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i. THNTROGUCTION

Telecommunication is vital to FAA. The reason is
more than just 3 means of communication, but it is because
one of the communication terminals is usually airborne and
. unaccessible by cables. The grcwth of airplane users cre-
ates the same growing demand for telecommunications. All

these point to a growing need for better spectrum utiliza-
. tion within the telecommunicaticn spectrum.

A control tower or flight service station may comimu-
. nicate co more than one plane at a time. Therefore, in
existing FAA facilities, multirle channels are provided at
each location. But when frequency assignments are too 5
close, cross modulation and inter-modulation can occur. 2
On one hand, demand presents a need to squeeze in more
channels into the existing spectrum. But on the other {
hand by having close frequency assignments it results in
undesirable cross-modulations and inter-modulations. Reso-

lutions of these problems require consideration of the 4
following:

,
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el
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¥

. Selectivity of receivers.

Sensitivity of receivers.

.  Channel bandwidth of transmitters ani power out-
put of transmitters.

. Sharp cutoff bandpass filters.

. Using RF cancellation techniques.

. Coding format.

. Increase antenna isolation.

. Other techniques: Time sharing, etc.
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This repert addresses itself to item number 7, im-
. proving antenna isolations,
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TAA COMMUNICATION ANTENNA SITUATIONS
Ph¥sical Situations

Communication antennas are sometimes clustered
zround a tower top or a roof top. For example, on
top of & control tower, communication antennas share
a space approximately 15 feet by 15 feet square.
Thus in a typical situation, antennas are mounted
less than 6 feet apart.

Existing Communication Antenna Problems

In sites visited, according to operators, equip-
ment periormances were quite satisfactory. Ocecasion-
ally there were some loss of signal and fading.

Cross talk is ever present in the communicztion sys-
tem. A remedy existing, now to solve the problem

rests with the training of the operators. They are
experienced enough to separate the voice of the oth-
er operator from the noise background. The adapta-
bility of human being minimizes the problem. However,
the problem is still there, and some of these prob-
lems can be solved by better equipment. Loss of sig-
nal and fading can be due to antenna problems. They
could be due to poor antenna placement, such that oth-
er antennas or structures (like lightning rods) inter-
feres with the antenna's radiation characteristics.

It is ceen that many of these problems can Fe solved
or minimized by improving antenna isolations.
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SCLUTIONS T0 THE ANTENNA ISOLATION PROBLEM

When one looks at the problem of increasing isola-
tion, and if one takes a systems approach one must first
list the antenna parameters that will affect isolation.
The meijor parameters invclved here are:

1, Amplitude,
2. Phase, and
3. Polarization.

These are the electrical parameters to hLe consid—
ered and of course there arz mechanical parameters 1like:

Size,

Rigidity,

Yieatherability,

Reliability. And lastly but not least,
Compatibility with the rest cf the communicaisor
system.

[S IR VSN

Considur first the three major clectrical parameters,

they are taken up one at a time in the following sections:

3.1 Amplitude Consideration

In this topic one takes into consideration an-
tenna spacing and rittern shape. TFor FAA communica-
tion facilities, the desired pattarn shape is gener-
ally cmnidirectional in the azimuth plane. Therafore,
isolation by taking advantage of pattern is usually
not applicable. The cnly other thing is antenna spa--
ing. To achieve 30 - u0 db isolation, the two anten-
nas have to be spaced 80 or so feet apart. This i:
of course not possible if one cornfines the 1ntennas
to a common roof top or tower.

3.2 Phase Considerations

Existing ideas involve the use of a feedback
lcop. If the feed back contains frequencies and
phases that are different from the desire i signa.,
these extraneous signals can be suppress<d by phase
opposition. It is difficult to determine and use¢ the
coupling characteristics of all the antennas involved
in order to create proper phase cancelliation, witaout
deteriation of the desired signal.

Another method without using the feedback 12cp
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3.5

erids up as a circular array system. The system is
discussed in section L.

fplarization Considerations

Isolation by polarization diversity is very ef-
fective. But for air-ground communication in use by
FAA, the types of polarizations applicable sre limit-
ed. They are limited to:

1. Vertical Polarization,
2. Right Handed Circular Polarizztion,
3., Left Handed Circular Polarization.

Polarization diversity using a vertically polar-
ized antenna and a horizontally polarized antenna can
not be used in FAA facilities. Another way is to use
circular polarizations of different rotations. It has
been shown that relatively high isolation can be a-
chieved by using such an arrangement. However, this
technique only provides one additional isolated antenna.

Vertical Stacking

By vertically stacking two vertically polarized an-
.ennas, in theory, high isolation can be achieved. But
in practice, it is impossible to achieve high isolation
if existing antennas are used, because the feealng cable
of the antenna on top will interfere with the radiation
characteristics of the lower antenna. Furthermors, iso-
lation value is very sensitive to the alignment of the
two antennas. However this does not exclude the possi-
bility of designing two antennas coaxially mounted.

Such that the feed cable of the antenna on top can go
straight through the body of the lower antenna.

Some Mechanical Considerations

Some desirable features that may be incorporated
into a design are that the antennas should be construc-
ted as a module so that stacking can be done to in-
crease the number of units. Some kind of w=ather pro-
tection shield should be provided in a form of radomes
to minimize weether interference, and also to hold an-
tenna tolerances. The construction of supporting struc-
tures should be designed so as to minimize interference
with antennas' electrical characteristics. For example,
tower railings can create a ground plane effect, And
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4. CIRCULAR ARRAY CONCEPT

it is a known fact that if a circular array is fed
with a progresgive phase, it would create a null at the
array center. 1iIf an antenna is placed at the null point,
then perfect isolation can be achieved:. This is the con-
cept of usin~ circular array to achieve antenna isolation.
Further, if the array is fed by a Shelton-Butler matrix
tnen multiple beams can be formed. In this case, each de-
sired beam is doughnut shaped and is formed by a different
phase progression.

4,1 Advantages of Using a Circular Array

Because of the possibility of simultaneous beam
forming, many isolated channels equivalent to many i-
solated antennas can be formed simultaneously. An~
other advantage is the small size, because a circular
array forms the isolated channels within itself, the
size is thus iimited to the size of the circulaer array
itself, High degree of isolation is achieved through
precision and not by si:Ze,

The concept of the phased circular array is the
mixture of amplitude consideration and phase consider-
ation, in that all the array elements must be fed with
equal amplitude and the phase is progressive., If the
amplitudes are not equal, then the resultant null would
not be a deep one. Using this concept, polarization
diversity does not have to enter into the picture.
However, polarization may be used to further the advan~
tage gained by using the array.

A2
e YA e T

The array analyzed in this report employs verti-
cally polarized elements. The concept can be extend-
ed to circularly polarized antennas.

P

SR - )

In order to achieve perfect isolation the element
to be isolated from the array must be placed perfectly
at the null point. But in fact that is not possible,
therefore a sizable portion of this report is devoted
to finding the sensitivity of position error on the
magnitude of isolation. In the next section the theo-
retical formulation of the sensitivity study will be
presented and its' results discussed.
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THEORETICAL STUDIES

The basic technique employed in this research is the
moments method. The formula used is the Halleén's Integral
Equation. The array configuration analyzed is shown in
Figure 1. A computer program is written to analyze such
an array. In the analysis it is issumed that there are
four elements equally spaced around a circle and a fifth
elenent placed near the center of the circle. The loca-
ticn of the center element is varied to study its effect
of radiation patterns, current distributions, and isolatiocn.
The computer program itself however is quite general. It
can Landle array elements placed in any lccation and they
do not have to be placed on a circle.

The center element is loaded with a fixed resistance.
In the program the value cf the resistance can be varied,
but for the purpose of this study and for uniformity of
results in order tc facilitate comparisons,; the resistance
value is fixed at 100 ohms.

The detailed discussion of the Moments Method, the
formulation of Hellen's Integral can be found in Harringtcn
[1] and Kraus [2]. Assumptions emplcyed in writing the com-
puter program and the program listing are included in Appen-
dix A.

The dipole elements are assumed to be half wavelength
long center fed and symmetrical. The feed points are all
on the same plane. The feed voltages are labeled V3, V, to
Ve as shown in Figure 1. A unique technique called sequence
function method is employed while calculating the input im~-
pecances and the technique is described in Appendix B. The
ottput of the program shown in Appendix A includes the gen~-
eralized admittance matrix, which leads to current distribu-
tions and input impedances of the antennas.

A separate program using a different approach alsc cal-
culates the current distribution and impedances. The pro-
gram is listed in Appendix C.

A third program which uses the output of the second
program to calculate input impedances and current distribu-
tions along with a fourth program which calculates radia-
tion patterns and phases, as well as plotting thum, are also
included in Appendix C.

A fifth program which uses the current distribution
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data to calculate isolation data is appended in Appendix C.
A sixth program which scales and superpositions the phase
sequences to cbtain fipnal field patterns is zlso appended
in Appendix C. Theoretical results have been obtained
using the four phase progres¢ %wns shown in Table 1. They
sre discussed in following soctions. Tt is assumed that
the center element is terminateéd with a 160 ohm load.

£.1 Zurrent Distributions

After obtaining the generalized admittance ma-
trix, the first informatioun that is measurable is the
current distribution along the length of *he dipole
antennas. The case where the array diameter is 0.3
wavelength and the Jijole cross-section radius 0.025
wavelength is considerced first. Figures 2 through U
show current distributions for four vifferent phase
sequences. It is seen in Figure 2 that the current
of the center element for the zero degree progression
is very large. That is because all the dipole ele-
ments are in phase and their powers reinforce each
other at the liocation of the center element. dowever,
Figure 3 shows the current distribution of the case of
plus ana minus 90 degrees., It is seen there that the
center element current distribution is very small and
that is the basis of high isolation when the phased
circular array concept is used. Figure U4 shows the
similar current distribution when the phase progres-
sion is increased to 180 degrees. The current dis-
tribution on the center element is again very small.

Results of other array configurations are shown
in Appendix D.

