79.900,-79.900 W5EL 312. 000, 79.900, 79.900 8.09E-02 13
75 W4E2 312.000, 79.900, 79.900 W6EL 312.000, - 79. 900, 79.900 8.09E-02 13
76 WISE2 312.000, - 79. 900, 79.900 W'3EL 312. 000, - 79. 900, - 79. 900 8. 09E-02 13
77 WBOE2 312. 000, - 69. 650, - 69. 650 W8EL 312. 000, 69. 650, -69.650 8. 09E-02 11
78 W7E2 312.000, 69.650,-69.650 W9EL 312. 000, 69.650, 69.650 8.09E-02 11
79 W8E2 312.000, 69.650, 69.650 WBOEL 312. 000, - 69. 650, 69.650 8.09E-02 11
80 W9E2 312.000, - 69. 650, 69.650 W7EL 312. 000, - 69. 650, - 69. 650 8. 09E-02 11
81 WB4E2 312.000, - 59. 300, - 59. 300 W82E1 312.000, 59.300,-59.300 8.09E-02 9
82 W81E2 312.000, 59.300,-59.300 WB3EL 312.000, 59.300, 59.300 8.09E-02 9
83 W82E2 312.000, 59.300, 59.300 WB4EL 312.000, -59.300, 59.300 8.09E-02 9
84 W83E2 312.000, -59.300, 59.300 WB1EL 312.000, - 59. 300, - 59. 300 8.09E-02 9
85 WB8E2 312.000, - 52. 000, - 52. 000 WB6EL 312.000, 52.000,-52.000 8.09E-02 7
86 WB5E2 312.000, 52.000,-52.000 WB7EL 312.000, 52.000, 52.000 8.09E-02 7
87 WB6E2 312.000, 52.000, 52.000 WBSEL 312.000,-52.000, 52.000 8.09E-02 7
88 W87E2 312.000, -52. 000, 52.000 WB5EL 312.000, - 52. 000, -52. 000 8.09E-02 7

In order to evaluate the design—while still in its modeling stage—let’s review the
performance of the smaller ON7NQ design.

Model ed Perf or mance:

NEC- 4; Ful |

Freq.

MHz

14.
14.
14.

18.
18.
18.

21.
21.
21.

24.
24.
24.

28.

0
175
35

068
118
168

0
225
45

89
94
99

0

Gain
dBi

8
8.
8

0o 0o 0o

0o 0o 0o

.42

29

. 06

.47
.42
. 36

.43
.52
.47

. 26
.22
.18

.01

ON7NQ 3. 5- el enent,
Segnent ati on

Front/ Back | npedance
R +/- jX

dB

11.83
15. 06
9.76

21.80
25.52
20. 90

15. 28
20. 98
10. 24

22.72
18.92
16.70

18. 40

37.6
44.3
34.8
42.7

43.
43.2

;]

49.
46.
36.

N BN

35.1
41.
47.6

=

43.8

+ 4

J
J
j

5- Band Quad
50- Chm
SVWR
18.5 1.66
4.4 1.17
36.5 2.50
5.1 1.21
0.3 1.15
4.6 1.19
20.1 1.49
0.0 1.08
30.7 2.16
2.1 1.43
2.3 1.27
4.8 1.12
31.6 1.96
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28.2 9.35 25. 89 45.3 - j 11.0 1.29
28.4 9.62 30.72 51.3 +j 6.8 1.15
28.6 9.85 22.80 58.7 +j 9.6 1.27
28.8 9.73 12.38 31.1 +j 8.1 1.68

For comparison, here are the modeled performance figures for the larger design.

Model ed Perfornmance: WRNL 4. 5-el enent, 5-Band Quad
NEC- 4; Full Segnentation

Freq. Gain Front/Back | npedance 50- Chm
MHz dBi dB R+/- jX SVR
14.0 8.81 15. 02 33.7 - j 20.8 1.88
14. 175 8.58 16. 76 51.9 +j 10.0 1.22
14. 35 8.14 9.95 57.8 +j 34.0 1.89
18. 068 9.23 22.01 36.1-j 1.8 1.39
18.118 9.18 21.24 39.2 +j 5.7 1.32
18. 168 9.10 17. 38 42.3 +j 12.5 1.38
21.0 9. 49 15. 33 41.5 - j 15.6 1.47
21.225 9. 47 17.04 57.0 +j 7.5 1.21
21.45 9.54 19.13 31.3 +j 10.0 1.70
24. 89 10. 27 21.79 38.6 +j 5.3 1.33
24,94 10. 28 19. 82 40.3 +j 9.1 1.35
24,99 10. 24 16. 77 41.9 +j 14.4 1.43
28.0 9.59 12.15 40.8 - j 27.4 1.88
28.2 10. 15 17. 00 49.3 - j 12.7 1.29
28.4 10. 60 20.51 47.1 - j 2.8 1.09
28.6 10. 85 19. 77 42.6 +j 18.1 1.52
28.8 10.51 29.75 64.9 +j 12.1 1.40

Design Evaluation

In this morass of data are some significant figures. First, note that, to a very
large degree, the performance curves of the larger array on each band tend to
replicate the curves of the smaller array, but with a higher gain. The replication
strongly suggests that—with a few exceptions—the array has yielded about all of
the performance of which it is capable. But how well did it meet its specifications?
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1. Gain: atleast 0.7 dB greater than the existing array
Although the improvement in gain is not a constant for any individual band, the

following average-gain-advantage/band list does suggest the performance improve-
ment provided by the extra set of directors.

Performance I nprovenent: 3.5 Elenments vs. 4.5 El enents

Band Gai n | mprovenent
20 Meters 0.25 dB

17 0.75

15 1.03

12 1.04

10 0.90

Only 20 meters fails to show a considerable gain increase. The reasons will be
explained in the discussion of “Coverage.”

2. Front-to-Back Ratio: at least 15 dB across each band—if possible

Only the upper end of 20 meters and the lowest end of 10 meters fail to reach
the 15-dB front-to-back ratio. The 10-meter low-end failure stems from the funda-
mental narrow-band nature of wire quads. The SWR curve is wider than the front-
to-back curve in virtually all cases, even when the front-to-back limit is lowered to 15
dB.

3. Source Impedance: less than 2:1 50-Ohm SWR for direct feed (individually) on
each band with a standard 50-Ohm coaxial cable

The 4.5-element array, unlike the 3.5-element quad, achieves the SWR goal on
all bands, with the restriction of 10 meters to the first 800 kHz of the band. The
failure of the 3.5-element quad to achieve the SWR goal on 15 meters is correctable
with slight shortening of the driven element. The SWR at the low end of the band
(1.49:1) suggests that considerably more capacitive reactance can be tolerated at
21 MHz, with a consequent lowering of inductive reactance at the high end of the
band. However, this approach does not work on 20 meters, since the low-end
resistive component is well below 40 Ohmes, indicating a limit to the capacitive reac-
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tance increase that might be tolerated. One or the other end of the band ends up
with an SWR in excess of 2:1

4. Coverage: Full band coverage of all bands, with 800 kHz coverage of 10 meters

This criterion essentially is a replication of the SWR specification. The breadth
of 10 meters has already been noted as the source of the cut-off at 28.8 MHz and
the low front-to-back ratio and gain in the first 100 kHz of the band. However, 20
meters also calls for comment.

On a normal (20-10-meter) quad, 20-meters is unbounded on the outside. More-
over, the boom length for 4 elements is exceptionally short. 26' would be about the
normal boom length for a 3-element monoband 20-meter quad, although the gain
would be similar to the peak value for the large array on 20. To achieve full band
coverage with the 4.5-element antenna, considerable changes to the director sizes
were needed compared to the 3.5-element array director. As well, the forward di-
rector is larger than the inner director.

It is possible with larger directors to achieve higher gain over part of the 20-
meter band. Free-space gain values up to 9.25 dBi were achieved in some ver-
sions. However, the higher the gain, the narrower the available operating region, as
defined by the 2:1 SWR figure. As well, the checkpoint numbers recorded to indi-
cate array behavior tend to gloss over many facets of both gain and front-to-back
ratio. For example, on 20 meters, maximum gain occurs just above the lower end
of the band, with maximum front-to-back occurring at about 14.1 MHz. Hence, it
pays to use checkpoint data with caution and to perform detailed frequency sweeps
for each band to assess the performance more thoroughly.

To achieve an acceptable SWR value for the entire band, it was necessary to
accept as well a lower gain value. The performance tapers off at the high end of the
band, although operation on that portion of the band is possible. By accepting a
bandwidth restriction on 20 meters, the smaller 3.5-element array was able to achieve
somewhat higher gain at the low end of the band relative to its size. Therefore, the
small average gain increase on 20 for the 4.5-element array results in part from
differences in the design specifications for the two different antennas.

Chapter 45 ~ Designing With NEC: A Case Study Part 2: Evaluation & Reality



Antenna Modeling Notes: Volume 2 329

If we were to increase the boom length to 30 feet, changing the forward director
spacing from 8'to 12' from the preceding element set, we might be able to elevate
20-meter performance by about 0.2 dB, with a very slight decrease in the gain slope,
and to obtain a very slightly shallower front-to-back curve with small rises in the
band edge performance. However, the cost in terms of a longer boom, with conse-
guential loading considerations, may make this small gain somewhat gratuitous. In
any event, the potential is there for anyone who wishes to re-tweak the array on all
other bands.

Reality 1: Pattern Shapes

Some designers expect multi-band arrays to achieve patterns similar to those of
monoband directional antennas. The forward lobe will be a single large oval, while
the rearward radiation will consist of from 1 to 3 small lobes, each at least 20 dB
under the forward gain. Unfortunately, multi-band arrays (with the possible excep-
tion of large LPDAS) tend to have patterns that are often far from well behaved. The
interaction among the elements—even supposedly inactive elements—remains
considerable, as would be evident from an exploration of the current tables pro-
duced by NEC. This condition is not exclusively a quad problem, but also attends to
large multi-band Yagis as well.

o 0dB... 0 1405 MHz e QdBe 14176 MHz

Sample .
20-Meter Patterns R Fig. 45-1
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Not all bands suffer from ill-behaved patterns. As the 20-meter samples in Fig.
45-1 show, the patterns are quite ordinary. However, as the outside loop set, the 20-
meter elements interact least with other elements in the array.

S 0dBe 21 MHz .o0de - 21.229 MHz

Sample

15-Meter Patterns Fig. 452

21,45 MHz

The sample 15-meter patterns in Fig. 45-2 show a truer picture of the effects of
interactions between the active and inactive elements in the array—where “inactive”
means elements for a band other than the one in use. One casualty of the interac-
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tion is the front-to-rear ratio, as rearward side lobes grow to considerable propor-
tions. A number of design decisions were made in the process of modeling and
optimizing this band. The gain was sacrificed to a small degree in order to obtain the
best possible progression of rear lobe formation across the band.

~0dB.. 24.94 MHz

Sample
12 -Meter Pattern e Fig. 453

The single 12-meter pattern in Fig. 45-3 frames another common element inter-
action problem—the formation of side lobes. The small side lobes appear from 15
meters on upward in frequency and are likely the result of harmonic operation of
larger elements. Under these conditions, currents in the vertical side wires can yield
radiation to the array sides in the form of minor side lobes.
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OB 28.2 MHz Loe0dBe 28.5 MHz

Sample 10-Meter
Patterns with Emphasis

on Rear Lobe Variations Fig. 454

" 28.8 WHz

Fig. 45-4 provides a progression of 10-meter patterns to display how radically a
pattern may change across a wide band. The changes to the rear pattern are most
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evident. However, in the forward direction, note that the minor side lobes develop
into considerable bulges with increases in frequency. Of all bands, 10 meter may be
the most sensitive to excitation of inactive elements. The 12-meter elements are
within the range of reflector size, and the 20-meter elements may operate in a har-
monic mode, even though isolated from the 10-meter elements by

Intervening elements for other bands.

By no means does less-than-perfection in the array patterns count against the
use of multi-band, multi-element quads. Rather, they are a simple fact of life that
one must take into account both in the design and utilization phases of the antenna.

Reality 2: Quad Construction

We have noted the relationship between the design-by-modeling process and
the ultimate use of the quad array. Omitted to this point is the relationship between
antenna design and modeling on the one hand and antenna construction on the
other. Ordinarily, we have passed over this aspect of activity with simple cautions
that the model applies accurately within the limitations of the construction process.

For the present array design, we should add something a little more concrete.
Antenna models using bare wire do not take into account construction variables
unless the modeler specifically simulates them. The present design is no exception.
However, quad construction practices are highly variable, as illustrated simply in
Fig. 45-5.