5.2 Short-Circuited Admittances

Tables 2 through 4 show the short-circuited ad-
mittances of the above-mentioned array. They are pro-
vided as an intermediate step for other calculations.
Namely, input impedance and admittance calculations
and load current calculations,

Results of other array configurations are shown
in Appendix D.

§.3 TInput Impedance

tx

TR
vty

T Ay
R

i el e o

IR

e
w,

ARV R PR Kl
\

RS

T

R

e B s RTG Wpa R AT

v

. . . ».,
A e sy TR WO RS

R

Y RN T

Ty 2, o e %
PPN ORI 9 190 00N X

Y
afwny.

4

v
SR
Nt W

-

¢

A
MR QYT

N
LX)

. i
N o
2o vn B S WL e AR

o

s
¢

2Y

-

‘ '
AL et At

v

’

&

. X
. s
SRR DALV ) % T

3
AT
o

- ARV
TePhdad 21wt

.
K
REAR

AP S T

et
22 8 2k vladimsdd

Lren
A 5 e

PR
B TR, -
£k T i P AR e X

Iy

PR

¥ 27

-3
e

.
.
T
5
M




% ey 3,; R » - %§> 1 Lyt \in% RN E@«% R %..ﬁﬁ%saéx;mﬁ rs\,....u__,..dzﬁmm.ﬁ%&xﬁﬁ#ﬁs,«zxiétsagiawawﬁw%ﬂmwﬂ%ﬂm«35462&.&@%;@9 St \{.3%4\%“?% g
4 h o . Al 4
t <
! I — o e e e e )
i
) » (] M
3
%
o o 1 Qﬂ 3
LH !
o ¢ ° e~ :
| 2 = h
Hﬁ ™ ~i r=—{ i —i % ;
” c .
' ol N
! o :
S ;
° i o m
o w :
o o b ”
o 5 4 ! o :
(e 2] [
[ i w3 s i S :
S. o]
= a2
Lo o
Yo am..
% o | o =
Lt o =3
o a3
[&w] ] W_.. o
m\h % ”iL | o l
L i 34
[ O Y]
Lt u
! 172 ©
< 0
i 4
ol a2
& o * ° ° wm
o <o v
o | mm : -
i i vt M .
_ ! _ o :
o0 .
a EY
«d :
-4 v
Q
>
-t
aat) o~ Y 3 )
- o = = —t
b ~
. 3
=
e A T B 3P AL A B TN




o
T

S

A
g Sy
.