The sketch illustrates only 4 among a large number of conditions that may exist
at the attachment point between the support arms and the wire elements. Two com-
mon methods of attachment are the use of hose clamps and the use of wire loops to
fix the position of the element corner. It does not matter whether the element is
connected electrically to the metal device that pins the element to the arm. The
fixture acts as a simple closed loop connected or coupled to the element at the
corner. Aquad element has considerable current magnitude at its corners, and such
a loop can alter the resonant frequency of the loop when compared to the system in
the upper right of the figure, where attachment is made via a wholly non-conductive
set of components.
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Metal attachment fixtures can act as loads on the wire loop. For most cases, the
loop size can be adjusted to accommodate the fixture. Perhaps the simplest way to

Chapter 45 ~ Designing With NEC: A Case Study Part 2: Evaluation & Reality



Antenna Modeling Notes: Volume 2 335

do this with any accuracy is to model only the set of driven elements to obtain their
independent resonant frequencies, but using the dimensions prescribed by the overall
array model. Then construct the drive element set using the proposed construction
technique. Measure the resonant frequency of each loop. For a given construction
technique, any shift in frequency relative to the model should be consistent for both
driven and parasitic elements, although the amount may vary from one band to the
next.

One may then create reactive loads at each corner of the modeled element until
it has the same resonant frequency as the measured drivers. The same load val-
ues for each band can be inserted into each corner of each element in the full array.
Then, the loop dimensions are adjusted in the model until design performance is
restored. The resulting dimensions should prove to be an accurate guide to final
construction. For an array of this size and potential performance, the extra model-
ing and test effort should not be considered excessive.

Some quads use aluminum arms with fiberglass or similar non-conductive sec-
tions for element attachment. The proximity of the aluminum sections of the arms
to the elements suggests that the same test procedure is in order as we used for
metal clamps to wholly insulated arms.

The quad array described here as a design project for NEC software also re-
veals another feature that impinges on construction. Many of the performance-
improving increments of element adjustment involved changes of a tenth of an inch
at a time, especially on the higher bands. Since the change was made to a variable
representing 1/8 the loop circumference, some elements of the array may be sensi-
tive to changes as small as an inch in overall wire length for a loop. The designer
should flag extra-sensitive elements for special care during construction. Sensitivi-
ties of this order are natural to a 5-band array with 22 elements in an elongated cube
that is only 18' per side by 26' in length.

Apart from this specific antenna, the general principle to be observed is that one
cannot simply take modeled dimensions and create a physical antenna. One must
first correlate the model to the physical conditions of the construction methods used.
In some cases, the selection of materials will permit the modeled dimensions to be
used as given. | have constructed both wire and tubular element antennas on 10
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meters where the modeled dimensions and the physical antenna were under 1"
apart.

However, wherever the physical antenna may have some potential for placing
metal within the immediate field of the elements, either the modeler must simulate
those objects in the model or he must develop a test regimen to establish a correla-
tion between the design model and the physical prototype. We have illustrated only
one of many possible correlation methods. The transition from model to physical
antenna should be undertaken with as much care as is put into the modeling design
process and into the construction process. Carelessness in any of the three phases
of work can yield mediocre communications results.

The primary subject of these columns is antenna modeling. However, | hope
that this foray into a specific design project not only provides some awareness of
the modeling work involved, but as well helps one to integrate modeling into the
overall process that runs from antenna idea to antenna reality.

* % *x % %

See model 44-2 from the preceding column.
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46. A Load in Parallel With a Source

One of the examples in my text, Basic Antenna Modeling: A Hands-On Tutorial,
involves applying a beta match to a 3-element Yagi. The challenge is to place a
reactive load in parallel with the source. Since several of the techniques require a
rather high level of segmentation, we shall use a model already set up for the job.
Fig. 46-1 shows the evolution through which we shall go before departing from it.

—_— Source
1 wire, 101 segments 1
(=
_________ 1 wire, 2
1 segment
1 wire, 50 segments 1 wire, 50 segments

Element length not to scale

Slourcle 3

!
1
1
1
]
1
1
1
1
1 T -
1
1
1
1
1
1
1
1
1
1
1
)

== 1 seqment

er wire
Fig. 461 P R-L Load

The reflector and the director of the Yagi, set up for 14.175 MHz, follow the
segmentation pattern in the top driver option. However, the actual driver uses a 3-
wire set-up, with the 1-segment wire in the center having the same length as the
remaining segments in the driver. In this way, we assure a correct source imped-
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ance calculation regardless of what we do in order to place the load in parallel with
the source.
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Fig. 46-2 shows the basic Yagi model in its present form. If we place the source
on wire 3 with no matching system, then the impedance will be about 23.4 - j 24.6
Ohms. The impedance is ripe for matching to a 50-Ohm coax line with a beta
match. Abeta match is made up of an L-network with a reactance in series with the
load and a shunt reactance across the source—the coax in this case. The series
reactance is already present in the antenna driver source impedance. Hence, the
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beta match physically consists of the deceptively simple placement of a reactance
across the terminals to which the coax connects with the driver.

R
5= | o1 Xs=8Rp x, - Fogr (D
Low b

Standard L-network calculations, summarized in the equation set (1), provide
the level of reactance necessary to effect a good 50-Ohm match. For the case at
hand we need just about 50 Ohms (46.9 Ohms, to be more and perhaps spuriously
precise) of inductive reactance for the parallel component to go with the nearly 25
Ohms of series capacitance. Indeed, the transformation of 23.4 Ohms to 50 Ohms
calls for a series capacitive reactance of 24.95 Ohms, and we have 24.6 Ohms in
place—a very close setting of the driver length.

Essentially, we have two ways to achieve the inductive reactance: a standard
inductor or a shorted length of transmission line. Before we finish, we shall look at
both methods, but let’s start with the coil. It will involve the more complex modeling.

We cannot simply place a reactive load on the source segment. Every such
load will wind up in series with the source, when our goal is to place it in parallel with
the source. If we wish to place a reactive load in parallel with the source, one
technique is to model the antenna so that there is a physical place for the load to be.
To make a place, we must model a set of wires such that they are in parallel with the
source segment.

The lowest portion of Fig. 46-1 shows the physical arrangement. We simply
add three wires to form a square with the 1-segment source wire. The high level of
segmentation is designed—well within the limits of NEC’s segment length to wire
radius limitations—to keep the assembly as small as feasible so that it does not
contribute significantly to the radiation pattern of the antenna, thereby distorting the
performance reports. Fig. 46-3 shows the resulting model with its new square.
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To Wire 5, the one that is physically parallel to the source wire, we shall add a
load. The next questions are “what kind?” and “how much?” Spot-frequency model-
ing can use a simple R-X load in which we specify the resistance and reactance of
the load. Let's assume a coil Q of 200. With a 46.9-Ohm reactance, the resistance
will be 0.2345 Ohms at the specified Q. Fig. 46-4 shows the entry of the 2 values on
the load set-up screen, along with added data on the load magnitude and phase
angle. See model 46-1.
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Load Parameters
Fig. 464
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With the load specified, the new source impedance is 57.6 + j 1.5 Ohms. This
value is correct for 14.175 MHz. However, R-X loads have a limitation. A coil will
change reactance for every change in frequency. An R-X load will hold the reac-
tance at the same value for every frequency we might check. Hence, an R-X load
will not give a true picture of the source impedance across the 20-meter band.

X,
X, =2nfL [ =L (2)
L=ew onf

We have an easy alternative. On wire 5, instead of using an R-X load, we can
employ an R-L-C load. Since there is no capacitance in the load we are applying,
we shall leave its value at zero. The resistance remains 0.2345 Ohms. From fun-
damental equations that appear in every handbook and that are repeated in equa-
tion set (2), we can calculate the inductance that provides a reactance of 46.9 Ohms
at 14.175 MHz: 0.5266 uH. See model 46-2.
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Fig. 46-5 shows the entry screen for R-L-C loads, with the resistance and induc-
tance properly entered. When we run the model, it shows a feedpoint impedance of
57.6 +j 1.4 Ohms, the same as with the R-X load. Where differences will appear is
in source impedance reports at a distance from the design frequency. In general,
an R-X load will provide too optimistic a portrait of the source impedance and result-
ing 50-Ohm SWR. A resistance-inductance load is necessary to arrive at a more
conservative but more correct set of curves.

Incidentally, throughout this sequence of models, both the ones covered so far
and those yet to be examined, the free-space gain of the Yagi varied by only 0.06 dB
and the front-to-back ratio varied by less than 0.1 dB. Since the feedpoint imped-
ance reported so far coincides with L-network calculations within a few Ohms, the
techniques are accurate and harmless to the model.
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If we are dissatisfied with the 7-Ohm deviation of the matched model from the
calculated nearly perfect 50-Ohm value—perhaps due to some task-driven require-
ment—then we can check the original model with the addition of the square to see
if the square in fact changed the source impedance significantly. To do this, we
need only return to version with the R-X load. We can change the values for R and
X to 1E10 to simulate an open circuit. With the present driver dimensions (+/-4.947
m), the source impedance in our check model reports as 23.3 - j 24.6 Ohms. The
added structure does not significantly affect the source impedance (originally 23.4 -
j 24.6 Ohms).

Nonetheless, the structure is composed of “fat” wire (25 mm or about 1") in
order to avoid NEC difficulties with angular junctions of wires having dissimilar di-
ameters. As well, the beta shunt component is placed at a slight distance from the
actual source. Inorder to arrive at a value of source impedance within about 1 Ohm
of calculations, it is necessary to juggle two aspects of the model: the driver length
and the reactance (or inductance) of the shunted load. For the model that we have
been using, | arrived at a source impedance of 50.6 + j 0.3 Ohms with a reactance
of 48.5 Ohms and a driver length of +/-4.963 m. The actual values do not necessar-
ily reflect what the physical antenna would require, but the juggling is typical of the
adjustment procedure used with beta matches to arrive at an acceptable, if not
perfect, match. Modeling does have more than numerical analogs to antenna con-
struction, if we are alert to identify them.

One limitation of the “added-square” system of putting a load in parallel with the
source is that it will disable the use of Leeson corrections, if our model uses a
tapered-diameter schedule of tubing. However, the uniform diameter model can be
used for analytical purposes, with the tapered diameter version later developed to
determine the exact element lengths required for the physical antenna.

If we wish to avoid the use of a square of wires at the feedpoint, we can still
arrive at a model of a beta match. The techniques will employ either a transmission
line or a network. Either modeling option requires that we create an “arbitrary” wire
at a distance from the antenna. The wire should be far enough away to create no
detectable effects on the model. As well, the wire can be perfect or lossless, be a
single segment, and be so short and thin that it is virtually invisible to radiated RF
energy. Fig. 6 shows the revised model with the square missing but with the arbi-
trary wire added into the wire set.
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The required shunt or parallel beta inductive reactance can be obtained not only
from an actual inductor, but as well from a shorted transmission line stub, the pro-
verbial beta “hairpin.” Transmission lines connected to the same segment as a
source appear in parallel with the source. Therefore, we can simply create a trans-
mission line using the “TL" facility built into NEC.

Fig. 46-7 shows the required transmission line screen. The transmission line
goes from the source wire (3) to the new distant wire (6). To make sure that the
transmission line appears as a short, we enter very high values of admittance, the
equivalent of entering exceptionally low values of impedance. The real and imagi-
nary components are the conductance and the susceptance, the inverse of resis-
tance and reactance. We enter values such as 1E10 in both places. Some pro-
grams automate this feature so that the user only needs to enter the request for a
shorted (or open) stub. See model 46-3.
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Every beta hairpin or stub will have a characteristic impedance based upon the
diameter of the wires making up the line and the distance between them. For this
exercise, we have arbitrarily set the characteristic impedance at 600 Ohms, indicat-
ing a fairly wide spacing between wires. The length is determined from the fact that
the inductive reactance of a shorted stub is the product of the line characteristic
impedance and the tangent of the line’s length in electrical degrees. The ratio of the
inductive reactance to the line impedance gives us the tangent of the line length in
degrees, which we can then convert into a fraction of a wavelength and from there
into a physical length (assuming a velocity factor of 1.0). For this case, the required
line length is 0.262584 meters (since the entire dimension set for the model has
been in meters). With this length, we obtain a source impedance of 49.2 - j 0.0
Ohms. This value is a few Ohms different from the values using the load applied to
the parallel wire square and is likely more accurate, since it involves the addition of
nothing physical to the antenna.
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Like the R-L-C type load, the transmission line stub will yield correct results on a
frequency sweep. Since the stub is specified as a set of physical dimensions (in-
cluding the characteristic impedance, which is derived from physical properties of
the line), it will correctly modify the source impedance over a wide frequency range.
In addition, even if the ultimate antenna will employ a beta shunt inductor rather than
a hairpin stub, the transmission line stub can be used with a tapered diameter ele-
ment set as a substitute for the coil for design purposes. The SWR curves for the
stub may not exactly coincide with those for the coil. Use of the coil to determine the
operating SWR bandwidth can be done with the uniform-diameter model. The two
significant items that a TL line will not reveal are a. any losses in the line (not usually
a problem with short stubs) and b. the effects of the physical line on the radiation
pattern.
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We have not yet exhausted the ways in which we can add a parallel load to a
source segment. For example, we have not yet employed a “network,” the NT
function of NEC. We can convert the required values of series resistance and
reactance to their equivalents for use in a short-circuited admittance matrix. An
example of the network screen appears in Fig. 46-8.

The source wire (3) represents the first port, while the “arbitrary” wire (6) repre-
sents the second port. Into the Y11 boxes we insert the real and imaginary values
required for a parallel or shunt admittance. We leave Y12's values as zeroes. We
create a short circuit at the Y22 entry place by using very high values (1E10) for both
the real and imaginary components. All we need to do now is determine the real and
imaginary components for Y11.

_fAs
332 " st

B, = _L (M

(7o =
P RSE + XSE

The equations in set (3) provide us with the conversion formulas to apply to the
series resistance (0.2345 Ohms) and reactive (46.9 Ohms) in order to arrive at
usable numbers. The resulting values appear in Fig. 46-8. The result, when the
model is run, is a source impedance of 49.0 - j 0.0 Ohms, which is in very close
agreement with the transmission stub result we just finished examining. However,
the network result is as limited as the R-X load technique: it is correct for only the
single frequency for which it is specified. See model 46-4.

Some programs do not provide the user with ready access to the network (NT)
facility, but they do permit use of the transmission line (TL) facility. In such as case,
we can simulate the network load across the source. Let's examine Fig. 46-9, the
same transmission line screen that we used for the shorted stub. However, we shall
approach it from a different angle.
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The line runs from wire (3) to wire (6). Let's set the characteristic impedance at
the value of the line to which we wish to effect a match, that is, to 50 Ohms, the
value of the coax that we want matched to the antenna. The length of a transmis-
sion is independent of the distance between wires (3) and (6) and can be set into the
TL call. We do not want the line to create any significant impedance transformation,
so we shall make the line very short. The arbitrary length used in this exercise is
0.01 meters.

Next, let’s place the (overly precise) shunt admittance values that we calculated
into the real and imaginary (conductance and susceptance) boxes at the “far” end of
the very short line. We now have the load across the source. The source imped-
ance that NEC reports from this model is 49.0 - j 0.3 Ohms, almost precisely the
value obtained by using the network. However, like the network technique, this ap-
plication of the transmission line facility is limited to a single test frequency. See
model 46-5.
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Of the 5 techniques that we have shown for modeling a beta match, the beta
inductor on the extra wire square and the transmission line stub are certainly the
most useful. Both are responsive to changes in frequency and therefore produce
relative accurate impedance and SWR curves for estimating the operating band-
width of the loaded source antenna. One can change the value of the inductor’s Q
and develop sets of curves for the operating bandwidth using different values of Q.
However, the “added-square” technique is not applicable if tapered-diameter ele-
ments are used with the Leeson corrections enabled.

In spite of this judgment, this exercise has had something of an ulterior motive.
The network facility available within NEC (-2 or -4) is rarely used by modelers, espe-
cially modelers with less experience in handling shunt admittance networks. In-
deed, most amateurs are far more familiar with the concepts of resistance, reac-
tance, and impedance than with their very useful inverse concepts of conductance,
susceptance, and admittance. For such reasons as these, some implementations
of NEC omit the network facility altogether (along with many other lesser-used facili-
ties) from basic software packages. Other implementations include the facility, but
pass over it in silence in manuals. Indeed, the NEC user manual itself is somewhat
opaque on the subject for anyone not having significant previous experience with
networks

The examples that | have contrived for this exercise are in many ways unneces-
sary for effectively modeling a load across a source. However, they do call attention
to two facts: 1. the network facility is available and can be put to service, and 2. the
transmission line facility is a special case of the network facility.

Networks can place loads of various orders across any segment. For very large
models, an added advantage of the network is that the load can be changed without
causing a recalculation of the structure matrix, as is required when using standard
loads (the LD facility). As well, networks are in parallel with sources on the same
segment, unlike loads (LD), which are in series with sources on the same segment.
To offset this advantage, we may note once more that the network value does not
automatically scale with frequency changes, as does an R-L-C load.

It may be the case that the increasing speed of desk-top computers and the
ease with which one may form a work-around for paralleling a source and a load
have largely obviated the advantages of using networks for small to fairly large size
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models. In any event, we have at least made a passing acquaintance with net-
works, and that may be enough for one exercise.

* % *x % %

Models included: 46-1 through 46-5. 46-4 and 46-5 not available in .EZ format. (All
model dimensions in meters.)

__
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47. So You Want to Read a NEC-Deck

Those who develop implementations of NEC for newer users often create “user-
friendly” interfaces between the data that the NEC core requires and what the user
sees on screen. The result is very often a more effective first use of the program.
However, the interface can obscure the basic structure of the NEC core and its
potentials.

Many users of ELNEC and EZNEC are wholly unfamiliar with the basic ele-
ments of a standard .NEC input file, since the program uses a proprietary model file
system. The model description bears a close but unclear relationship to a compa-
rable .NEC file. Users of NEC-Win Plus may also be unfamiliar with the terms and
layout of an EZNEC antenna description file (called a PD file for the abbreviated
keystrokes used to generate it). Some users of Plus may never even look at the
available spreadsheet screen that gives the file listing in ASCII .NEC-format terms.
As an exercise in correlating user formats and .NEC files, let's compare the data of
an EZNEC model description file and the corresponding lines of a standard .NEC
file. The exercise will acquaint us with the basic terms of the NEC deck.

In most advanced implementations, NEC uses a card-deck input file whose for-
mat goes back to the early days of FORTRAN, when punch cards provided compu-
tational inputs. Nowadays, we simply type in a single line of input-file text as a
replacement for the old punch cards—and many current FORTRAN users simply
do not make a connection between the line format and the old punch card require-
ments. For brevity, each card contains a labeled sequence of information, the indi-
vidual parts separated by a delimiter. Since we Americans use “.” as our decimal
indicator, we use commas or spaces to separate information. European formats

may vary.

To get us started, let's compare the antenna description file for a simple 2-ele-
ment Yagi with the corresponding card deck. Then we can explain each type of card
we encounter. If you wish, you can try your hand at correlating each element in the
NEC deck to elements in the EZNEC antenna description file before reading be-
yond them.
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EZNEC Antenna Description File
2el Yagi 12M
Frequency = 24.95 M.
Wre Loss: Al uminum —Resistivity = 4E-08 ohmm Rel. Perm =1

W RES
Wre Conn.—End 1 (x,y,z : ft) Conn.—End 2 (x,y,z : ft) Dia(in) Segs
1 -9.100, 0.000, 40.000 9.100, 0.000, 40.000 1.00E+00 11
2 -8.800, -4.800, 40.000 8.800, -4.800, 40.000 1.00E+00 11
3 -0.200, 0.000, 1.000 0.200, 0.000, 1.000 # 14 1
SOURCES
Sour ce Wre Wre #/ Pct FromEnd 1 Ampl . (V, A) Phase(Deg.) Type
Seg. Act ual (Speci fied)
1 1 3/ 50.00 ( 3/ 50.00) 1. 000 0. 000 \Y,
LOADS
Load Wre Wre #/ Pct FromEnd 1 R (Ohns) X( Chnrs)
Seg. Act ual (Speci fied)
1 6 2/ 50.00 ( 2/ 50.00) 1. 000 100. 000
—— TRANSM SSI ON LI NES
Line Wre #/ % From End 1 Wre #/ % From End 1 Length Z0 Vel Rev/
Actual (Specified) Actual (Specified) Chms Fact Norm
1 1/50.0 ( 1/50.0) 3/50.0 ( 3/50.0) Actual dist 50.0 0.66 N

Ground type is Real, high-accuracy analysis
Conductivity = .005 S/m Diel. Const. = 13

MVEDI A
Medi um Conductivity(S/m Di el ectric Const. H(ft) R Coord(ft)
1 5. 000E- 03 13. 00 0 (def) 0 (def)

.NEC Input File

CM 2el Yagi 12M

CE

GW1 11 -9.1 0 40 9.1 0 40 .04165

GWNW2 11 -8.8 -4.8 40 8.8 -4.8 40 .04165
GW3 1-.201.201 2. 6706E-03

GS 0 0 .3048
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GE 1
GN200013.0050000
EX031010
LD4 26 611000
LD5 1 1 11 2.4938E7
LD 5 2 1 11 2.4938E7
LD5 31 1 2.4938E7
TL 16 3150 18.01 0000
FRO 100 24.950
RP O 1 361 1000 76 0 1 1
EN
Wire 1
Source Wire 2
A | i
: 182'0r +-9.1"
: i i
‘ . Wire 1
48 176 or+~858
: —g -
Transmission :
29 Line * B Wire 2
: 40
Lrtenna used as a NEC deck sample.
wire 3
Y
7 ¥ Fig. 47-1
9

The antenna described by these two files is shown in Fig. 47-1. Itis a simple 2-
element Yagi of relatively modest performance.
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The main screen of EZNEC 3.0 shows us the basic modeling data in the form
illustrated in Fig. 47-2. Most of the detail resides in sub-screens that the user ac-
cesses by mouse-clicking on the entry line in the main screen. The results appear
in Fig. 47-3, which | have shown as an elevation plot, even though the model speci-
fies an azimuth plot.

FEEZNEC/4 v 3.0 (2]
File  Optionz  Outputz Plat Setups Wiew  Uhlties  Help
> 2el Yag 12M
Open | File amodd ¥ nec
Save Az * | Frequency 24.95 MHz.
Eilsis Wavelength 39427 1
TR > | Wires Ihires, 23 segments
“LoadDat | > | Sources 1 Source
R > | Loads 1 Load
B » | Trang Lines 1 Line
= * | Ground Type Feal/High Accuracy
e > | Ground Descrip 1 Medium [0.005, 13]
Wiew dnt | > | Wire Loss Aluminum [E0E1-TE)
> | Units Feet
* | Plot Type Elevation
> | Azimuth Angle 90 Deg.
* | Step Size 1 Deq.
> | Ref Level 0dBi
> | Alt SWR 20 35 ohms
> | Gnd Wave Dist OFF
Fig. 472
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. 2D Plot: Zel Yagi 12M

Eile Edit “iew DOptions HBeset
L 0dB-. EZMEC4

24,93 MHz
Elervation Plot Curzor Elew 140 deg.
Azimuth Angle 900 deg. Gain 1113 dBi
Outer Ring 11.13dBi 0.0 dBmax
Slice Max Gain 11.13 dBi i@ Elev Angle =14 .0 deg.
Bearnswvicith 144 dey. -2dB @ 6.7, 21.1 dey.
Sidelobe Gain 913 dBi @ Elev Angle = 46.0 deg.
FromtfSidelobe 2.0 dB

Fig. 473

NEC-Win Plus uses a different type of main screen, with considerable, but far
from total, data entry up front. Frequency, wires, element diameter, and material all
may be done from the lead page, although the specifics of the pattern request,
ground, source, load, and transmission line require sub-screens. Fig. 47-4 illus-
trates the situation. A full readout of the .NEC file, like the one shown below the
EZNEC model description file, is available from the “NEC Code” tab of the spread-
sheet.
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NEE-Win Pluz+ [amod47.nwp] [Model Has Been Edited)

File Edit Configure Command: Help

Dz(EE] %[e|@| m ®7] ¥ wlz|e| é&

~Frequency [MHz] - ~Ground——————— ~Radiation Patterns —————————— —Geometip ———————
| Start |2495 || !—ISDI‘ntIfBH Ground =] | | |07<A2<360° El=14" Step=1° Ol/—)l/‘l
End  |24%5 | Conductivity [s/ml. .005 | — i
I_.u Rel, Permitivity: 13, | 10 |==|5%8
| e [0 | : =
| 3o Size: ! __Ede | | 4| % =] zo-m0m " Stepped fest
| H [p.0833 Fig. 474
wire [Seg. | X1 [ v [ @ [ x2 | w2 | zz Diiar, Conduct | Sroild | 2]
1 1 -9.1 0] 40 9.1 0 40 0.0533 E063 0o | —
2 111 -3.8 -48 40 g8 -45 40 0.0533 B0E3 oA
3 N -0.2 a 1 nz ] 1 14 BN BOE3 1m0
4
5
]
T
g
9
10
11
12
3 -
| ks, s Bquations A HEC Cade A Model Famms 7 ll

Whatever the program, the performance results are the same: Gain: 11.1 dBi;
180-degree front-to-back ratio: 11.1 dB; feedpoint impedance: 42 + j5 ohms. The
general azimuth pattern at the take-off angle of 14 degrees appears in Fig. 47-5.
NEC-Win Plus has a data (“Analysis”) screen attached to its polar plot, but it has
been omitted here.
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Azimuth Pattern: Elevation Angle 14 Degrees

I have purposely modified a simple antenna to include an inductive load in the
reflector, thus making it physically shorter than the driven element. | have also run
a 50-ohm transmission line straight down to within 1' of the ground and created a
source wire there. If we had only the simple 2-element Yagi with which to work, our
NEC deck would be pretty skimpy.