Th A
s

EXRE LN A
L I
A
a
D et Ao D A oA

~

=3

o

A RO m‘%, :t'ﬁ{m,*g
¢ ' &
SR B bt St SR R ol S

4 :
: 2% POSITION ERROR k
G° PROGRESS IO ;3
0.012r - REAL -3
~~~~~ IMAGINARY
0.008
0,004}
)
=
=
C
=
£
o
~0.004
'0:008
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Figure 2 : Current Distribucion for the 0° Phase Progression.
Radius (R) of the Array is 0.3 )\, Radius of the
Dipole (A) is 0.025A, and Position Error is 2%.
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0,004

CURRENT (1n MA)

"'0 ' 004

-0,0N3

27 POSITION ERROR

+90°, -90° PROGRESSION
—————— REAL

------ IMAGINARY
( ) -90°

gl (W)
0,25

Cuyvrent Distribution for the +30° and -90° Phase
Progressions. Radius of the Array (R) is 0.3 ), Radius
of the Dipole (A) is 0.025), and Position Error is 2%.

12

s

3 w2 e e
SR O R S Y.
R A e S B

¥
o?
B

Y
PO

[N A
PIPIRE NSRS

fo ‘

2t

o st N
T PR NF TS 7 T U

1S

- PRt i
Soan o

S e dosth il

Kl

KA LN
PORTE0 TGP, PSP

W o .

T

NN '
PR a2 e

P I AN

7, %
IR PO S

i

TR
RS SVOE AT P

s

e
Sl T .
s Ml Do

. -
LONREA N
IO ANRAE

PR-EN

"

Ly
RS

Y

ot s
i MR A D

.‘::
3

. - -
R
PETIRY AL SPCALES

e
)
Ly




0,008 -

0,004 =

2% POSITION ERROR
180° PROGRESSION
REAL

I ——~ — [FAGINARY

R, Indl)

CURRENT (in &)

| { }
0.05 010 0.5 M 0,25
/

"nnooll -\

~0,008

Figure 4 ;

A o AR o s o e

Current Distribution for the 180° Phase Progression.
Radius (R} of the Array is 0.3 ), Radius of the
Dipole (A) is 0,025}, and Position Error is 2%.
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.0250
.3000
.0015
.0000

iouon

:

g; A=0

% R =0

. Xg= 0
Yg5= 0

ERR.R = 0.5%

Table ?: Short Circuit Admittance (Y's) and Open Circuit
Impedance (7's) of Circular Array Elements and
the Center rlement. Values Shown Follow the
Order: Real, and Imaginary.

Y1l = 0.61661E-02+30,99868E-03 Y32 = 0.90292F-03+j0.12915E-02
Yi3 =-0.67795E-03~30.42672E~03 Y3y = 0,90292E-03+30.12915E-02
Yis = 0.74757E-04+30.41536E-02 Y21 = 0,90292E-03+30.12915E-02
Y22 = 0.61705E-02+30.10275E-02 Y23 = 0.3C732E-03+30.13201E-02
. Y24 =-0.67797E-03-30.42664E-03 Y25 = 0,73529E-04+30,41301E-C2
. Y31 =-0.67735E-03-30.42672E-03 Y32 = 0,90732E-03+30.13201E-02 .
1 Y33 = 0.61749E-02+30.10559E-02 Y3y = 0.50732E-03+30.13201E~02 g
T Y35 = 0.72273E-04+30,41070E-02 Yyi = 0,90292E-03+30.12915E-02 o
: Y2 =-0,67797E-03~30.42664E~03 Yy3 = 0,50732E-03+30.13201E-02 S e
/3 Yyy = 0,61705E-02+30,10275E-02 Yis = 0,73529E-04+30.41301E-02 ok
£ Ys1 = 0.74758E-04+3j0.41535E-02 Yg2 = 0,73532E-04+30,.41301E~02 G
; Y53 = 0.72276E-0u+30,41070E-02 Y5y = 0.73532E~04+30.41301E-02 .
i Yss = 0.u45548E~03-j0. 15182E~02 ;
N
i 711 = 0.12410E+C3+3C.91576E+01 %733 =-0.50212E+02~30.33150E+02
] 713 =-0.1534UE+02+j0.38775E+02 7]y =-0.50212E+02-30.33150E+02
L 715 = 0.79162E+01-j0.53309E+02 221 =-0.50212E+02-30,33150E+02
r 792 = 0.12u37E+03+30.91088E+01 Z23 =-0.4%9943E+02-30.33201E+02
» 79y =-0.15343E+02+30.38776E402 725 = 0.73753E+01-30.52885E+02
% 731 =-0.15344E+02+30,38775E+02 732 =-0.49943E+02-30.33201E+02
& 733 = 0.124B4E+03+30.90552E401 Z3y =-0.49943E+02~30.33201E+02
2 735 = 0.684B4E+01~30.52459E+02 Zyj =-0.50212E+02-30.33150E+02
2 Zl,2 =-0.15343E+02+30,38776E+02 Zy3 =~0.49943E+02-30.33201E+02
5 Zyy = 0.12437E+03+30.91089E+01 Zys = 0.73753E+01-30.52885E+52
s 751 = 0.79162E+01~30,.53309E402 Zgy = 0.73753E%01-30.52885E+02
9 753 = 0.68463E+01~30.52459E402 7Zs5y = 0.73753E+01~30.52885E+02
gﬁ 755 = 0.86780E+02+30.557 20E+02
2
i
A
b
.
?




A 0
R 0
Xs= 0
Ygs= 0

ERROR

Y11
Y13
Y15
Y22
You
Y31
Y33
Y35
Yy
Tyy
Ys1
Y53
Yss

U oo ooy

2311
713
215
Z222
72y
Z31
233
235
Zy?
Zyy
751
753
755

0o nouw oo non iu

Table

T AL, T T Y e I DA MO ) s ! IR

.0250
.3000
.0060
.0000

= 2.0%

0.61527E~02+30.91060E~03
-0.67772E~03-30.42652E-03
0.78434E-04+30,42251E~02
0.31705E-92+30.10289E-02
~0.67805E-03-30.42529E~03
-0.677725-03-30.42652E~03
0.61879E-02+30.11396E-02
0.68518E~04+30.40388E~02
~0.67805E~03-30.42529E-03
0.61705E-02+30.10283E-02
0.78433E-04+30,42251E-02
3.68520E-04+30.40388E-02
0.45556E-03-30,15211E-02

0.12327E+02+90,92764E+01
~0.15330E+02+30.38771E+02
0.95590E+01-30.54543E+02
0.12439E+03+30.91139E+01
-0.15324E+02+30.28781E+02
-0.15330E+02+30.38771E+02
0.12541E+03+30.88690E+01
0.52809E+01-30.51144E+02
.15324E+02+30.38781E+02
.12439E+03+30.91139E+01
.95590E+01~30 .54 543E+02
.52809E+01-30.51144E+02

0
0
c
0
0,867€2E+02+30.55632E+02

0.89628E-03+30.12488E-02
0.89628E-03+30.12438E~-02
0.89628E-03+30.12488E~02
0.91387E-03+30.13632E-02
0.73740E-04+j0.41299E~02
0.91387E~03+30.13632E-02
0.91387E~-03+30.13632E-02
0.89628E~03+30.12488E-(2
0.91387E~03+30.13632E-42
0.73740E-04+3j0.41299E-02
0.73740E~0B+30.4129 E-0?
0.73740E-04%+350.4129° ~2 0

=~0.50809E+02~30.33080E+02
=-0.50609E+02-30.33080E+02
==0.50609E+02~30.33080E+02
=-0.49535E+02~30.33285E+02
0.73234E+01~10.52867E+02
-0 .49535E+02-~30.33285E+02
-0.49535E+02~30.33285E+02
-0.50609E+02~30.33080E+02
~-0,48535E+02-j0.33285E+02
0.73234E+01-30.52865E+02
0.73234E+01~50.52865E+02
0.73234E+01~30.52865E+02

3: Short Circuit Admittancc (Y's) and Open Circuit
Impedance (Z's) of Circular Array Elements and

the Center Element.
Order:

Values Shown Follow the
Real, and Imaginary.
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i A = 0.0250 P
5 R = 0.3900 4
" X5= 0.0300 ’ E
: Y5= 0.0000 *
; ERROR = 10.0% ;
i ¥11 = 0.60766E-02+30.39141F-03 Y3, = 0.86030E-03+30.10255E-02 o
: Y13 =-0.67189E-03~30.42157E-03 Yy = 0.86030E-03+3j0.10255E-02 !
£ Y15 = 0.96820E~-0u+j0, 46448E~02 Y5y = 0.86C30E-03+30.10255E-02 ;
Y ¥22 = 0.61686E-02+30.10635E-02 Ya3 = 0.94770E-03+30.15856E-02 : :
= vou =0,67997E-03-30.39072E-03 Yog = 0.79073E~04+30.41244E~02 y
! Y31 =-0.67189E-03-30.42157E-02 Y3p = 0.94770E-03+30.15956E~02 i
P ¥33 = 0.62516E-02+30,15457E-02 Y3y = 0.94770E-03+30,159556E-02 2
Z; Y35 = 0,.48121E-Q4+30.37055E-02 Yy = 0.86030E-03+3j0.10255E-02 g
: Y42 =-0.67997E-03-30.39072E-63 Yy3 = 0.94770E-03+30.15956E~02 ;
3 Yuy = 0.61686E-02+30.10635E-02 Yyg = 0.79073E-04+30,41244E~02 ;
P Y51 = 0,96819E-04+j0.46U48E-02 Ygo = 0.79073E-04+30.41244E-02 E
: Y53 = 0.48122E-04+30.37055E-02 Ygy = 0.78073E~O4+30,41244E~02 :
‘) Y55 = 0.45776E-03-30.15965E-02 :
; 711 = 0.11829E+03+j0.90971E+01 7Zj9 =-0.52565E+02-30.32794E+02 3
! 713 =-0.1%988E+02+30.38652E+02 Zjy =-0.52565E+02-30.32794E+02 5
; 715 = 0.18976E+02-30.60223E+02 257 ==0.52565E+02~30.32794E+02 £

792 = 0.12480E+03+30.92330E+01 Zo3 =-0.47305E+02-30.33921E+02 E
i 7224 =-0.14822E+02+j0.38900E+02 Z,5 = 0.60056E+01-30.52355E+02 4
;. 736 =-0.14988E+02+30.38652E+02 239 5-0.47305E+02-30.33921E+02 "
1 733 = 0.12886E+03+30.73442E+01 Z3y =-0.47305E+02-30.33921E+32 %
- 735 =-0.21861E+01-30.43429E+G2 Zy) =-0.52565E+02-30.32734E+02 3
2 747 =—-0.14822E+02+30,38900E+02 Zy3 =~0.47305E+02~30.33921E+02 )
; 24y = 0.12890E+03+30.92330E+01 Zyg = 0.60056E+02-30,52355E+02 ;
: 751 = 0.18976E+02-30.60223E+02 Zgp = 0.60056E+01-30,52355E+02 b
! 753 =-0.21862E+01-30.43428E+02 Zgy = 0.60056E+02-30.52355E+02 o
- 755 = 0.86336E+02+30.53419E+02 .
él ¥ v&
; 3
i’ Table 4: Short Circuit Admittance (Y's) and Open Circuit i
impedance (2's) of Circular Array Elements and the §
: Center Element. Values Shown Follow the Order: 1
; Real, and Imaginary. 3
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It is desirable to know how sensitive the array's
input impedance is to the center element‘'s position.
This gives the information on how the feeding network
mist be adjusted to achieve good power transfer.

For the 0° progression, and when array radius is
0.3 wavelength, it is seen in Figure 5 that the real
part of the impedance (resistance) does not change
with position error, and some change in the imaginary
part (reactance) as shown in Figure 6. Ports 1 and 3
are affected, because the center element is displaced
towards element 1 and away from element 3, whereas the
distance from elements 2 and 4 are practically unchanged.

When the array radius is increased to 0.5 wave-
length, results are shown in Figures 7 and 8. 2esist-
ances of ports 1 and 3 are seen to change with position
error.

Returning to the case where array radius is 0.3
wavelength, but changing the phase progression to $0°,
it was found that all ports of the circular array are
insensitive to positiiLa error. Results are shown in
Figures 9 and 10. However, it is seen in the figures
that the input impedance of the center element (port 5)
changes drastically with position error, and seems to
approach infinity at zero position error, That means
for a fixed load at that port, impedance mismatch is
greater when the center element is closer to array cen-
ter. In the same manner, isolation between the element
and the array goes up with decreasing error.

Radiation Pattern

Calculations were made of the circular array where
+he center element was loaded with 1006 ohms. Results
are plotted in the following figures.

Figures 11 throwugh 13 ave for an array with 0.3
wavelength radius at increasing position errors. It
is seen that pattern minima of the 0°, 90°, 180° phase
progressions are -1.2, «3.2 and -wodb respectively.
Patterns of the +90° and ~90° progressions are identi-
cal. With increasing error, pattern distortions are
seen to be within 1 db.,

Figures 1l through 16 show radiation patterns of
the array when array radius is increased to 0.5 wave~
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¢ Theoretical Azimuthal Plane Radiation Pattern
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length. It is seen thav lobes are formed at all phase
progressions. As error increases, patterns are dis-
torted in shape. The array with 0.5 wavelength radius
is thus seen unsuitable for omnidirecticnal communica-
tions.

Figures 17 and 18 show patterns of the 0.3 wave-
length radius array as in Figures 11 through 13 but
the displacement of the center element i in the di-
rection between two adjacent array elements (@ = #5°)
rather than towards oneelement (# = 0°). They are
similar to those shown in Figures 11 through 13.

Other patterns including those with a different
dipole radius avre included in Appendix D.

Isolation

Isolation is defined as the ratio of power trans-
ferred to the 100 ohm load to the total power entering
the array. -

Power transferred to the 100 ohm load is equal to
the product of the 1J0 ohm and the square of the feed
point current of the center element, Power entering
the array is the sum of powers entering each array ele-
ment. Each array element is assumed to have a unit
voltage across its feed point. Computer program for
isolation can be found in Appendix A.

Results are shown in Figures 18 and 20, Figure 19
shows isolation as a function of position error. It is
seen that except for the 0° progression, a1l other three
progressions show increasing isolation with decreasing
error, It approaches infinity asymptotically. The re-
sult verifies the trend of input impedance discussed in
section 5.3,

Figure 20 shows the effect of dipole radius on iso-
lation. For the range of radii investigated, isolation
is insensitive to dipole radius.
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EXPERIMENTAL STUDY

A laboratory setup was assembled using scaled models

of existing FAA antennas ané a power Gividing and phasing
network. This section is divided to cover antenna and net-
work design, radiation characteristics, isclation, gain,
ané other capabilities of the array.

6‘1

&ntenna and Network Design

An FAA coaxial dipole was used as the basis of
design. The FAA dipole was originally designed for
use at VHF. By keeping the proportion, the dipole
was scaled down in size to L-band, with a center fre-
quency of 1.85 GHz. The mechanical drawing of the
scaled antenna is shown in Figure 21, An exploded
view of the scaled dipole is shown in Figure 22. The
assembled dipoles are shown in Figure 23.

VSWR of dipcles were measured. VSWR plot of the
original VHF dipole is shown in Figure 2%, and the
plot of scale models is shown in Figure 25. It is
seen that general shapes of the plots are similar,
with the exception that the VHF dipole has a much
narrower bandwidth but a Letter match at center fre-
quency. This is because the VHF antenna tested had a
matching network at the feed point. The matching
network of the original dipole consists of a single
coil. Because of that matching network, the antenna
is tuned to a single frequency and exhibits a nar-
rower bandwidth characteristic there. Since a per-
fect match is not required to prove the theory of the
circular array, the matching network was not used for
the scale model.

For ease of controlling phase distribution, a
simple power divider system incorporated with varia-
ble phase shifters was used. The circuit diagram is
shown in Figure 26. The input power is fed in from
the top and is first divided into two equal parts by
an isolated power divider then further divided intc
four parts by two more isolated power dividers. At-
+ached to each of the four arms of the divider is a
trombone line stretcher. After the line stretcher,
the line feeds into an antenna. Figure 27 shows the
picture of such a network.

The accuracy of phase adjustment was within %5°

35

gy
ES

v
L

L

T

U ST

R T

er s =

P

R

AR

e Y

EAPES

-
-

A

o
5’1‘

Y s

. 3 . M <«
Y S N PV T PO

~.

“ e
FRNCCES O S, RSP N

/
#han o

3

A W e

3. -

S A AP R IXE 7 SN RS SRV e

s

Sy .
2L ER oo bon sedoan

]



T ey T e g R e Ay e - 5+ e
oS AN Y e D 0 TT T AW TR e emgeias e ngrEr ATy R
' .. " o R " Bag 7T R RN T 95 e o e T A TR ATREER PRICES K2 E B
, . ; ¢ A R e A B A e R I e T i N
N . . - I P Uw,avlwx
SRk
. . :
2
P
i
)
S

‘ﬁ/ﬂ-;

B

&

Gt

.
Loy
D,

e T
P

¢

{
2,

e

R W TN
SR ey

f The Scaled
4

.
| 5 et
, -t \W s,,
: o R
. . " mm m «H@v
u .’- ) L ' g %ﬂz\
W - 2 =
- * -
o { by “ * B
il S 1. 3 R T e — i
% = - w e oo —r n ] i o
A ' P
oo som v il amny ix.ii}‘i‘ag&& R & Y [an]
iy N T SO S )
1 e N s &
) . (e O\, [ ]
' m ~u...." pd 2 70
o = ] i
k2 = Tt ’ .
T g S g 3 % A
. ) 'S feia = s g e
) u.« . m PR o < =
, o
- 8 : Ja= : x 9
ge= 5 £ S
| g ﬂmm s nm et
. TME g2 o
. fes t 2§ |
| £38 e
. m:@_
T w 3 e.y ”
‘ By
i aR%
('] Y
N
o e
- oA
y 2%
Jeh
oo oy
-3k
o R
Fu FiREh
Ew-f .Ex. - .rv.wxvl;..!.%‘ . mA.M;; r“ﬁ X .bm?.: .-..Q..., xC b .. L a L A., v Qe " B 2, b N % v
AL Al b ‘8 b 30 s bl d 7 Ak RS 8 o bl it Soteo i M e oy W il T Y et ‘el R B ;%»xi&?#}ffh umspﬂw;nrni.u%\h,w..h




. - e <u A S RTTRIMR
NEA T AT RO Ve TR R BT I I AT T R R A R R A RIS TR R

N L ST

o fear e T - : ...‘:.- .qul
o - per ..- 11::7 ﬁ.I-.l:)._&ia_v.x»-:a.s iu)..,,z.v..i..).?.‘...,.sia.nzu.\J.(;le» :.\:J.x,.\.,..,s.. , .‘a
B ».« oy <y A A .:x..var\,‘ % 113 «aa,uﬂu\b Za : :.Ldm- \. _ . 3 .
i R ,

"

, s
‘

'

B
n
(JN
o

&
e,

4

e L erate

t

.
AT LY

Kz

s, s .
iy B e ey

gty
i,
-ee‘f.‘??.'ﬁ SEE

WA
&2

o3

An Exploded View of the Scaled Dipole,
37

Figure 22
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and the accuracy of power distribution was within
+1 db.

A circu:ar array with a diameter of 0.6 wave-
length was formed using above described elements
and feeding network. The array itself was supported
by rigid dielectric braces. The trombone phase
shifters were adjusted to give a 90° phase progres-
sion. The antenna feed arrangement is depicted in
Figure 28, where element No.l is fed with unit am-
plitude and 0° phase, element No.2 is fed with unit
amplitude and $0° phase, element No.3 is fed with
unit amplitude and 180° phase, and the last one is
fed with 270° phass., The element locatad at the
center is the test element which is supposed to be
isolated from the circular array by virtue of the
array's phase progression. The system was then
tested, and results discussed in following secctions.

Radiation Characteristics

The array was tested for three different phase
progressions. Array patterns and center element pat-
terns were plotted as well as other variations. They
are discussed below.

6.2.1 The 90° progression

i

e oL o ' T

s 2 i &XINW ity w;\ S s taeed
R R T

Radiation patterns of the 90° progression are
shown in Figure 29. The array pattern has a peak to
null variation of #3.5 db. But part of that varia-
tion was caused by network amplitude unbalance, which
shows up as a wave in the pattern. If the network is
balanced and the wave is taken out from the pattern,
it will leave only the ripples, and the variation
will be reduced to %2 db.

Because of the array blockage, the pattern of
the center element is seen to have ripples tco. The
pattern is shown in the same figure. But it is seen
that the pattern has less variation than the array
pattern.

When the center element position error is in-
creased from 2% to 10%, it is found that the array
pattern stays practically the same, but the pattern