Chapter 47 ~ So You Want to Read a NEC-Deck



Antenna Modeling Notes: Volume 2 358

Let's look at each card in the deck and read out the information, cross checking
it against the EZNEC file. In most cases, | have spread the data units out and
labeled them beneath.

1. CM 2el Yagi 12M

This is a comment card for storing information about the file in ASCII text. It
does not enter into the calculations. You may have any number of comment cards,
although some implementations limit them. In EZNEC, you may have only one CM
card, called the “title.” (However, EZNEC 3.0 permits the user to generate a text file
to accompany the model with any number of ASCII text comments added. This
replaces the CM cards of a standard NEC file.)

2. CE

This card is the “comment end” card, signaling that data for calculation follows.

3. ow 1 11 -9.1 0 40 9.1 0 40 . 04165
GwW 2 11 -8.8 -4.8 40 8.8 -4.8 40 . 04165
GwW 3 1 -.2 0 1 .2 0 1 2. 6706E- 03
Type Tag Segs E1 X E1 Y El1 Z E2 X E2Y E2 Z Radi us

”

Type GW cards describe the antenna geometry. Each antenna wire, or “Tag,
has a separate numbered card or line (1, 2, and 3). The Segs (segmentation) entry
tells how many segments the wire is divided into (11 each for Tags 1 and 2, 1 seg-
ment for Tag 3). Then come the Cartesian coordinates for End 1 and End 2 of each
straight wire. Here, as in the EZNEC file, they are given in feet. Finally, the wire size
is given as a radius. (It is 1/2 the diameter given in the EZNEC file. However, the
EZNEC file lists the diameter in inches. The NEC deck must use the same units
throughout the GW cards, so a 1" diameter becomes a 0.04165' radius. See also
the NEC-Win Plus entry for diameter—also in feet and hence 0.0833. The wire size
figure for Tag 3 is the radius of #14 wire, in feet.)

4. GS 0 0 . 3048
Type Mul tiplier

Although most implementations of NEC, such as NEC-Win and EZNEC, give
the user a choice of common units of measure for setting up the antenna geometry,
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NEC itself calculates only in meters. In the last of its 4 columns, the “geometry
scaling” card gives the multiplier needed to convert to meters.

5. CE 1
Type End

The “geometry end” type card signals the end of the wire set-up and prepares
the way for other data that enter into the calculations.

6. GN 2 0 0 0 13 . 005 0 0 0 0
Type G type Die-C. Cond.

The ground parameter card specifies the type of ground calculation system and
the necessary parameters to make the calculation. Here, we show a single me-
dium, although a second medium can be set.

There are 4 types of ground systems used with NEC: -1 = free space; 0 = a finite
ground with a reflection coefficient approximation (the “fast” ground in EZNEC); 1 =
a perfectly conducting ground; and 2 (used here) specifies a finite ground using the
Sommerfeld-Norton method of calculation for greatest accuracy. (In addition, EZNEC
implements the MININEC ground calculation system for users who may find it con-
venient for some vertical antenna models.)

Finite ground conditions (cases 0, 1, and 2) require two numbers to implement
calculations. The first is a relative dielectric constant, usually given as an integer.
Second is the conductivity in Siemens/meter (mhos/meter in older terminology).
Both are generally derived from tables. The values shown represent a default pre-
sumption of medium earth conditions. Both numbers are omitted for perfect ground.

As with many cards in the NEC deck, there are unlabled “0” fields. Some of
these represent fields simply left blank; others represent input positions for more
specialized conditions not relevant to most common ham HF antennas. (Some may
be relevant to VHF and UHF antennas.)

7. EX 0 3 1 0 1 0
Type S-type Tag Seg Vol t age: Real | nmaginary
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The “exitation” or source information card allows for many types of exitation, of
which only voltage sourcing is usual in HF ham use. Hence, the source-type is “0".
The next two columns specify the placement of the source in terms of tag number
and segment number in that wire. Here, the remote wire has only one segment, and
the source is placed at its center. Many programs allow specification of the source
at some distance from End-1 of the designated wire, and will then place the source
as close to that point as segmentation permits.

For most ham uses, sources are either voltage or current. The latter is useful for
scanning current levels along a wire, since a voltage source of “1” yields small frac-
tions of an amp current, making scanning more difficult. Current sources may also
be necessary for some advanced applications.

Nonetheless, both types of sources are voltage sources ultimately. The current
source is generated by a voltage source set on a remote wire and transformed into
a current source by a phase-shifting network. The NEC deck for a NEC-Win Plus
model will show the wire and line, while EZNEC stores this information internally.

Voltages are given in terms of X and Y (“real” and “imaginary”) coordinates de-
rived from inputs that can be given as a voltage and its phase angle. User current
magnitude and phase angle inputs are converted to appropriate voltage values at
the remote source wire.

In general, when converting among programs (for example, between EZNEC
Pro and NEC-Win Pro), itis best to use a voltage source to avoid the possibility that
one program cannot read the other’s remote wire current source technique. Chang-
ing back to a current source can be done after file conversion is complete.

8. LD 4 2 6 6 1 100 0
Type L-type Tag Start Seg End Seg R L or X C

There are two types of loads to consider: concentrated element-loading quanti-
ties and distributed element material loads. This card illustrates an inductive load
added to the center of the reflector. Load types 0 through 3 represent categories of
R-L-C combinations that can make up a load. This card shows a type 4 load, which
is specified in terms of a series resistance and reactance in Ohms.
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The “tag” and “segment” items locate the load at the midpoint of wire 2. Since
there are start and end segment numbers, some loads may be distributed for more
than a single section, but most ham antennas employ concentrated loading located
within a single segment.

The final two values (1 and 100) specify the resistance and reactance of the
load in ohms. Capacitive reactance, of course, would be entered as a negative
number.

9. LD 5 1 1 11 2. 4938E7
LD 5 2 1 11 2. 4938E7
LD 5 3 1 1 2. 4938E7

Type L-type Tag Start Seg End Seg Conductivity

Material losses are type-5 loads. As with other loads, the wire (tag) must be
identified, along with the first and last segments to which the load applies. Note that
these loads apply in addition to any lumped-constant loading of types 0 through 4.

To avoid confusion by newer modelers, EZNEC only refers to lumped constants
as loads, preferring instead to call material loads “wire losses.” EZNEC also ex-
presses these losses as a function of resistivity and relative permittivity. However,
the value of resistivity in this case, 4.0E-08 ohms, is simply the reciprocal of the
NEC deck conductivity value of 2.4938E7 mhos or Siemens. Additionally, EZNEC
restricts antennas to one type of material per model, although the NEC deck per-
mits a specification of a different conductivity value for each wire. Note the NEC-
Win Plus entry space for a conductivity value for each wire in the antenna model.

10. TL 1 6 3 1 50 18.01 0 0 0 0
Type Start tag/seg End tag/seg Zo Length

Transmission lines are not physical models in NEC, but non-radiating math-
ematical constructs. Hence, they can have any length, regardless of the actual
distance between their start and end points on wires. Special techniques are used
for shorted and open stubs, but the example here runs a common coax line from the
antenna proper to a short segment used a. to terminate the transmission line and b.
to serve as the overall source point for the antenna system.
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By now, the start and end wire and segment numbers are obvious. As in the
EZNEC PD file, the next two columns specify the characteristic impedance of the
line and its length. In EZNEC, this can be done in several ways, all of which trans-
late into a final characteristic impedance and definite length in meters. In the PD
file, the length was given as the actual distance between wires, 39', modified by the
velocity factor of the line, .66. This results in an electrical length of 59.1' or 18.01
meters. In NEC-Win Plus and Pro, one must enter the total electrical length and
hence pre-calculate the value from the physical length and the velocity factor of the
line used.

11. FR 0 1 0 0 24,95 0
Type Stepping No. of FQs Start FQ |Increnent

Antennas are modeled at one or more frequencies. If a single frequency is
used, as in this example, the information needed is limited. “Frequency sweeping”
requires more information.

Stepping can be non-linear (stepping = 1), but normal ham frequency sweeps
are linear, changing frequency by the same amount each time. For sweeps, the
user specifies the number of frequency steps, the start frequency, and the incre-
ment by which to step. For this single frequency model, the number of frequency
steps is 1, and the increment is 0, while the modeled frequency is 24.95 MHz.

12. RP 0 1 361 1000 76 0 1 1
Type Mode No. Theta No. Phi Special Theta Phi Th Inc Ph Inc

The report card specifies what output data is desired from the calculations. Mode
“0" is the normal mode for far-field data.

Horizontal angular changes are measured as “phi” degrees. Elevation angular
changes are measured as “theta” degrees. Although most hams are used to count-
ing elevation from the ground up, NEC counts theta angles from the zenith down.

This example specifies a report for one theta (elevation) angle, but a full circle of
azimuth (phi) angles. Skipping the “Special” column for a moment, the theta angle
is 76 (or 90 - 76 for a 14 elevation angle). The figure is a start figure, although only
one theta angle has been specified. The azimuth or phi start angle is 0, but will pass
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through 361 (to ensure a complete circle with a common value at each end of the
progression). Both theta and phi are specified for increments of 1 for good resolu-
tion.

The “Special” column contains 4 values that direct the calculations to produce
certain types of outputs. 1000 is normally used for vertical, horizontal, and total non-
normalized power gains with no averaging. Other outputs are available, and the
user is usually interrogated in plain language for the desired output data and form by
each program.

Users of NEC will sometimes be surprised to find that a symmetrical antenna,
such as a Yagi, produces a main lobe identified by as much as 2 to 3 less than the
expected bearing. Implementations of NEC may identify either the first instance of
the maximum power gain as the main lobe or may sample the subsequent headings
and center the identified main lobe heading among equal maximum readings. If a
program uses the first of these options, then increasing the phi increment will often
return the main lobe to its expected position.

13. EN

EN signals the end of the .NEC file. The line is not necessary with some output
requests, but never hurts.

Hopefully, this brief trip through a short NEC deck will orient you to how the input
files are constructed for use with NEC. Remember that the card explanations have
not covered all the ways in which one may place data on a card of a given type. Only
the most common kinds of data inputs for typical ham antenna installations have
been illustrated.

The low-end implementations of NEC-2 omit many of the features and functions
available with core in order to create the user-friendly interface that covers the fea-
tures most needed by the average user. However, high-end programs designed
with less “friendliness” and more calculating potential (such as NEC-Win Pro and—
for NEC-4—GNEC) tend to make the entire deck available to the user. As a refer-
ence, here is a list of NEC-2 cards, some of which we have reviewed and some of
which will seem odd. In addition, cards like the RP request have far more options
than we have covered, including not only far field patterns, but ground wave pat-
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terns as well. EX allows not only for definite voltage sources, but as well for plane-
wave excitation for receiving analysis.

Structure Geonetry |nput Cards

CcM CE Comment Cards

Wre Arc Specification

End CGeonetry I nput

Read Num Greens Function

Hel i x- Spi ral Specification
Coordi nate Transfornmati on
Generate Cylindrical Structure
Scal e Structure Di nensions
Wre Specification

Refl ection in Coordinate Pl anes
SP Surface Patch

22RB229RQ

Program Control Cards

cP Maxi mum Coupl i ng Cal cul ation

EK Ext ended Thi n-Wre Kernal

EN End of Run

EX Excitation

FR Fr equency

G\, GD Ground Paraneters

KH Interacti on Approxi mati on Range
LD Loadi ng

NE, NH Near Fiel ds

NT Net wor ks

NX Next Structure

PQ Print Control for Charge on Wres
PT Print Control for Current on Wres
RP Radi ati on Pattern

TL Transm ssi on Lines

WG Wite Num Geens Function File
XQ Execut e

Some programs, like EZNEC, do not generate a NEC deck, but instead com-
municate with the NEC-2 calculating engine via a number of binary files. (A NEC
deck output is available in EZNEC Pro with the NEC-4 calculating engine.) Some
programs, like NEC-Win Plus, use alternative formatting methods—a spreadsheet
file in this case, but also make available the option of saving the model as a .NEC
file. Others, like NEC-Win Pro or GNEC, make the deck an integral part of the
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modeling process. Getting used to the NEC deck can increase your ability to glean
more from whatever program you choose as your basic modeling vehicle. Familiar-
ity may also aid you in interpreting articles that present antenna modeling data in
.NEC input file format. Patches, Green’s functions, networks, and wire grids are
beyond the scope of this introduction, but may be found in NOSC Technical Docu-
ment 116, Volume 2, Numerical Electromagnetics Code (NEC)—Method of Moments,
Part Ill: User’s Guide (1981), which is the source of most of this data.

* % *x % *

Model included: 47-1. (All model dimensions in feet.)

__
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48. Radiation Plots: Polar or Rectangular; Log or Linear

The user of NEC or MININEC often has choices in how to graphically portray
data. The choices (not all of which may be available within a particular program)
generally consist of the following.

Polar Plot: Logarithmic Scale

Polar Plot: Linear Scale
Rectangular Plot: Linear Scale
Rectangular Plot: Logarithmic Scale

AR

| have heard numerous arguments for and against each type of presentation. |
shall forego all of them. Instead, let's pick an antenna whose plot has some rela-
tively fine detail (in terms of secondary lobes of interest). Then, let’s look at the free-
space plots under each of the options listed above.

Fig. 48-1 presents the .NEC file of a 12-element Yagi with a test frequency of
148 MHz. The linear elements extend from -X to +X, with the boom extending from
a value of zero on the Y- axis to positive Y-values. The dimensions are in meters.
The boom length is 6.045 m long (about 19.8"). The 4.76-mm diameter (0.00238-m
radius) elements are 0.1875" (3/16") rod. The material is standard aluminum (read
fromthe LD lines), and the elements are presumed to be well insulated and isolated
from any conductive materials in the boom that supports them. The environment is
free space. As is usual for Yagis, the source or feedpoint is at the center of the
second element from the rear. Fig. 48-2 presents an outline sketch of the antenna.
See model 48-1.
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GMEC [MEC4] - [D'WA2M126.MEC]

File Edit Command Options  Help

EE SRS S E S RN R

CM 1Z-el OWA Yagi 146 MHz

CE

W 1,21,-.5194,0.,0.,.51%943,0.,0.,.00238

=W Z,21,-.5016, .22331,0.,.50165, .22331,0.,.00238
=W 3,21, -.4699, .34215,0.,.46991, .34215, 0., .00238
=W o4,21,-.4613, .64461,0.,.461365, .644581, 0., .00238
W 5,21,-.4622,1.03434,0.,.46224,1.03434,0.,.00238
=W &,21,-.459%8,1.55%0%9,0.,.45989,1.55%909,0.,.00238
=Y, 21,—-. 447, 2. 19682, 0., .44704,2.19682,0.,.00238
=W 8,21,-.4356,2Z.9444,0.,.43561,2.9454,0.,.00238
G 9,21, -.4267,3.72364, 0., .42672,3.72364, 0., . 00238
=W 10, 21,-.41758,4.53136,0.,.41783,4.53136,0.,.00238
=W 11, 21,-.408%9,5.334,0.,.408%4,5.334,0.,.002348

=wo12, 21, -.39%62, 6.0452, 0., .39624, 6. 0452, 0., .00238

E O

Lo 5,1,0,0,2.5E+07, 1.
LD 5,2,0,0,2Z2.5E+07,1.
LD 5,3,0,0,2Z.5E+07,1.
LD 5,.4,0,0,Z.5E+07,1.
Lo 5,5,0,0,2.5E+07, 1.
LD 5,6,0,0,2.5E+07, 1.
Lo 5,7,0,0,2Z2.5E+07, 1.
LD 5,.8,0,0,Z.5E+07,1.
Lo 5,9,0,0,2.5E+07, 1.
LD 5,10,0,0,2.5E+07, 1.
Lo 5,11,0,0,2.5+07, 1.
Lo 5,.12,0,0,2.5e+07, 1.
FR O0,1,0,0,148.

=N -1

Ex 0,2,11,0,1.414214,0.
rP 0,1,351,10040,20.,0.,0.,1.,0.
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Outline Sketch of the 12-Element Yagi Subject Antenna

Fig. 48.2

For the record, when modeled in NEC-4, the array has a free-space gain of
14.27 dBi, a worst-case front-to-back ratio of 23.14 dB, a source impedance of 43.9
- j 4.0 Ohms, and a 50-Ohm SWR of 1.17:1. The -3dB beamwidth is about 36
degrees. However, these figures do not tell us anything of the pattern shape: whether
it has very significant secondary forward or rearward lobes or whether the pattern is
clean and well controlled. To determine these matters, we can examine the tabular
data provided by NEC or we can examine graphical plots of the data. The NEC core
yields only the tables. All graphics are added by the programmer.

In the following notes, all patterns will be products GNEC by Nittany Scientific.
My program choice for this exercise was simple: GNEC has both polar and rectan-
gular plot capabilities. For linear plots, the user has the option of selecting maxi-
mum and minimum values for the plotting space.

The Logarithmic Polar Plot

The logarithmic polar plot shown in Fig. 48-3 was a creation of the American
Radio Relay League somewhere in the distant past. This type of logarithmic plot is
perhaps the most familiar of the common polar plotting styles used. In some soft-
ware, plotting beyond the -40 dB point is shown, although in this GNEC plot, the line
is cut off at this point. In principle, graphing can go on down to an infinitesimal value.
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Azimuth Pattern 0 ARRL-Log
Free-Space Scale
12-Element Yagi

Subject Antenna 30 330

270

Normalized 180 Fig. 483

Every polar plot scheme is subject to a set of equations that determines the
placement of the data points that make up the curve. The angle at which they occur
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is fixed by the data itself, but the distance from the plot center is a function of the
equations used. The equations may be simple—as they are in linear plots—or
complex, as in the present log plot. Note that plotting radiation strength in dB on a
log scale results in a form—but not the only possible form—of a double log plot.

First, the plotin Fig. 48-3 is normalized, which is to say that its outer ring is given
a value of 1.0 for plot point calculation purposes. The maximum gain of the array is
set equal to this value. Hence, the pattern just touches the outer ring. In normalized
plots of radiation patterns recorded in dB, the outer ring is usually set to zero dB with
inner rings set of -X dB each, where X is another matter of choice—usually of the
software writer. Non-normalized plots are possible and often used, although the
normalized plot permits the largest pattern that will fit within the outer ring of the
graphic.

Second, we need to determine the point positions for any heading in terms of
their distance from the plot center to the outer ring. Since the plot shows the head-
ings of the -3 dB points for the pattern, we can illustrate the process used to gener-
ate the plot in Fig. 48-3 with good simplicity. By using the -3 dB points, we have
already made the first step. Let MG = the maximum gain of the pattern and GH =
the gain at some new heading—in this case either 72 or 108 degrees.

EX=MG-GH (1)

EXis simply the difference between the maximum gain and the gain at the new
heading. For our example, the gain at 72 and 108 degrees is close to 11.27 dBi.

The position of the dots for 72 and 108 degrees are determined by the next
equation, in which VP = the value point as a decimal value relative to 1 and hence
the distance away from the center of the plot toward the outer ring.

EX

VP=0.80 2 (2)

The -3 dB points will be about 0.84 of the way from the center toward the outer
circle. In a similar manner, we calculate that the worst case front-to-back ratio point,
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23.14 dB, will be at about 0.26 of the way from the center to the outer ring. Relative
to the outer ring distance on the plotin Fig. 48-3, you can measure these distances
with a ruler. The particular equation shown applies only to values of radiation strength
given in terms of dB and requires modification for values given in terms of mea-
sured or calculated signal voltage.

Although the plots on most antenna modeling software mark the reference rings
in 10 dB increments, there is nothing fixed about this practice. In fact, ARRL publica-
tions use 3 dB increments down through -12 dB with further -18 and -24 dB mark-
ers. Moreover, there is nothing fixed (except by tradition) about the equation itself.
In non-normalized plots, the user may have a choice of selecting the value of the
outer ring. In such cases, the adjustment of the pattern to the selection is simple
arithmetic. The gain at every heading is calculated against the value set for the
outer ring instead of against the maximum gain of the pattern.

The logarithmic scale is perhaps the most familiar of the many options for plot-
ting a radiation pattern. It tends to enhance the forward lobe and to emphasize the
beamwidth, especially of narrow-beamwidth arrays such as the subject 12-element
Yagi. Atthe same time, it also tends to reduce the resolution of fine detail of weaker
portions of the pattern.

The Linear Polar Plot

An alternative to the log polar plot is the linear polar plot, shown for our subject
antennain Fig. 48-4. Note that in this context, “linear” refers to a linear counting of
decibels, which is already a logarithmic function relative to power or to voltage and/
or current.

Because the plot steps from the center of the graphic toward the outer ring are
linear, the -10-dB ring in Fig. 48-4 is much closer to the outer ring than with the log
plot in Fig. 48-3. The effect is to broaden the visual pattern and to enhance the
detail of the plot with respect to weaker portions of the pattern. Compare the rear-
ward portion of the plots in Fig. 48-3 and Fig. 48-4, as well as the secondary lobes.
Remember that both plots present the same data. The difference lies in the manner
of presentation.
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Azimuth Pattern 0 Linear Scale
Free-Space Mininum Value: 50 dB

12 Element Yagi Steps: 10 dB
Subject Antenna . 330

%0 Al 40 30 20 -10 1] 270

180 . ‘ 210

Normalized 180 Fig. 484

The plotin Fig. 48-4 uses a scale that runs from 0 dB for the outer ring to -50 dB
at the center. Unlike the log plot, a linear plot must specify both the outer ring and
the center values. For a normalized pattern, the outer ring equals the maximum
gain of the antenna under study. The minimum or plot-center value is a user choice.
In this case, -50 dB provided a good visualization of the secondary lobe structure—
and that fact determined the choice. As a point of comparison with the log plot, the
-3 dB points on the 50-dB scale are .94 of the way toward the outer ring, while the
worst-case front-to-back ratio point is .54 of the way from the center.
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Linear polar plots are not automatically superior to log plots. Indeed, since the
center point value is user selected (or in some cases, software selected without

user choice), the utility of a linear polar plot depends upon the center value selected.
It is possible to create virtually useless linear polar plots.
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Fig. 48-5 shows a worthless linear polar plot of the subject antenna. It uses a
center value of -185 dB and 35-dB steps in the rings. Since the free-space pattern
of a horizontally polarized directional antenna with linear elements very often results
in very high values of front-to-side ratio, an automated program can make unwise
choices for the user. In Fig. 48-5, the selected values spread the pattern to such
extremes that differentiation of any detail is almost impossible. In short, the linear
polar plot is not intrinsically better or worse than a log plot in showing any particular
features of a pattern’s shape or features.

Selecting a linear polar plot value set, then, is the most crucial step in generating
a plot that does useful work in demonstrating salient points of the radiation pattern.
Since the center point is user or software selected, its value must always be made
accessible to the plot reader, either by a legend or by a plot-line label. Otherwise,
the plot may become seriously misleading.

In non-normalized plots, the user once more selects the gain value assigned to
the outer ring. Then the gain of the pattern at every heading becomes a percentage
of the distance from the center to the gain value set into the outer ring. Since
computer graphics programs tend to separate the setting of the polar plot space
and rings from the assignment of data points within the rings, the value of the outer
ring will usually be recorded in a separate alphanumeric entry. The plot rings usually
retain the same labels, regardless of the outer ring value.

The Linear Rectangular Plot

Fig. 48-6 shows a rectangular plot of the radiation pattern data using a linear
scale for the Y-axis. Many analysts prefer the rectangular plot because it allows a
comparison of signal strength (whatever the units happen to be) at every heading
with only a glance at the reference lines across the plot from the Y-axis. The plot in
Fig. 48-6 has not been normalized. Indeed, normalization is more the exception
than the rule with rectangular plots, because the practice often creates odd incre-
ments between values on the Y-axis. Odd numbering of the Y-axis markers tends to
defeat the easy determination of gain values for every heading.

Chapter 48 ~ Radiation Plots: Polar or Rectangle, Log or Linear



Antenna Modeling Notes: Volume 2 375
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The generation of a linear rectangular graph requires close attention by the user,
especially to the Y-axis minimum and maximum value. Indeed, in some cases, the
user may have to experiment with the selection of values to reveal all of the relevant
data in sufficient detail. The selected value captures the low-level variations in
strength near the front-to-side bearings without going to extremes. There are no

further lobes to be revealed by carrying the 0, 180, and 260 degree values below the
-50 dB point.
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In the graph shown in Fig. 48-6, the minimum value could have been carried to
-100 dB, asitwas in Fig. 48-7. However, the detail of the pattern for values between
-30 and +20 dB would have been obscured by unneeded “scrunching.” For ex-
ample, in Fig. 48-7, it is not easy to tell if the smallest side lobes of the forward
pattern (between 0 and 180 degrees) show a peak or are simply level. The determi-
nation is easy to make in Fig. 48-6.