of the center element has changed in two ways. First
of all the relative amplitude has decreased in some
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spots, and then the pattern is less isctropic. The
patterns are shown in Figure 30. The reason for the
changes i1s because the array is now coupled to the
center element, closer than before, due to an increased
position error of the center element.

In a reverse manner, the pattern of the center
element will be more isotropic aind has a higher gain
if coupling is less. This will be shown to be true in
section 6.2.3.

6.2.2 Other Progressions

The feed network was adjusted for 0° and 180°
phase progressions. Figure 31 shows the result of 0°
progression. Because of strong coupling, both the ar-
ray and center element patterns deviate from being iso-
tropic. Figure 32 shows the result of 180° progression.
The array pattern shows four nulls, as depicted by the
theory.

£8.2.3 Elevated Center Element

In order to observe the effect of higher isolation,
the center element was elevated from the array plane by
a quarter wavelength. The isolation of the 80° progres-
sion was found to have improved by 3 db, and radiation
patterns were plotted in Figure 33, An improvement is
seen in the center element pattern as expected and as
explained in section 6.2.1.

6.2.4 Effect of Other Obstacles

In corder to study the effect of obstacles, loaded
and short-circuited antennas, and a piece of straight
wire were used in succession to simulate various situa-
tions. Figures 34 through 36 show the radiation pat-
terns of a single coaxial dipole in the neighborhood of
a loaded dipole, a piece of straight wire, and a short-
circuited dipole respectively. Pattern distortion is
seen to become worse., As a comparison, Figure 37 shows
the pattern of a 90° progression array one wavelength
away from a 1- .ded dipole, measured from the array edge.
Distortion ies negligible, The reason is partly because
the spacing is larger, but the other reason could be be-
cause the array itself is 0.6 wavelength in diameter,
thus the effect of the obstacle tends to be distributed
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6.3

T A Ry

TR e e

among array elements, rather than concentrated in one
element,

Isolation

For the $0° phase progression, a series of iso-
lation data points were taken and mapped onto the array
plane. Using linear extrapolation between points, an
equal-isolation contour plot is generated. Using the
extrapolated null point as the origin and the lines con-
necting it to antenna locations as the axis, displace-~
ment away from the null was marked off along the axis.
Isolation values read from this plot compares closely
with theoretical results, especially the trend of in-
creasing isolation as the position error is decreased.
The plot is shown in Figure 38.

The difference between theory and experiment is
largely due to:

1. The theory assumes symmetrical dipoles, where-
as the experiment used coaxial dipoles.

2. Network loss is present.

3. The effect of an absorber ground piane which
is placed one wavelength away from the bottom
end of the dipole to minimize the effect of
supporting structures may be present,

6.3.1 Value of High Isolation

A high isolation of 55 db was mecsured for the 90°
progression. Higher values can be achieved if mechani-
cal tolerances can be held,

There are two types of isclations that exist., One
is the isolation between the array and the center ele-
ment. The other is the isolation between one array pro-
gression and the other. The first is controlled prima-
rily by position precision. Other factors that do enter
into the consideration are array phase precision and ar-
ray amplitude precision,

Isolation between progressions is determined mainly
by the feed network matrix's isolation. At present the
best estimate of achievable matrix isolation is about
30 db for a transmission-line network and 40 db for a
waveguide network,
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Figure 38: Equal-Isolation Contour Plot for 90° Phase Progres-
sion.
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6.3.2 1Isolation Betweenh Two Half-Wave Dipoles

.4

6.5

s,

AT a2
L N TR
TEENET

In existing FAA facilities, the model of two di-
poles can adequately depict the isolation between an-
tennas. Figure 39 shows the theoretical plot of dipole
isolation as a function of spacing. It is seen that in
order to get 30 &b isolation, the cdipoles have to be
spaced 4 wavelengths apart, and to get 55 db isolation,
the two dipoles cannot be mounted on the same FAA tower
or similar structures of that size. In contrast to
that, the circular array needs no more reom than a cir-
cular aperture 0.6 wavelengths in diameter.

Gain

The circular array gain at 90° progression was
measured. The measurement made use of the insertion
loss technique and Friis transmission formular. The
gain was found to be 0.5 db above an omnidirectional
antenna. This gain value includes the feed network
loss, and the coupling loss to the center element.

Other Capabilities

Because the array is symmetrical about the ver-
tical axis, uniform scanning can be expected if fu-
ture needs require such capability. Beam forming, and
simultaneous beam scanning are all possible.
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CONCLUSIONS

it is essential to improve antenna isolation in order
to up-grade present TAA communication systems. The concept
of using progressively phased circular arrays to achieve
high antennz isolation has been investigated theoretically
and experimentally. It is found to be technically feasiblie.
Isolation as high as 55 db was achieved. Pattern distorticn
is not severe, as compared to distortions caused by nearby
obstacles in existing systems. Space needed to mount the
system is one order of magnitude less *than what is required
at present for the same isolation.

Disadvantages as compared to using single dipoles are
found to be that isolation depends on position accuracy.
That problem can be solved by building the array as a mod-
ule. If weather resistance is required, a radome can be
used. Because of the feeding network, the array is lossier.
The network loss is estimatcd to be in the order of 1 db.

Other possible disadvantages are that the array could
cost more than single antennas because of the additional
components in a phased array; and an increz2se in parts may
also decrease the reliability figure. The higher manufac-
turing cost is there, and is expected because the array can
do more. Lower reliability figure may not be significant

because the array system uses only linear passive components.

On the other hand, other advantages are that the anten-
na system is compiete in itself. It can be expanded by ei-
ther going to a larger matrix network [3] or using the modu-
lar construction concept and stack the array up vertically.
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RECOMMENDATIONS

This initial study has proven the feasibility of the
concept of progressively phased circular array for antenna
isolation. It is one of the few that are applicable to
FAA communications..

It is thus strongly recommended that the study be ex-
tended to investigate the limitations of matrix feed net-
works, and effects of these limitations. Those limitations
that should be investigated are loss., amplitude balance,
phase precision, and isolation between phase progression
mnades.
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APPENDIX A

GENERALIZED ADMITTANCE MATRIX

L Y O R T P

This Fortran IV program calculates the generalized
admittance matrix, and associated admittance and imped-
ances.

Plots of the current distributions along dipoles
can be obtained for all pbase sequences. Necessary sub-
* routines are included.

sl s,

ENPUT DATA:

EH ~ half height of dipoles (height of monopole).
NN - number of dipoles,

IPP ~ number of match points.

X(I) ~ X-coordinates.

¥(I) -~ Y-coordinates.

A - pradius of dipole.

I - index of antenna number.

o A 5L Lo P a A

4
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Lt OUTPUT TATA: g
o . ﬁ
=2 ]
- (1), Y(I) -~ defined above.

g A - 7radius of dipole.

% CS(X,L) - the generalized admittance matrix.

B CSSIM(IJ,KJ) ~ short-circuited admittances and

open-circuited impedances.