The rectangular graph also provides the rationale for setting up the original model
with the linear elements set on the +/-X axis. The result is to place the main lobe of
the array on the Y-axis in the wire set-up screen, that is, at a 90-degree heading.
Although the other convention of laying elements on the +/-Y-axis is often conve-
nient for polar plots, the set-up used here presents the forward and rearward pattern
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details as complete lobe structures. In Fig. 48-6, one might have added the labels
“forward” and “rear” to the left and right portions of the graph, respectively.

In short, creating a rectangular plot requires forethought that goes all the way
back to the initial model set-up. Of course, this caution applies mostly to cases
where one uses the graphic capabilities built into a given piece of software. If one
exports the radiation pattern data to a spreadsheet, one can then manipulate either
the plotting facility or the angular data. Thus, the resulting rectangular plot can have
the appearance of Fig. 48-6 (or any other that may fit a given antenna pattern),
whatever the orientation of the initial model.

The Logarithmic Rectangular Plot

Free-Space Azimuth Pattern: 12-Element Yagi
Radiation Pattern Power Gain (dB) vs Angle
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The Y-axis of a rectangular plot can be given a log scale. But the results may
become “the plot that failed,” as in Fig. 48-8. If you compare Fig. 48-8 with Fig. 48-
6, you will discover that only the portion of the graph in which gain values exceed 0
dB appear on the new plot. That is a problem with logarithms—they work with
positive numbers. Such a problem would not exist if we were plotting signal strength
in volts.

To achieve a proper logarithmic scale for the Y-axis of a rectangular plot would
require exportation of the radiation pattern data, followed by a conversion of the
entire lot of it into positive numbers. Then one might use that converted data with a
log Y-axis, although the labels might be reconverted to values corresponding to
those on the original data table.

These last notes have made a small case for exporting data from the NEC
output file to programs within which the data may be manipulated for the most effec-
tive presentation and study. Even the most competent antenna modeling software
will have limitations and cannot anticipate all possible user needs or interesting
results that call for special presentation. If it could anticipate all needs, we might
simply set up a data bank of results and forget the modeling process itself.

In the end, the modeler should be prepared to go beyond the modeling software
itself to develop effective graphics—whether for radiation patterns or any other facet
of the data generated by the core. The forethought required for setting up a model
in anticipation of graphing the results carries over into appropriate levels of after-
thoughts to apply the best graphing techniques for data that will not fit prescribed
patterns.

In the end, there is more to antenna modeling than can be written into the mod-
eling software itself.

However, we began our work as a short dash through the various radiation pat-
tern-plotting options that we most use. Throughout, we have avoided arguments for
or against any one of the many possibilities, since most of those arguments pre-
sume sets of well-chosen user options for graphic minimum and maximum values.
Instead, we have focused on two functions. One is the potential of each plotting
scheme for presenting data in a form that is most easily read and most fruitfully
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studied. The other is the responsibility of the user to select plotting scale values that
will achieve the goal of easy reading and useful examination.

There is no universal best plotting method for radiation patterns. However, for
any given plotting goal, one may determine the best way among available methods
for achieving a set of goals.

* % *x % %

Model included: 48-1. (All model dimensions in meters.)
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49. Traps

We have not so far had occasion to work with parallel R-L-C loads (LD1). The
most notable use of such loads is to model traps, which we install to let an antenna
be resonant on more than one frequency of operation. Let’s go through an exercise
and discover how we may convert traps into parallel R-L-C loads.

NEC-Win Plus+ [amod49.nwp] [_ (O] x|
File Edit Configure Command: Help
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Examine the wire table for a test model, given in NEC-Win Plus form in Fig. 49-
1. You will find a 5-wire assembly for 21.1 MHz that we shall also operate on 14.1
MHz. The wire table is non-standard. Wire 1 is the center section of the antenna—
essentially the 15-meter portion. Wires 2 and 3 are the 1-segment wires on which
we shall install the traps. Wires 4 and 5 are the outward extensions from the traps
to the tip of the elements on 20 meters. Fig. 49-2 shows the outline of the antenna
with a set of dimensions. The overall dimension of 27' 4" corresponds to the wire
table tips. However, the inner 22' dimension is the space between the traps them-
selves and not the space of the center section (wire 1) alone. See model 49-1.

15-meter 15-meter 1" di
ia.
trap Source trap al
| e |
[ 22 -
27I4Il
15-20-Meter Trap Dipole Fig. 492

The antenna material is 1" diameter aluminum, and the environment is free
space. Note that the trap wires are the same diameter as the remaining wires.
Therefore, the model will not account for any effects created by the shape of the
traps. We shall construct the 15-meter traps from the mathematical loading facility.

One problem with a trap is that it is not yet a parallel R-L-C circuit. As shown in
Fig. 49-3, a trap consists of a capacitor in parallel with a series resistance-induc-
tance leg. Before we can create a parallel R-L-C load, we must convert the trap
configuration into a true parallel configuration. Moreover, we shall have to do the
conversion for each frequency-band of operation.
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Fig. 493
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Two Representations of an Antenna Trap

In the following notes, we shall set up a procedure for calculating traps and
converting them into parallel R-L-C loads. Basic to the procedure is the ability to
convert inductances to inductive reactance and back, as well as capacitances to
capacitive reactances and back. Therefore, as a quick reference, here are the basic
equations:
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X,
2nf

where X is the inductive reactance, f is the frequency in hertz, and L is the induc-
tance in henries. The same equations work if we use both MHz and uH.

X =2xfL L= ()

1 1
=1 C=—o=>
2n fC 2% fX,

where X is the capacitive reactance, fis the frequency in hertz, and C is the capaci-
tance in farads.

X (2)

For our small exercise in converting traps, we shall begin with an inductor only
and carry you through the process. The inductor is a 3.3 uH coil with a measured Q
of about 235. By standard equation, we can find the inductive reactance. However,
we must know the trap frequency. Ordinarily, we design traps to be resonant at or
just below the lowest frequency of operation on the upper band. If we set our trap at
21.0 MHz, the inductive reactance is j 435.4 Ohms. Since the Q is 235, the series
resistance of the coil is 1.853 Ohms. We can use the capacitive reactance equation
to calculate the capacitor, which will be about 17.41 pF to provide the matching
reactance for the coil at 21.0 MHz.

We need to convert the series resistance and reactance values into parallel
equivalents. The standard conversion equations for going from a series to a parallel
combination of resistance to reactance are

2 2 2 2
_Rg +Xg X’—F% * Xs
= o=

Rs XS
where R and X are the desired parallel equivalentsto R and X , the original series
values of resistance and reactance. The parallel resistahce forthe trap at its reso-

nant frequency is 102,325 Ohms. The parallel reactance is j 435.4 Ohms, which will
return a parallel coil of 3.3 uH.

R, )
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However, we do not intend to operate the trap at 21.0 MHz, but at 21.1 MHz. To
determine the parallel values at the operating frequency, we need to take a few
steps. First, we shall find the inductive and capacitive reactance of the inductor and
capacitor at the operating frequency. We may return to basic equations, or we may
take this shortcut:

F F
X -X, _ 8 Xop=X 2 (4)
8= Mg o8 = %oa

where X and X are the reactance values at the resonant frequency, F , and X
and X Hte the vdlues of reactance at the new frequency, F . For operatién at 21.%
MHz, We obtain an inductive reactance of j 437.5 Ohms and’a capacitive reactance
of - j 433.4 Ohms. The required parallel reactance of this combination we may call
X o which we may determine from this equation:

(X 1 Xel

Xy = - (5)
YT IX | - Xl

Note that the equation uses the absolute values of the reactances, not their
originally signed values. For our test model at 21.1 MHz, the net or parallel reac-
tance is - j 45,829 Ohms, although we do not have to enter that value, since we shall
use the values of inductance and capacitance, 3.3 uH and 17.41 pF, respectively.

The parallel resistance for X can be derived approximately from the parallel
resistance at resonance using tHiS equation:

1.5
FB

_£ (6)

RPE= PA F
A

where R is the parallel resistance at the new frequency, F , and R is the parallel
resistancé at the resonant frequency, F . By raising the ratid'of 21.1 dver 21.0 to the
A
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1.5 power—using the X" function of a hand calculator—we find a new parallel resis-
tance of 103,057 Ohms.

[+ |Load Parameters

T BLC Parameters

Load #: 1 R (Ohms): |102057 -
- | + Lnits

Segment & : 1 L (uH] - ;‘é“é““““‘“““‘“ -
Units / Meter |

C [pF] : ;1?.405 !

% From End : 50.00

-Load Type ——
" Series RLC

" Complex Load

0K Cancel Fig. 494

Now we are ready to install our approximate values into the parallel R-L-C load
box for our test model. Fig. 49-4 shows the NEC-Win Plus version of the entry.
Remember that we have two traps and hence two parallel R-L-C loads to create. If
we run the model at 21.1 MHz, we obtain a free-space gain of 2.05 dBi with a source
impedance of about 71.9 - j 8.0 Ohms. If we check the EZNEC load data output, we
find less than 0.1-dB loss from the trap. If we check the NEC-Win Plus power
budget table, we find an overall efficiency of almost 98%, despite the use of an
aluminum element.

We may gauge the effectiveness of a trap in part by the degree to which it
confines significant current levels to the 15-meter portion of the antenna. Fig. 49-5
provides the EZNEC antenna view with the relative current magnitude showing. |
have expanded the normal curve to show the just-visible low currents on the outer
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ends of the wire, the portions designed to serve 20-meter operation. The fact that
the source impedance is so close to the standard resonant 72 Ohms of a regular
dipole further confirms the effectiveness of the trap.

Relative Current Levels Fig. 495
on Trap Dipole
21.1 MHz

Current

However, we wish to operate the antenna at 14.1 MHz as well. For this opera-
tion, we shall need to modify the test model. This version of the model will have
loads that approximate the values seen at the lower frequency, well below the trap’s
resonant frequency. We must recalculate the applicable parallel combination of
resistance and reactance that applies to the new frequency. At 14.1 MHz, the reac-
tance of the 3.3-uH coil is about j 292.4 Ohms, and the reactance of the capacitor is
about j 648.5 Ohms. Using the same two equations as we did for 21.1 MHz, we
obtain for 14.1 MHz a parallel or net reactance of j 532.2 Ohms and a parallel resis-
tance of about 56,297 Ohms. Of course, we shall use the values of inductance and
capacitance that we started with, namely, 3.3 uH and 17.41 pF in the parallel R-L-C
load, but with the new parallel resistance value.
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For the revised model at 14.1 MHz, Fig. 49-6 shows the values plugged into the
NEC-Win Plus version of the load entry box. There are, of course, two traps to enter
in parallel form. If we run the model at 14.1 MHz, we shall obtain a free-space gain
of about 1.83 dBi, with a source impedance of about 66.8 + j 0.9 Ohms. EZNEC's
load data table shows a loss that slightly over 0.2 dB from the trap-equivalent load,
while the NEC-Win Plus power budget table shows an efficiency of about 94.7%.
Both supplementary values reflect the lower free-space gain at 20 meters.

[+ | Load Parameters

T BLC Parameters

Load #: 1 R (Ohms] : ;EEEEE_E
Segment # : 1 L [uH] : ;3_3
% From End : 50.00 C (pF] - ;1?_4[5

{* Unitz

" Unitg / Meter

-Load Type ——
" Series RLC

" Complex Load

QK Cancel Fig. 496

Fig. 49-7 shows part of the reason for the reduced gain. The overall length of
the trap dipole is shorter than a full-size version. The shortness is reflected in the
source impedance, which is lower than normal for a dipole. In the antenna view, we
can also see the sudden decrease in current past the trap positions on the antenna
element.
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Relative Current Levels Fig. 497
on Trap Dipole
14.1 MHz

Current

Part of the reduced efficiency is also due to the fact that the trap Q at 14.1 MHz
is not the same as the coil Q that we used to estimate the parallel R-L-C load values.
We may obtain the trap Q on 20 meters by reversing our calculations. We shall
convert the parallel resistance and reactance into series values, using standard
ARRL Handbook equations from Chapter 6:

2 2
R, X, X, - R2 X, -

H S oeeeeeee——— _—

§ HF? + XP2 HPZ + sz
where the letters have the same meaning as they had in the series-to-parallel con-
version equations. If we process our parallel values through these formulas, we
obtain a series resistance of about 5.0 Ohms and a series reactance of about |
532.3 Ohms. Since Q is simply the reactance divided by the resistance, we obtain
a value of about 106, somewhat lossier than the value we might obtain considering
the coil alone. In fact, the entire trap must be considered at every frequency of use.
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We cannot assume that, on frequencies below the resonant frequency of the trap,
the coil alone determines the effect upon the antenna’s performance.