Assumptions are that the ¢lements are thin, center-
fed symmetrical dipoles. Surfaze resistance is negligi-
ble. Kernel is approximated. Moment method is used.
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INPLICIT CORPLEXI(C)

COMPLEX CSN{40G,40)

COMPLEX DETER#,({OEF(60},CVi64])

CO¥PLEX*16 CS{40,40)

COMPLEX CSSIM(10,1G)

DIMENSICON ANAGI(240)

COMMON X{(5)2sY{5)eZsAsAKsNyI

A 1S RADIUS, EA IS HALF HEIGHY OF CENTER FED DIPGLE,

1PP 1S NUMBER GF MATCH POINTS, NN IS NUMBER OF CGIPOLES,

M + N ARE FIELD POINTS, M=MATCH PT, N=CIPOLE

I + IP ARE SRIRCE PTS, I=DIPCLE, IP=BASIS SET.

IF THE END MATCH PCINT SERVES AS A SOURCE,IT IS ZERO, BECAUSE
OF THE BOUNDARY CONUITION WHICH STATES THAT THE CURRENT AT THE
ENC OF THE AIRE IS ZERO. BUT IF THE END HATCH PT SERVES AS A
FIELD PGINT, SINCE IT IS NUST A LOCATICN FOR COLLECTION OF MAG.
VECTGOR POTENTIAL, IT IS NOT NECESSARILU ZERQ.

EXTERNAL CKS

MT1=25

AK=6,2831853

READ-IN EH 4NN, 1PP.
READ{5,210)EH4NN,IPP
FORMAT(F5.3,212)

NNL1=NN-1

ANNL 1=NNL1L

ANNN=NN

MM=1PP+1

MT=NNEMM

MLNN=MYT~NN

REAC IN COCRDINATES CF DIPCLES.
READ(SyTI{X{1),Y(1),1=1,5)
FORMAT(2FB.4)

READ IN RADIUS OF ARRAY
READ(5,2)A

FORMAT(FB.6)

WRITE OuT CCORUCINATES OF DIPCLE.
WRITE(6,45)
FORMAT(10X,'CCCRDINATES OF DIPOLE')
LO 9 I=1,NN
WRITE(Gsa) Lo X{ U)o 1Y (I}
FORMATIOX ,'X?1,11,%=14F10.4,5%y'Y',11,'=9,F10.4)
WRITE(6,3)A

FORMAT(5X,y *RACIUS 15=*,F9.6)
ANN=[PP

DZ=EH/ANN

11=CZ/A%4,

INITIALIZE CS(V4N)
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GO 4Q0 ¥=140T
LO 4C0O N=1,¥T
400 CS(M,M)=CHPLX(0.,0.)
LALCULATE MATRIX SLEM BEGIN wWITH THE FIRST HALF SECTION.

(@]

C
O 101 N=1:hN
ie=1
IN=0.
INP1=DZ/2.
O 1064 P=lyMN
Afast
2={AM-1.)%DZ
CN 105 I=1,&N
L=1P+(I-1)*IPP
J=M+{N-1) %My
CALL CWEDF{CKS,sZN,ZNP1,1I,CETERM)
CS(JyL)=DETERM

105 CONTINUZ

104 CONTINUE

A " LY » ‘l\
PR/ R S W LA

CALCULLATE FULL MATCH SECTICN--MATRIX ELEK., WHERZ I AT IS MADE O. ;

OO

v 101 IP=2,1PP
AP=[P
IN=D2%(AP~-1,5)
INPL=IN+DZ
DO 103 FM=1l.VM
A=V
2={A¥-1,)%01Z
unN 182 I=i,NN
L=IP+({I-1)*IPP
JEN+H{N-]1)¥N]P
CALL CWEDF(CKS2NINPL,IT,CETERM)
(LSUJsL)=DETLRM

102 CONTINULE

103 LONTINUE

101 CONTINUE

NN
Covad f S T
e ARG Y o o fasts B e o s

CALCULATE TERMS [OE TC COSINES ( EVEN SYMMETRYI).

YOO

) 200 M=l,¥M
AM=M
M= (AM=L. )% 0L
po 200 N=1,NN
NINGX=Me (N1 )%MH
RS=COS{AK*ZF) /30,
20C CSININDX NN*IPP+N)=CVPLX{0.sRS)
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205

1005

309

700
701

320
921

INVERT #ATRIX

CALL CDMINL(¥T7,(S,40,CDETM}
YWRITE(6,989)UDETM

ARITE(632S0) ({CS{KsL)oL=14MT),K=1,¥T1)
1'0 205 K=1,4¥T1

130 20% L=1,0T7

CSNI{KsL)=CS(KyL)
WnITE(641M{XI1)}y]I=1,5)
WRITE{G641)(Y(T}I=1,5)
FORMAT(5(2X,E12.6))

WRITE(751005) ({CSN{KyL)oL=14MT1,4K=1,MT1)
FORMAT{20A4)

CALCULATE THE DRIVING COLUMN MATRIX FOR THE FIRST ELEM.

CQ 300 M=1,MM
AM=p

I={AM-1.)%0CZ
RV=~SIN({AK*7)/60.
CVIM)=CMPLX (0. ,RV)

CALCULATE SHCRT CIRCUIT ACMITTTANCES

NC 701 KJ=1,NN

JK=KJFMM~-MM

00 701 IJ=1,NN

J=(IJ=1)*[PP+1

COEF(J)=CMPLX(0.,0.)

LO 700 L=1,FM

CHANGE=CS{JyJK+L)

COFF(J)=CGEF(J)+CHANGE #*CviL)
CSSIM({IJ,KJI)=CCEF(J)
WRITE(6+9213{(1JdsKJI9CSSIMIIIIKIIpKI=14NN)3TJI=1oNN)

CALCULLAYTE CPEN CHUCUILT IMPEDAANCES

CALL CMINL(NN,CSSIVMy10,DETERNM)

wRITE (€,391)CFTERV

WARITE(6992C) {{TJsKJIyCSSIMITIoKI)Y 9 KI=1gNN)yIJd=1 ¢ NN)
FORMAT(4(Y ['4211,"' =1',2E12.5})

FORMAT (4 Y',ZI]" ='9ZE}.205)}

CELIN PHASE SECUENCES.
JJd=1 FOR 0.2 FOR 90,3 FCR 180,44 FOR 270.
D0 500 JJ=1,NANLL

PRIVING MATRIX FOR SUBSEQUENT ELEMENTS.
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301

AdJ=dI-1
JJdd=AJdy
GJ 301 M=1,MM

DRIVING ELEMS OF CENTER ANTENNA IS THE SAME AS ANT =1,

CVINNLI®MM+M)=CV (M)

DO 301 N=2,NNL1

NLian-1

ANLI=t1]

ANGLE=AK/AANLLIZ*AJJ*ANLL
CVNLIZFMaM)=CV(M)*CEXP(CVPLX (0. ANGLE))
NCENT=NNLL1*]1PC+1

LCOcF(1)=CMPLX{D. 10.)

COEF{NCENT)=CLEF (1)}

MTLMM=MT MY

FEEC PCINT [ AT ELEM. =1 + THE CENTER ELEM., HAVE NO CRIVE FROM CENT.

331

332

333

i v e . ot vl. -
"‘f TR Y 'Ai%f;\?ﬁﬂ wé;;w;,g L o
I RIS N B vt

) 331 L=1,MTLMM
CHANGE=CS(1,L)
COEF(1)=COEF{1)+CHANGE =*CVI(L)
CHANG2=CS{NCENT,L)

CNEF (NCENT)=CCEF(NCENT)}+CHANG2 *CV(L)
AMPLI=CABS(COEF(L))
WRITE(6,910)CCEF(1),ANPLI
AMPL I=CARS(COEF(NCENT))
WRITE(6,G11)CCEF{NLENT) 4AMPL]
C112=CUOEF(NCENT]}

PTL=MTLMME]

FEED PT. T AT THE CENTER ELEMENYT WITH NO DRIVE FROM CIRC. ARRAY.

D 332 L=MTL,MT

COEF(NCLNT)=CCEF (NCENT)+CS{NCENT,L)=CV(L)
YL=,01

Cv2==C212/¢CUEF(NCENT)+YL)
AMPLT=CABS (COEF (NCENT))
WRITE(L,GL2)ICURFINCENT) yAMPL]
AMPLI=CARS({v2)

WRITE(6,9L3)Cv2,AMPLT YL

uf 333 L=MT1l,NT

CviL)=CviL}*Cv2

CALCULATE CCFFFICIENTS

DD 320 J=14MLNN
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32C

&60C
500
50¢C
501
902
03
304
910
911
912
913
389
99C
991
996G
1000

U0 321 L=1l,y#T

CHANGEF=CS(Jd,1)
COEF(J)=COEF(J)+CHANCGE %*Cy{L)}
AMAGI(J)=CABS{CUFF(J))

AMAGI( MLNA+J)= REAL{COEF{J)}
AMAGI{ Z2*NFLNN+D)=AIMAGICOUEF({J))
AVAGI{3%:MLAN+I =0,
WRITE(6,5G9)1CCEF({J),AMAGI{J)

CALC INPUT IMPEDANCES AND ACMITTANCES

ud 600 I=1,A%

AfLl=i-1

AMGLE=AK/ANALLI®*AJJ*ATILY

MPMI=NMk[~NV+]

[TPLI=(I-2)*1PP
LETER¥=COEF{TIPLI+1)/CEXP{CMPLX(0.+ANGLE))
AMPLI=CABS(LETERM)
WR1TE(6,9G4)1,CFTERM,AMPLI
DETERM=CMP(X{1.,0.)/DETERM

AMPLI=1./AFPLI

WRITE(6,9G3)I,CETERM,AVPL]

CALL RPLOT(AMAGI 44MULNNyLeyleyddd)

FORMAT(Y 1= 'y 13,¢ CS({*,213,%) = "42E11.3)
FORFAT(* IVM= ',13,' Z= %,E1l1.3)

FORMAT{' IP,IN,INPL,yII¢Ny= *,13,2EL11.3,214)
FORMAT(® Z2{(!'512,') ='43El4.8)

FORMAT(' Y(',12,"') ='43ELl%.8)

FORMAT(' Y11 =';2E14.8,! MAGNITUDE =%;E14.8)
FORMAT(' Y12 =*,2E14.8,? MAGNITUJE =¢,E14,.8)
FORMAT(® Y22 =1'42E14.8,° MAGNITUDE =';El4.8)

FORMAT(' V =',3E14.8," Y LOAD ='4,E1l4.8)
FORMAT(46H INVERTED MATRIX WHCSE NORMALIZED DETERVMI'ANT
FORMAT(10D11.3)
FORMAT{46H INVERTEC MATRIX wHCSE NORMALIZED DETERKMINANT
FORMAT{3E16.6)
CONTINUE
CALL EXIT
END
COMPLEX FUNCTICN CKS(ZP)
COMMON X{5)Y(5)sZsAyAKyNs
PR=ARK24(X(T)-X(N) ) %42+ (Y([)-Y{N))%%2
RI=SQRT(RR+(Z2+4IP)%%2)
RZ2=SQRT(RR+{L=ZP)*x*%2)
RK=COS(AK*R1}/R1+CCS(AK*R2)/R2
AJK=-SIN{AK*R1)/R1-SIN(AK*R2)/R2
CKS=CFPLX{RK,AIK)

RETURN

END
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WUBRCOUTINE CWEDF (CFsXL4XUgNX9CANS) CHEDFOO1L
£
CHEDF IS A SUBROUTINE p#HICH WILL NUVERICALLY INTEGRATE A USER &
SUPPLIED FUNCTICN BETWEEN SPECIFIED LIMITS. (SINGLE PRECISION) *
CF ~ MNAVE OF FUNCTIC. SUBPRCGRAM, HMUST BE LISTED IN AN *
EXTFRNAL STATEMENT. =
XL - LOwWER LIMIT OF INTEGRATION *
Xu - UPPER LIVIT GF INTEGRATION &
NX ~ APPRCXIVATE NUMBER CF NODES AT wHICH TO EVALUATE FUNCTION %
CAS ~ RESULT OF INTEGRATION =
PREPARED BY MICHAFL G. HARRISON E.E. OEPT JUNE 22, 1972 »
E-1
ISPLICIT CCMPLEX%:8 (C) CHWEGFOG2
2EAL®8 CXDX, XX CKEDF0Q3
RUAL®SL CWh(6) /8209216092764 272432723216.7 CHELFO04
IF(NX.Lt.C) GC TN 300 CvWEDFOO0S
N={(NX+4)/E)*E+1 CWEDFQ06
U= {XL-XL) /FLCAT(N-1}) CWEDFOO07
CXCX=08LE(CX) CWEDFO008
NwlX=N/E CREDFOQOQ
X=XL CWEDFO1cC
CANS=-CF(X}*41.0 CHEDFO11
N 8CC MX=1,NWIX CHEDFO0L2
¢ 700 #4=1,6 CHECFO13
CANS=CANS+Cw(KX)=CF(X) CWEDFO1l4
X£=DBLE(X) CHEDFOL15
A=SNGLIXX+TXCX) CWEDFOl6
CONTINUE CWEDFOL17
CONTINUE CWEDFO18
CANS=(CANS+41.0%CF{X)}%0X/140.0 CWEDFOQ19
RTTURN CWEDFO020
WRITE(6,901) N CWEDFO21
FURMAT('OERROR [N CALLING PARAMETER =¥%%x N .15, %xxkixv//) CWEDF022
RETLRN CWEDFO023
END CWEDFOQ24
SUBRUUTINE RPLCT
PUKIQSE
PLOT SEVEQRAL DEPLNDENT VARTABLES AGAINST ONE INDEPENDENT
VARTABLE
ULSAGE
CALL RPLLT (ANCyNReXLcX1,INOD)

LESCRIPTION OF PARAVMETERS

A - TFHF ARRAY TC BE PLOVTED.

VARIABLE TO BE PLOTTED
AL - TPE NUMBER CF COLUMANS IN A
NR - THE NULMBER CF ROWS IN A

A-7

EACH CCLUMN CONTAINS A
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b < X1 =~ THE FIXRST VALUE OF THE INDEPENIENT VARIABLE g
] C X1 - INCREMENT CF THE INDEPFNDENY VARIAQLE 8.
‘ : INO = CHART GUMBER (3DIGITS MARINGM) k-
} c RENARKS ) i
ol NONE g
r B
c SURRGUIINES AND FUNCTICN SUBPROGRA¥S REQIIPEC L
: C NONE &
He ¢
f::— C S 8 0 00 PP OIS IDOP OB OISO OOV OOLOEEDPPOEUEIPIPOLOGOEDOPIEBIONCONO Sy 208 Ywe XD t\
5 c B
B SUBROUTINE RPLCT(A,NCyNRyXX1yXIyINC) =
- £ - 8
¥ REAL MIN MAX,A(1) H
3 INTEGER IR(12),LINE(101),BLK 5
5 X1=XX1 .
i «
b, 1 FORYAT (18H1 CHART NUMBER 413,/,1H0,EL5 5, 71X ,E15,&413Xy7THX VALU
%:' 081//)
i 2 FORVAT(LE 4101A1,8X,E15.6)
- 3 FORMAT(LHO, 80X, 16,15 POINTS PLOTTED)
i r g
: c INITIALIZE VARIABLES %
i c -
}'} FLK=23%30) g
£ [R{1)=2%%3C+2%%2742%%254+2%%24 PLOY *.! 27
k- TRU2)=2+%30424%2942% 2 2T+2%% 25424324 PLOT '
- TR(3) 2245304245274 28426422425 PLOT t4¢