The ability to transform a trap into a set of series values of resistance and reac-
tance has a further benefit. If our interest in the trap antenna is confined to discrete
frequencies, we may calculate the series values of resistance and reactance for
each frequency, using the procedure that we have outlined. Then, we may use for
each frequency a complex R +/- j X (LD4) load instead of the parallel R-L-C (LD1)
loads that we have used in the exercise. However, because LD4 loads do not
change reactance with frequency, we cannot perform frequency sweeps with them.
Although we can perform frequency sweeps with parallel R-L-C loads, we should
limit the frequency excursions that we allow if the load is a trap conversion. Since
the value of resistance changes with frequency, a given calculated value will return
accurate result only over a limited frequency span.

Load Other Fiyg. 498
Loads
Mo, Specified Pos. Actual Poz. R L C R Freq Type
Wire # | Z FromE1 | % From E1 | Seq | [ohms) [uH] [pF] [MHz]
AN 2 A0 50 1 1.85285 33 17.405 A Trap
2 3 A0 50 1 1.85285 33 17.405 A Trap
*

Those who may work with traps extensively and who have EZNEC can lighten
the burden of modeling traps by using the special entry in the load list provided by
the program. Fig. 49-8 shows the entry box for a trap, using the series resistance
and coil inductance, as well as the parallel capacitor value. Note that the frequency
of the trap can also be specified. Under these conditions, through a related but
somewhat different set of calculations, EZNEC calculates the requisite load values
for each frequency at which the trap may be used, even if none of those frequencies
happens to be 21.0 MHz.

EZNEC users may revise the load entry for the test model and run it at both 21.1
and 14.1 MHz. At the higher frequency, the gain should be 2.05 dBi with a source
impedance of 71.9 - j 8.0 Ohms. At 14.1 MHz, the corresponding values should be
1.83 dBi and 66.9 + j 0.9 Ohms. The approximation system shown earlier for use
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with any version of NEC-2, yields output values that are very usable compared to
these. However, the appeal of the simple EZNEC trap entry system and of the
ability to frequency hop without recalculation of load values is undeniable for indi-
viduals whose work requires extensive trap modeling.

In some ways, the degree of precision of the trap output data is related to more
general questions of accuracy with respect to loads placed at some distance from
the region in which the current changes slowly from one segment to the next. In our
test model, the load is distant on 20 meters from the source, and from Fig. 49-6, we
know that the current is changing fairly rapidly. Hence, the mathematical loads at
the trap points will not calculate as accurately as loads placed closer in toward the
source, and the inductor wire may have at least some affect on the total antenna
length. Therefore, when working with trap antennas, allow considerable adjustment
capability when moving from your model to the physical antenna.

We have not exhausted all that might be said about trap loads, but these exer-
cises should enable you to proceed on your own.

* % *x % %

Model included: 49-1. (All model dimensions in feet.)
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50. The NEC-4 IS Card: Insulated Wires

From time to time, | shall look at some of the advanced features of both NEC-2
and NEC-4 programs. By “advanced,” | mean features not generally included on
entry-level programs such as EZNEC 3.0 or NEC-Win Plus. Both of these widely
used and user-friendly programs reduce the list of available geometry inputs and
program control cards in the interest of effectively guiding the user through the mod-
eling process.

However, both the NEC-2 and the NEC-4 core programs allow a considerable
number of additional geometry and control functions. When NEC-4 appeared, it not
only improved the accuracy of calculations for tapered-diameter elements, but as
well added a number of new inputs. The one in which | am interested this month is
the IS card or input. IS stands for “insulated sheath.” It provides a way for the user
to analyze the performance of antenna wires with insulation.

For a long time, antenna builders have been aware that insulated antenna ele-
ment wire has a velocity factor. The electrical length of an insulated wire will be
longer than the physical length to a degree that depends upon the type and thick-
ness of insulation. Expressed from a different perspective, a resonant dipole for
some given frequency and wire diameter will be shorter if the wire is insulated than
it will be if the wire is bare. How much shorter the insulated dipole will be depends
on the insulation.

Unfortunately, there are no handy tables that are generally available to give us
the velocity factors (VF) of insulated wires that are commonly used in wire antenna
construction. However, experience has taught antenna builders that the values
range from 0.99 down to 0.95 or so, depending on the type and thickness of the
insulation. Perhaps the IS card of NEC-4 can give us some slightly better feel for
insulated wire velocity factors, as well as introduce an advanced feature of a model-
ing program.
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Modeling the Insulated Wire

An insulated wire, from the perspective of NEC-4, consists of a wire and an
insulating sheath. The program assumes that the insulation begins at the exact

surface of the wire and extends to some other point. The “other” point defines the
radius of the sheath.

WR =Wire Radius

SR = Radius of
D = Sheath ;:":;:t;
Thickness

SR=WR~+D

Sheath or
Insulation

Insulated

Wire Modeling Fig. 501
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Fig. 50-1 shows a sketch of the critical dimensions of an insulated wire and its
model. We shall model the illustrated situation in GNEC, perhaps the only currently
available commercial implementation of NEC-4 that allows the use of the IS input.
Like the core itself, GNEC will expect that its wire geometry inputs list the wire radius
and not its diameter. And the first step in setting up a model—without the insulation
on the wires—is to set up the wire.

GW - Specify Wire NEC4 B |
Tag Number : |1 Segments : |21

X1 :0 ¥1:-2 416 £1:0

X2 :n Y2 :2 4156 £2:n

Wire Radius : [ 001

. Cancel

Fig. 50-2

Fig. 50-2 shows the wire set-up panel from GNEC. The Tag humber is simply
the wire number. We shall give the wire 21 segments and place the source at its
center (segment 11). In the examples that we shall explore, all dimensions will be in
meters, the fundamental unit of measure of the NEC core. Hence, the single wire
dipole—resonant at 30 MHz—will extend on each side of the X-axis along the Y axis
+/-2.416 m. Likewise, the radius is in meters. 0.001 m = 1mm.

| selected the 0.001-m radius because 2-mm diameter copper wire is a very
popular size for European antenna construction. A 2-mm wire is 0.07874" in diam-

eter, just below the 0.0808" diameter of AWG #12 copper wire so popular with U.S.
antenna builders.

Fig. 50-3 shows the basic antenna model in complete form for a free-space
copper dipole resonated at 30 MHz. The CM or comment card is inaccurate be-
cause for the purposes of illustration, | have added a line that insulates the wire.
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However, we should first trace the other lines of the model. The GW line shows the
wire we created in Fig. 50-2, and the following GE line ends the geometry section of
the model. The EX line specifies a voltage source placed at segment 11 of wire 1.
The LD5 line provides the conductivity of copper as a material load on every seg-
ment of the wire. The FR or frequency request card shows a single frequency
request of 30 MHz. The RP 0 line specifies a far-field azimuth (phi) pattern covering
all 360 degrees around the antenna. See model 50-1.

GMEC [MEC4] - [DP-1-125.MEC] M=l E3

File Edit Command Option: Help Fig. 50-3

BEEFIENE IR N E R EEE ﬁ@@éii

CM 30 MHz wire dipole =
CE e
=W 1,21, 0,-2.416,0, 0,2.416,0, .001

=zE [

I 01 1 21 1.2Z5 1E-10 .0015

EX 01 11 010D

I 5 1 1 21 5.8001E7

FE O 100 30 1

RP 0O 1 360 1000 S0 0O 1 1

EN .
| ;G!

If we ignore the IS line for a moment and return to the bare-wire model, the
antenna will show a free-space gain of 2.10 dBi and a source impedance of 72.536
+j0.178 Ohms. | have listed the impedance to many more decimal places than we
might use operationally. However, at certain points in our work, we shall be inter-
ested in numerical progressions, and so | have given the data to the limits provided
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by the program. The free-space source impedance of the bare-wire model will be
important to us in more than one way as we proceed.

In Fig. 50-3, we inserted the IS line above the EX line. Let's see how to imple-
ment an insulated sheath for a wire.

IS - Insulated Wire NEC4 =l

Type
& Specify Sheath

" Cancel Previous Sheath

—Parameters

—

First Segment:

Tag #: 1

Last Segment:

Sheath Radius [meters): 0013

Relative
Permittivity:

1.25 1E-10

Conductivity:
(S/my)

Fig. 504 | «" OK X Cancel

Fig. 50-4 shows the line-assist screen for entering IS information. First, we
must identify the wire to which the insulated sheath will apply, namely wire or tag 1
from the first to the last segment. Note that we have options here and may apply a
sheath to only some or to all of the segments of a wire. Had we desired to leave the
center segment bare, we could have specified 2 IS entries, one to cover segments
1-10 and the other to cover segments 12-21. The only restriction is that we cannot
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apply two sheaths to any single segment. Hence, we cannot model the multi-layer-
ing of different types of insulation.

Beyond the segment-coverage of the shield, we have 3 significant variables to
enter. One of them is the sheath outer radius, as measured from the wire center
line to the sheath surface. The depth or thickness of the shield is the sheath radius
minus the wire radius. In the illustration, the sheath is 0.0005 m (or 0.5 mm) thick
(about 0.0197").

Note that the IS inputis a program control card, not a wire geometry card. There-
fore, we must input the value for the sheath radius in meters. If you have used the
TL (transmission line) facility within a more basic program, you have sampled input-
ting dimensional values within a program control card. However, for user conve-
nience, the programmers allow you to use the same units that you specified for the
geometry section of your model. The program performs any necessary conversion
for you. For NEC itself, the only acceptable input for all such program control en-
tries will be in meters. In contrast, we could have specified the wire coordinates in
any units of measure and then used a GS card to scale them to meters for the core
run. | set up the basic model in meters so as not to require us to think in multiple
systems of units within this exercise.

The inputs also call for a relative permittivity (or relative dielectric constant). The
value shown is hypothetical and for illustration only. As | noted earlier, | do not pres-
ently have access to a handy list of relative dielectric constant values for wire insu-
lation materials that we commonly encounter. One of the few guides available comes
from the checking sources like Passive Electronic Component Handbook, 2nd Ed,
edited by Charles A. Harper (McGraw-Hill, 1997). The capacitor chapter provides
an interesting—although not wholly relevant—list of plastics used as capacitor di-
electrics, along with their approximate dielectric constants.

Mat eri al Approx. Permttivity
Pol yi sobut yl ene
Pol yt etraf | uor oet hyl ene ( PTFE)

Pol yet hyl ene terepthal ate (PET) -3.2
Pol ystyrene (PS)

Pol ycar bonate (PC) -3.0
Pol ysul fone (PSU) -3.2

NN LD
N OOUORN

Pol ypr opyl ene (PP)
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Common plastics, then, appear to have a range of relative permittivity values
between 2 and 3. In contrast, the permittivity of a vacuum is by definition 1.0, and air
is 1.0006. If we specify a relative permittivity value of 1.0 for any sheath, no matter
how thick, we should obtain the performance of bare wire.

Note that we earlier specified that the two most interesting variables of insula-
tion were its thickness and its type, which is expressed in the value assigned to the
relative dielectric constant. In Fig. 50-4, we assigned the conductivity entry a very
low value of 1E-10 S/m (or mhos/m). The assignment is arbitrary but not without
reason. At any frequency of use, we assume that the insulation of an insulated
antenna wire is highly effective. How ineffective must the insulating property be for
the insulation to show some effect upon antenna performance?

Dipole Impedance--Sheath Conductivity
Constant Permittivity/Depth/Length

Permittivity: 3.0; Sheath Depth: 2 mm; Dipole Length: 2.416 m; Wire Diameter: 2 mm
120

)F——JF

—
—
[

v
100 /
o

Resistance/Reactance in Ohms

’ /// \\-
gy =~ =~ — - ""/.;/
— o —Y
70
1E-10 1E-08 1E-08 1E-07 1E-068 1E-05 0.0001 0001 001 01 1
Sheath Conductivity in Siemens/Meter
Fig. 505 - R X
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Fig. 50-5 suggests a partial answer. | took a particular situation and gradually
increased the insulation conductivity. The original bare-wire dipole (+/-2.416 m) has
a sheath that is 2 mm thick (for a total diameter of 6 mm or just under 1/4"). This
relatively heavy insulation on a 2-mm wire has a permittivity of 3.0, the highest value
scanned for these notes. | increased the conductivity in decades to produce the
graph of source resistance and reactance in the figure.