¢ TR(4)=24%30424%2842%%2742%%26 PLOT t¥!
[RU5)=2%%3042%%2T7+24%2542%%24 . PLOT *L?
v TR(6)=2¢830425%4204 2542 7424525420424 PLOT '2° ‘
i TR(7)=2853042442742582642%%25 PLCT *3 hs
fi- 12(8)=23%30422%28+4 24327428326 PLOT '4* =
e [R{93=2%%3C+2452T42¥%2542%% 24 PLOT 'S 1
Y IR (10)=224% 3G+ 244294 255274284254 24%24 PLOT 16" A
- IR(L1)=28%30 428427 424% 26424425 PLOT *7° B
& IR(12)=2%83042%%2b42042T+24%26 PLOT '8! o
4 < e
¥ GG 4 I=1,101 I
4 LINECD)=BLK b
22 4 CONTINLE ¥
4 L I
k~ C LOCATE MIN ANC MAX VALUES i
£ NEACENR
£ MIN=A(L)
¢ MAX=A(1)
: C
.
;
i A8
t
?
o
v
o

;: Y pon G 8 B . . Rty
gk (&2\” "z«’?ﬂ‘}:&f.i’ X\P«wnjzaﬁ. - eI e — s PP 5. 28 53




DO 8 [=2,N
IFLA(T)~MIN) 5,6,6

5 MIN=A{D)
6 CONT INUE
IF(A(I)"MAX) 8'8'7 j;'
7 MAX=A(]) %
8 CONTINGE 1
G =
o FOR SINGLE VALLEC ARRAY SET LIMITS 4]
c ~ i
IF U AX=MIN) 9,49.10 R
s MAX=A(1)41.0 &
MIN=A{1)-1.0 3
10 CONTINUE F
C
WRITE(6,1) INCyMIN,MAX
c
c BEGIN PLCT LOCP
c
B0 15 I=1,NR
£0 14 K=1,NC
IF(K-1) 11,11,12
11 KSA=] %
60 70 13 s
12 KSA=KSA+NR ¥
! CONTINGE -k
KPNT={A(KSA)-MIN)/(MAX-MIN)*100.0+1.5 ot
LINE(KPNT)=IR(K) Tl
14 CORTINUE o
ARITE(642) LINE,X1 N
X1=X1+XI
D0 15 L=1,101 ’ ;gi
LINE (L) =BLK e
15 CONTINUC .§§
c Ry
WRITE(643) AR -
c S
KE TURN g
ENG Be
SUBROUTINE CMINL (NsA,NDIM,CETERM) an10012 Y
c N
¢ CMINL IS A SUBKCUTINE WHICK WILL ACCEPT A SINGLE PRECISION COMPLEX * &
c MATRIX AND RETURN ThE INVERSE OF THE MATRIX IN ITS PLACE. THE * o
c SUBRUUTIME wILL ALSC COMPUTE THE NORMALIZED CETERMINANT OF THE MATRIX.* {1 Y&
. ¥ - THk CRDER OF THE MATRIX TC BE INVERTED 3
c A - COMPLEX COUBLE PRECISION INPUT MATRIX (DESTROVEDR) * v
c fHE INVERSE OF A IS RETURNED IN ITS PLACE. L
c NCIV - THE SIZE TO WHICH A IS CIMENSIONEC IN THE CALLING PROGRAM * 1} %
c JETERM TnE NCRMALIZEC DETERMINANT WHICH IS CALCULAVED BY THE * ¥§%
r:g
s
%
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DETERM ~ THE NORMALIZED DETERMINANY OF A WHICH IS RETURNED
JUNE 23,

PREPAREL BY MICHAEL G. HARRISON E.E, CEPT

COMPLEX A(NLIM,NOIM),PIVOT{L00) yAMAXyT9SHAP DETERN,U
INTEGER*4 [PIVCT(100),INDEX(100.2"
REAL TEMPALPHA(100)

INITIALIZATION .

DETERM = CPPLX{1.0,0.0)

UG 20 J=14N

ALPHA{J)=0.CBC

0Jd 10 I=14N

ALPHA{J)=ALPHA(J)I+A(J,1)% CONJIGLALS 1))
ALPHALJS)Y= SCRT{ALPHA(J})

IPIVCT{J)=C

GO 600 [=1,N

SEARCH FOR PIVCT CLEMENT

AMAX=CVMPLX{C.(C,0.07
0O LS Jdzl,A

IF (IPIVOT(J)=-1) 60,
G0 100 K=1.N

IF (IPIVOT(k)-1) 80, 100, 740

TEMP=AMAX® CONJG(aBAX)=A{JyK}* CONJG(A{J+K) )
IF(TEMP185,85,100

iRGw=J

ICCLUM=K

AMAR=A{ J,K)

CONTINUE

CONTINUE

IPIVOT(ICOLUM)=IPIVCT(ICOLUM)+]

1C5, 60

INTERCHANGE RCWS TS PUT PIVOT ELEMENT CN DIAGONAL

IF (IRQW-ICCLLM) 140
DETERM==-DETERY

DO 200 L=1,N
SWAP=A(TROW,L}
ALIROW,L)=A(TCCLUM, L)
A{TCOLUM L) =SWAP
SWHAP=ALPHALIRCW!
ALPHACIROW) =ALPHA(ICCILUN)
ALPHALICCLLUNM)=SHAP
INCEX{I,L)=1RCNW
INCEX{(I,2)=]CCLUM
PIVOT(I)=A(ICCLUM,ICCLUM)
U = PIVCT(T)
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ETERV = GETEnVwL CHN1C620 -

v TERP=CETERM/ALPHA (1CGLUM) CHNIC-5 ol
TEPP=PIVOT{LY® CONJGIRPIVET(I)) THNICHO =
iFLTenP)332,720,330 CMNIGS1E .

f CHNLECS20 : ;§
< IViuE PIVCT #Cx BY PIVOT ELEFERT CMALEEE0 ~4
c CENIG4T e,
A(ICOLUM, ISCLUM) = CMPLX(1.0,0.0) CHMN1GSET ¥

G 350 L=1.N CHN1GS2. %

v = PIVCT(IL TEN1GS £
AVICCLLY LY = A{ICCLULM,LI/L CoN1Osa! A

< CHMNiICS. o ¥
c <EDLLE NON-PIVCT KUKS - CMNLGEGD i
c T - CHN1ColC g
380 0 550 L1=1,N CHN:0c2 3 1
[FIL1-ICOLLY) 400, 550, 40C CHN1063G s

406G T=a(L1,ICCLUM) CMN10EL:, -3
A{1L1,1COLLM)= CMPLX(0.0,0.0C) CMNICE- - B

CO 450 L=1,A CHNLGEcw 2

L = A{ICULLM,L) CHN19670 ed

45C A{L1,L) = A(LL,L)-UsT CHN1066C .3
55C CaLTINUE CHN1DESS A
600  CONTINULE CKNiGTCE $
c CEALDTIL i
c INTERCHANGS CLLUMNS CHN1OTZ( 3
¢ CHN10720 22
620 ©G 710 f=1,: ) CHNICT4G A
Lah+i-1 CHN1GT50 -

IF {INLEX{(L,1)-INDEX(L,2)) 630, 710, 630 CHMN10760 B

€30 JRCW=INGEX(L,1) CHMN1077G .5
JCCLUNM=INOFX{L,2) CMN107E0 o

{0 705 K=l,N CHMN10790 SE
SAAP=AIK, JRMOW) CHN10800 T

MKy JRGA)=A (K, JCOLUY) CHNLDE:O o

A(K, JLOLULM) =SwAP CHMN1OFZC &

705 CONTINUE CHN:GE2C s
71C CONTINUE CHNIOEAC R
HETULRN CMh1GE50 "

720 wWRITE(6,73C) CUNIGB&O T
730 FORMAT(Z20F MATRIX IS STNGULAR) CMN10870 BN
74C RFTURN CMN108&C B
ENE CENiO890 R
SULRCLTIKE COMINL (N,A,NDIM,DETERM) CDM10010 3

c .
c ToMINl 1S A SUBRCUTINE WHICH WILL ACCEPT A DGUSLE PRECISION COMPLEX  * o5
o »ATRIA AKD RETURN THE INVERSE OF THE MATRIX IN ITS PLACE. THE % B
L SLBRLUTINE willL ALSC COMPUTE THE NORMALIZED CETERMINANT OF THE MATRIX.® B
c N - THE CRNER GF TRE MATRIX TO BE INVERTED * !
. A - COMPLEX OGUBLE PRECISION INPUT MATRIX (DESTROYED) = 4
A-11 -
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T THE INVERSE "OGF A 1S RETURNED IN ITS PLACE. b
¢ MOi” - THE SIZE TO #HICH A IS CIMENSIONEC IN THE CALLING PROGRAM
C CETLRVM - THE NORMALIZED DETERMINANT OF A HWHICH IS RETURNED =
g PREPARZD BY MICHAEL G. HARRISON E.E. DEPT JUNE 235 1972 x
*

COMPLEX%16 A(RCIM,NDIMISPIVOT{100) 4ANAX,T,SWNAPCETERH,U co¥10020
COMPLEX*16 CCKPLX,DCONJG,CCINV,CDXXXX Co¥lceo30
INTEGEZR*4 IPIVCT(100),INDEX(100,2} CDHK10040
REAL%E ALPHA(L10Q0),TENP CDK1G050

C CDH100£0
C INITIALIZATION C0K1G070
C COM10080
GETERM = DCVMPLX{1.C+0,0.D+0) CDHK10090

LO 20 J=1,A €oM10100
ALPHA(J)=0,CDO CDH101Il0

B0 10 I=1,N CDH1C120

10 ALPRA{JI=ALPHA(J)+ ¢ ", [1I*DCONJCLAVI,1) COM10130
ALPHA(J)=DSCRT{ALPHA(J}) COM10140

20 [PIVGTIJ)=0 cDOM10150

D0 600 I=l.X CDH10160

c corlolio
< SEARCH FOR PIVCT ELEMENT COM10180
c COM10150
A¥AX = DCHMPLX{C.D+0,C.C+0) €0M10200

£0 105 J=1,A CoM10210

IF {IPIvOT(J)-1) 60, 1G5, 69 CDM10220

60 DO 100 K=1l,A CDM10230

IF (IPIVCT(KI~1) 88, 100, 740 COH10240

80 TEMP=ANAXKDCONIGIAMAX)=A(J KIFDCONIG(A(IIK) ) COM10250
iF{TEMP)85,85,100 CDX10260

85 IRCh=y COM10270
ICCLUM=K CbM10280
AMAX=A(J,4K) CDBM1029C

10C CONTINUE CDK10200
105 CONTINUE COM10310
IPIVOT(ICCLLM)=TPIVCT(ICCLUNM)+1 cor10320

C ) CDM10330
c INTERCEANGE RCWS TC PUT PIVOT ELEMENT CN DIAGONAL CDOML0340
C COM103590
ITF (IRGw-I1CCLLV) 140, 260, 140 CDM10360

14C DETERM==CETERM COM10370C
CO 200 L=1,A CDM10380
SHAP=A(IRCwh,L) COM10390
ATiRCOw,L)=A(ICCLUNV L) CDM104CO

20C A(CICOLLY,L)=SkAP CDM10410
SHAP=ALPHA(IROW) COM10420
ALPHA{IRCW)I=ALPHA{ICTLLY) CDOM10430
ALPHALICGLUN ) =SyAP CDM10440

260 INDEX(1,1)=1RCh CDM1G450
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380

400

456
550

OO

620G

630

105
11C

(20
73¢
742

INCex L, 28=100 Up
PIVETLl)=A0100LLY, ICCLLM)

U = PIveT(T)

DETERM = GETERMEL )
CETLRV=CETERM/ALPHALICCLUR)
TEVM?=PIvOT (1 }*CCONJGEPIVOTIIN)
IF{TEMP)330,720,330

DIVIBE PIVET RCA hY PIVOT ELEMENT

ACICOLLYICCLLM) = CCMPLXI(L1.D40,0.0+0)
ot} T30 L=1,A

L o= 2IVLT]}

ALICOLULY,L) = AL{CCLUM,LY*COXXXX (Y]}

RECLCE NON-PIVCT ROWS

0 95C Ll=1,N

IFIL1-ICOLLY) 400, 550, 400
T=A(L1,ICOLLM)

ACLL, ICOLUM)Y=CC¥PLX(0.D+0,0.0+0)
N0 450 L=1,AN

L = A{ICOLLM,L)

AMLL,L) = A{LY,L)~L=T

CONTINUE

CONTINUE

INTERCHANGE COLUMNS

Q@ 710 t=1,n

L=ah+l-1

IF (INBEX(L,1)-INDEX(L,2}) 630, 710, 630
JRCW=INQEX «,41)
JCCULM=INDEX(L 2}

L0 705 K=1,A

SWAP=A({K,yJRCHW)

ALy JRCWI=A(K,JCGLUM)
A(K,JCCGLUM ) =50nAP

CANTINLE

CONTINUE

RETURA

WRITE(6,730)

FORMAT(20H MATRIX 1S SINGULAR)
“ETURN

ENEC

COMPLLX FUNCTICN CUXXXX%16(A)
COMPLEX®L6 A,CCMPLX

REAL*bB AR,ZATULARINV,ATINV,0A8S
AR=A
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APPENDIX B
MOMENT METHOD DATA REDUCTION BY
SEQUENCE FUNCTIONS
B-1
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ABSTRACT

The generalized admittance matrix of wire antennas
obtained by applying the moment method is usually large,
and cumbersome to handle. In order to facilitate
repeated calculations to find field and circuit quantities
from the matrix, sequence functions are used. The approach
avoids the necessity to store the entire admittance matrix
and also reduces subsequent computing efforts. It
supplies current distributions and field patterns of
each sequence as an intermediate step, and thus provides
otherwise unob*ainable insight into the perfcrmance of an
antenna system, especially that of a conformal array.
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MOMENT METHOD DATA REDUCTION
BY SECUENCE FUNCTIONS*

Bing Chiang, Howard University, Washington, D.C.

In applying the monent method for sclutions of wire
antennas, the labor is in calculating the impedanceé
matrix, and in matrix inversion to cbtain the admittance
matrix. Matrices encountered in this solution method