Not until the conductivity passes the 1E-5 S/m level (100,000 Ohms per meter
resistivity level) do the values of source resistance and reactance show any change
from the values at the lowest level of conductivity. At this level, the material is
becoming a semi-conductor more than an insulator. Virtually all insulating materials
have conductivity values of less than 1E-5 S/m when used within their specified
frequency and temperature ranges. Hence, setting the conductivity as a constant
with the value of 1E-10 S/m poses no problems. As well, it reduces the number of
variables with which we must concern ourselves to a manageable value of 2.

Scanning the Range of Insulation Permittivity and Thickness

A specific modeling task for analysis might require that we have reasonably
exact values for the insulation thickness and relative dielectric constant. Since we
do not have access to such figures, let's perform a different sort of modeling task.
Let's survey a variety of insulation thicknesses applied to our 2-mm bare wire and
see how they affect dipole performance as we systematically increase the relative
permittivity from 1.0 to 3.0.

We shall check 3 insulation thicknesses: 0.5, 1.0, and 2.0 mm (a 1-2-4 progres-
sion). A 2-mm thick insulation on a 2-mm wire yields a 6-mm overall insulated-wire
diameter, close to 1/4". Here is what the dimensions will look like in tabular form:

Dimensions in MIllineters

Wre Wre I nsul ati on Sheat h Sheat h
Di anet er Radi us Dept h Radi us Di anet er

2.0 1.0 0.5 1.5 3.0

2.0 1.0 1.0 2.0 4.0

2.0 1.0 2.0 3.0 6.0

Di mensions in Inches

Wre Wre I nsul ati on Sheat h Sheat h
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Di anet er Radi us Dept h Radi us Di anet er
. 07874 . 03937 . 01969 . 05906 . 11811 (< 1/8")
. 07874 . 03937 . 03937 . 07874 . 15748 (5/32")
. 07874 . 03937 . 07874 . 11811 . 23622 (< 1/4")

| have repeated the planned survey dimensions in inches for anyone not conver-
sant with metrics.

Insulated Wire: Permittivity 1.0-3.0

Resonant Frequency at Bare Length
+{-2.416-m Long, 2 mm Diameter Copper Wire
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We shall portray the results as a series of very similar graphs. Essentially, only
the Y-axis will change as we check out various interesting parameters of antenna
performance and size. Fig. 50-6 graphs for each of the 3 insulation depths the
resonant frequency of the original bare-wire antenna as we increase the permittivity.
As expected, assigning a permittivity value of 1.0 to the sheath yields the original
30-MHz resonant frequency. However, for any given insulation depth, increasing
the permittivity reduces the resonant frequency. In other words, the antenna be-
comes electrically longer than its physical length would indicate. Likewise, for any
given value of permittivity, increasing the thickness of the insulation also reduces
the resonant frequency of the antenna.

Note that for any insulation thickness, the highest rate of departure from the
bare-wire resonant frequency occurs with the initial values of permittivity above 1.0.
All three curves gradually flatten, although the thicker the insulation, the slower the
rate of flattening. We may also look at the rates of change from the other perspec-
tive: for any given permittivity, the highest rates of departure from the bare-wire
resonant frequency occur with the initial thickness increases. Each curve repre-
sents a doubling of insulation thickness, but the distance between the lower two
curves is not twice the distance between the upper two curves.

Fig. 50-7 plots for each of the sheath thicknesses the resonant half-length of the
dipole element versus the increasing permittivity. | re-resonated each dipole by
changing its length until the source impedance again reached a value where the
reactance with less than +/- 1 Ohm. In fact, all of the checkpoints have reactances
less than +/- 0.6 Ohm. This amount of “play” in resonant lengths does limit the
precision of the curves, although the general sweep is well within any desired scale
of accuracy.

Since the antenna model extends its element on each side of the X-axis, the
element half-length is the most convenient unit of measure. As we might expect, for
the insulated dipole to be resonant at 30 MHz, we must reduce its length, with both
the insulation permittivity and depth contributing to the shortening effect.

A convenient rule of thumb used by many antenna builders is to use the ratio of
the measured insulated wire resonant frequency and the anticipated bare-wire reso-
nant frequency as the amount by which to multiply the wire length to arrive at an
insulated wire antenna that is resonant at the originally desired frequency. For prac-
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tical purposes within the scope of insulation depths and permittivity values in this
exercise, the rule of thumb will work. However, as the permittivity approaches 3.0
and the insulation thickness approaches 2.0 mm on a 2-mm wire, the actual ele-
ment length needed for resonance will be slightly shorter than the frequency ratio
suggests. Therefore, when calculating the insulated wire velocity factor, one should

use the resonant wire length rather than the frequency offset.

Insulated Wire: Permittivity 1.0-3.0
1/2 30-MHz Resonant Length in Meters

2 mm Diameter Copper Wire
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In Fig. 50-8, we have the same data as in Fig. 50-7, but expressed in terms of
a range of velocity factors for the insulated wire antennas. If we take the range of
probable insulation permittivity values to run between 1.5 and 3.0, then 0.99 is about
the lowest velocity factor that we encounter for wires with very thin, low permittivity
insulation. However, wires with higher permittivity insulation that is also thick may
have velocity factors that go well below the 0.95 value often cited as the approxi-
mate lowest value. Since a number of plastic materials have permittivities above
2.8, the antenna builder should be prepared to shorten the dipole more radically
than indicated by rules of thumb wherever the insulation is thick.

Insulated Wire: Permittivity 1.0-3.0
Insulated Wire Velocity Factor

2 mm Diameter Copper Wire at 30 MHz
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Fig. 50-9 calls to our attention an often overlooked aspect of the antenna wire’s
velocity factor. As we shorten a dipole for virtually any reason, the resistive compo-
nent will decrease relative to its bare-wire resonant value. The bare-wire resonant
resistance was just over 72.5 Ohms. All of the re-resonated 30-MHz sheathed
dipoles yield resistive impedance values that are lower than the bare-wire value.
The curves for the resistive impedance values track the curves in each of the other
graphs shown here.

Insulated Wire: Permittivity 1.0-3.0
Resonant Impedance

2 mm Diameter Copper Wire at 30 MHz
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For low values of relative permittivity or for thin insulation, the amount of imped-
ance decrease is largely insignificant to antenna operation, especially as a dipole.
However, the highest decrease shown, about 7 Ohms, may become a noticeable
amount if thick wires of the highest permittivity value are used in a complex parasitic
array. Such arrays may exhibit low bare-wire impedances, and 6 more Ohms of
decrease may become objectionable relative to initial design plans for systems of
matching the antenna source to a feedline.

Nonetheless, the small demonstration using the NEC-4 IS program control card
does show a fairly close correlation between experiential rules of thumb and rea-
sonable values of insulation thickness and permittivity as modeled for a dipole. Of
course, this exercise has covered only 2-mm diameter wire. Amateur antenna build-
ers very often use other wire diameters, ranging from AWG #18 to AWG #10 or so.
Whether we can extrapolate the values from this exercise to these other cases is
uncertain unless someone runs the same exercise for a reasonable sampling of the
other wire sizes.

The curves may also serve to answer some questions often posed by those new
to antenna work. For example, upon learning that the oxide of aluminum that forms
on all antennas made from the material is an insulator, folks often ask whether that
oxide has any significant effect on performance. We may use any one of the graphs
to perform a crude extrapolation, even knowing that the tabulated permittivity of the
material is 2.5-2.8: since the oxide thickness is only a few molecules, the graph line
for the aluminum oxide material would be barely discernable at the top of Fig. 50-6.

Although the most common uses of the IS program control card may be con-
nected with the use of insulated wire in antenna structures, these are not the only
uses. The wire that we construct as the core around which to model a sheath need
not be a highly conductive or even a thin wire. We might assign the wire a fairly low
conductivity, and NEC-4 also permits us to assign a value of permeability so that we
may account for any effects due to the wire’'s magnetic properties. We may also
sheath the wire, using a uniform depth as a limitation, with any values we might like
for conductivity and relative permittivity. Unlike the dipole, we do not need to place
a source on the wire itself. Instead, we may use plane-wave excitation with either
linear or elliptic polarization.
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| can imagine numerous possible—but not necessarily real—applications for
such an arrangement. There are as many applications as there are two-tiered physi-
cal structures where our interest may lie in the currents induced in the inner or “wire”
layer. Bone-to-marrow, weather-insulation-to-pipe, and sheathing-to-mechanical-
link-cable situations are but 3 possibilities among many.

The limiting factors for such modes of analysis are two. First, the situation must
resemble an insulated wire so that a sheath covers a long inner element. We can
create many shapes by linking such wires and sheathing all of them, although not
necessarily with the same “material,” that is, with the same values of conductivity,
permittivity, and thickness. The second—and perhaps more challenging—limitation
is our knowledge of the conductivity and relative permittivity of a broad spectrum of
materials. However, both conductivity and permittivity are subject to measurement.

Although not assured, it may be possible to use the IS input in conjunction with
a wire and a cylinder created from direct wire inputs to model a coaxial cable. How-
ever, there are numerous issues connected with such a structure if it is to simulate
an existing coaxial cable. These issues include the effective surface coordinates of
the inner side of the cylinder relative to the wire radius, the sensitivity at the test
frequency of the structure to close-wire modeling limitations—including closely spaced
wires of different diameters, and the relative lengths of segments meeting at junc-
tions within the cylinder structure. However, in principle, the IS entry may be used to
simulate the dielectric between the center wire and the cylinder that represents the
outer conductor.

In the end, antenna modeling software offers a great many more opportunities
for RF analysis than the task of designing antennas can contain. The geometry
input and the program control cards in the NEC-deck are simply tools to use in
those processes. And, like all tools, they are subject to creative applications.

* % *x % *

Model included: 50-1, .NEC format only. (All model dimensions in meters.)
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Appendix: Antenna Models

This volume—the second of 3 volumes—of antenna modeling notes comes with
86 antenna models, almost all of which have text references (Model xx-x). | have
included most of the models in 3 different formats: .EZ for users of EZNEC, .NWP
for NEC-Win Plus users, and .NEC for NEC-Win Pro, GNEC, and generic NEC-2
core users. The folder (directory) structure simply follows this scheme.

N:\models\ez for EZNEC format files
N:\models\nec for generic ASCII NEC files
N:\models\nwp for NEC-Win Plus format files

| recommend that you copy the most relevant set of files into your hard drive for
use. NEC-Win Plus, for example, will store its output files in the same directory as
the basic model file, and that requires a space to which the computer can write.
Each file name follows the text by starting with the column number, followed by the
model number within the chapter. So Model 34-3 is the third model used in conjunc-
tion with column #34.

The files are not likely to add to your collection of models in the sense of provid-
ing new or interesting antenna designs. For that purpose, | have assembled collec-
tions of interesting models from my own storehouse. These collections are avail-
able from antenneX. The files that go with this volume of antenna modeling notes
are those referenced in the text. As such, they are illustrations of the principles
discussed in the text. Hence, you may read along with your own modeling software
active and investigate further the model under discussion.

You will find some discrepancy between many of the model outputs and the
performance figures cited in the text. This situations has a number of sources, all
related to the fact that | began the series in the last century (the late 1990s). In
some cases, | simply could not find the file used for a column, and so | had to
reconstruct as best | could the model under discussion. Sometimes, the text did not
provide complete modeling data, so | approximated the text model as closely as
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possible. Although the exact figures may not jive between text and model, the trends
certainly do.

In other cases, software developments are the source of slight numerical devi-
ance between the model as used when | wrote and the same model when you run it
on your current software. When | began the series of columns, EZNEC was a DOS
program, and now uses Windows. NEC-Win Plus did not yet exist. In the course of
time and software development, the NEC cores have undergone customizing and
enhancement for speed—uwith special reference to the latest Fortran compilers. In
the process, there have been changes in the order of operations and rounding con-
ventions, enough to create slight output differences. With respect to guiding con-
struction, showing performance trends, or yielding reliable analysis, the changes
make no noticeable difference relative to older outputs. However, in order to show
trends as sensitively as possible, many parts of the output data cited in the text will
be overly precise. That fact will create an illusion of difference where no operation-
ally significant difference exists.

Models for columns 27, 28, 29, 30, and 32 require a model-by-equation facility.
Hence, they appear only in the .NWP format. Model 50-1 requires NEC-4 and
appears only in .NEC format.

| regret that | cannot include in this collection of models samples of MININEC
files. I have and use several MININEC programs, including ELNEC, AO, MMANA,
NEC4WIN, and the most recent and able version, Antenna Model. Each version
uses a different file format, and there are few means of converting a MININEC file
from one format to another except by writing the model from scratch. In contrast, |
was able to convert files from one to another of the NEC formats. Conversion is not
perfect, and so some EZNEC files given in English measures will appear in metric
form in the generic NEC and NEC-Win Plus formats.

With these limitations in mind, | hope that the attached files enhance your safari
through the topical jungle within this volume of antenna modeling notes.
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