are generally very large. To calculate field and
circuit quantities directly from these matrices is an
equally laborious task due to sheer bulk of data. 1In
order to reduce data handling, the approach of using
generalized sequence functions is suggested.

Sequean functions have been used by King, Mack and
Sandlerll] to analyse symmetrical circular arrays.
However, antennas and arrays often have arbitrary
shapes and sizes and are often unsymmetrical;
therefore, a generalized sequence function theory is
needed. The theory, developed below, is valid
wherever super-position hulds.

Current distributionfz?n wire antennas are shown in
the moment method as

[In] = [Ynm] [Vm] (1)
where, I is the current distribution 2long the antenna,
Y is the generalized admittance matrix,

V is the generalized voltage,
n is the iidex of the basis set which goes from
1 to N,
and lastly,
m is the index of the testing set which goes
from 1 to M.
The size of the generalized admittance matrix is thus
NxM, where N < M.

If there are P ports in the antenna system, then the
matrix size can be shown to reduce to NxP when sequence
function is used. The saving is thus M/P fold.

Formulation of the sequence function is based on that
any applied voltage Vp in a set of P voltages can be
specified by a linear combination of P sequence
voltages:

v _ P-1

p=s . A exp  [jza(p-1Im/Pl  (2)
mn =

where A{™ is the complex coefficient of the mth
B3
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sequence. Shelton-Butler matrix [3] is the parallel
physical system that performs sequence generation and
summation as shown in equation (2). An array fed by
such a matrix is shown in Figure 1. 1In this figure,
only the /2 sequence is excited, so that the
progressive rhase going from port to port can be
1liustrated clearly. The random orientation of antennas
and location of antenna ports depict the general
applicability of the theory. Vhen all matrix input
ports are excited simultaneousiy, the voltage at the
antenna port is thus the v, shown in equation (2). Any
set of vp can be completely specified by a set of A(M).

Using the moment method, current distributions on
antennas can be calculated from the generalized
admittance matrix. Once the current distribution for
each voltage sequence is calculated, the response of

any arbitrary set of voltages v, can be found by

scaling and superpositioning . And because v, can be
syntheslzed by scaling and superpositioning, it is
obvious then, the only information worthy of storage is
the current distributions caused by a set of normalized
sequence voltages. There are N data points for each set
of distributions, and there are P sequences. Total data
points are thus equal to N x P, which 1s a reduction
from N x M.

In applying -sequence voltages, data stored are not
necessarily limited fo current distributions. If one
so wishes, he may store the complex field pattern for
each mode instead, and obtain the desired field pattern
by again scaling and superpositioning.

As an example, a circular array of dipoles as shown in
Figure 2 with an array radius of 0.3 wavelength, and a
passive element near the center was analyzed. For
simplicity of analysis all elements were made equal.
They have a wire diameter of 0.025 wavelength. The
passive element was displaced from the array center

by .03 wavelength, and was loaued by a 100 ohm
resistor. Each half of a dipole was divided into 5
pulses, with end-sections having half the width.

Field and phase patterns of each sequence were calcu-
lated. They are plotted in Filgure 3. Let it be
assumed that the desired feed voltages are those shown
in Table 1. Since the sequences form an orthogonal set,
the desired sequence voltages can be found, and are
listed in Table 2. The resultant pattern is obtained
by scaling and superpositioning the patterns shown in
“igure 3 and is plotted in Figure 4.
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APPENDIX C

MISCELANZOUS COMPUTER PROGRAMS
INPUT DATA:

I IPP -~ number of match points.
‘z NM - number of dipoles.
EH - haif height of dipoles.
CS(I,J,K) - 1inverted short-circuited matrix.
. I - row indexing.
J - column indexing,
K - 1real or imaginary indexing.
X(L) - wvalue along the X~-coordinate.
Y(L) - value along the Y-coordinate. i
L - dipole number indexing. |
RAD - radius of dipoles, !
PERRX - percentage error displacement in X(5j.
PERRY - percentage error displacement in Y(5). !
QUTPUT DATA:
X(L) - X-cocordinate of dipoles.
Y(L) - Y-coordinate of dipoles.
RAD - radius of dipole.
PERRX - percentage error displacement in X(5).
PERRY - percentage error displacement in Y(5).
CSSIM(IJ,IJ,N) - short-circuited admittance matrix.
iJ - row indexing.
KJ - column indexing.
N - real and imaginary indexing.
VL(I,X) - phase voltage of center louded dipole.
I - row indexing.
3 K - column indexing.
2 TCOEF(I,N,K) - total current distribution, where I
N is row indexing, N is column indexing,
i and K is real or imaginary indexing.
2 AMPLI(I,N) ~ amplitude of current with the same {
. indexing as TCOEF. i
g TCOET - 1is also punched on cards. i
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FRUGRAY T CALCULATE SHORY CIRCUIT ADMITTANCE
PHASE VOLTAGE GCF CENTER LQADED DIPOLE

ANE TOTAL CURRENT CISTRIBUTICN OF ARRAY.
CIMENSICN Y(5,5)4DIV(2),YCCEF(5,2)4VL(5¢2)
DIMENSION TRM{S)YTRVM(5)4P(1,2) -

ODIMENSICON ANG2(5),ANG3(5),ANG4{5),E(4,5,2)
DIVMENSION CS(25430+2),CVI10),COEF{10410492)4CSSIM{10410,42)
GIMENSIGN CI(54¢4+2),CCOEF(5494+2)

DINMENSIDY TCI(3094,2),TCOEF(254442)

DIMENSICON aAvi2)

DIMENSION AMPLI(25,4)

DIMENSICN X{5),Y1(5)

IPP=5

NN =5

LH=.29

AK=6.2831853

MM=IPP+L

AMN=NN N

DZ=EH/ANN

IN=2

IoLT=5

READ IN INVERTED MATRIX

REACI2, 100 (I{CSTIadyK)gK=192)9d=1430),1=1,25)
101 FORMAT(Z20A4)

09 102 I=1,25

0 102 J=1,3C

Y 1072 K=1,2
102 CS{T4JeK)=A4CVT{CS{IyJeK))

- 4

ST

READ IN CCCRDINATES CF OIPCLES
READ{2,250) (X{I)sYL(I)oI=1,NN]}

- . - ey b1 - » -

s, Q.7 . g/ oA - B
Fo e, 5 8§ N AN 1
2% I, e AR

¥

250 FORMAT{2Fb.4)} ¥
PRINT CUORDINATES CF DIPOLES il
ARITE(5,254) 7

254 FORMAT(1HL,&X,'COCRDINATES OF DIPOLES!) &
£ 255 I=1,NN £

255 WRITE(5,256)1,X(1),1,Y1(1) 3
256 FORMAT(ON, tX 1y Tl 028 F7a4,3X, 1Y 0,11, =1 ,FTc4) 4
: REAG [N RACIUS OF DIPOLE b
RE AL (2,259) /AN £

259 ENRMAT(FG.4) g
WRITE (5,260)RAU .

260 FORMAT(6X, 'RACIUS OF DIPOLE IS'4F7.4) {
RCAD (74 25T)PERRK 4 PERRY LS

257 FORMAT(277.4) L
WRITE{5,258) PERRX,PERRY (I

Kot

258 FORMAT(5X, 'PERCENTAGE ERROR DISPLACEMENT IN X5 ANLC Y5',/15X,%X5=!
I'Fh.é.'Y‘='.F8.4)
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(@)

300

102

700

25

20
701

921

109
100

URIVING COLUMN MATRIX
B0 3C0 #=1,MM

AM=M

I={AM~1,)%0Z
RV=~SIN{AK%7)/60.
Cvi¥)=Ryv

CALCULATE SBURT CKT ADMITTANCES

60 701 KJ=1,NN

JK=KJ*MM=~pM

20 701 lu=1,NN

J=11Jd-11%IPP+]

DD 702 rR=1,2

CUEF(JQ&JQI ‘=G.0

0 700 L=1,MN

00 700 ¥X=1,2

LL=JK+L

CHANG=CS(J,LLK)

COEF{J KJIsKI=CCEF{JyKJoK}+CHANGRCV{L)
LO 7011Kk=1,42

TIK=~1K

N=TIK+3

[F(N=1)20,25,20
CSSIM({IJsKIGN)=~COEF {J9yKJe IK)

GO 16 701

CSSIMITJWKJIaNY=COEF{JKJI,yIK)

CONTINUE

WRITR{S5,111)

FORMAT{IHL 6%, 'SHORT CIRCUIT ADMITTANCE')
WRITE(IOUTy 921 L LLCSSIV(LIJaKIIN) gN=142)4KI=195)41d=1,45])
FORMAT(SX4EL346+5X4EL13.6)

ANG1=0.0

RAD=3,141593/130.

FEG=ANGL®RAD

CALCULATE CRIVING VCLTAGE FOR 'O' PHASE
I=1

ULO 100 K=1l,¢

C 105 Jd=1,44

IF(;<‘1)5v39‘.§

E(I,49K)=COSICEG)

GO TG Sus

E(T:d2K)=SIN(CEGS)

CONTINUI

CONT INuE

CALCULLATY BRIVING vOLTAGE FOK *'+90' PHASE
IN=C

00 110 N=9C,360,90

IN=[N+1

.yi.
3, o

7,
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110

125

13

11

135
130

c

145
140

17

THETA=N-90
DEG=THETA%*RAD
ANG2 (IN)=DEG
CONTINUE

I=2

00 115 K=1,2
B0 120 J=1,4
[F{K-1)9+7,9
A=ANG2{J)
E(I,JyK)=COS(A}
GO TC 120
8=ANG2{J)
E{I,JeK)=SIN(R)
CONTINUE
CONTINUE

CALCULATE DRIVING VOLTAGE FOR *-S0* PHASE

IN=0

DO 125 N=9C,3€60,90
IN=IN+]
THETA=90~N
DEG=THETA%RAD
ANG3 (IN)=DEG
CONTINUE

I=3

00 130 K=1,2

D0 135 J=1,4
IF(K~-1)11,13,11
A=ANG3(J)
E(I,J,K}=COS(A}
GO T 135
R=ANG3( J)
E(I+JeK)=SIN{8)
CONTINUE
CONTINUE

CALCULATE DRIVING VOLTAGE

IN=C
DO 140 NT=1,2

OC 145 N=180,360,180

IN=IN+1
THETA=N~180
DEG=THETA%RAD
ANG4 (IN)=DEG
CONTINULE
CONTINUE

I=4

00 150 K=1,2
0O 155 J=l,4
IF(K=-1)19417415
A=ANG4(J)

FOR *180* PHASE
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15

155
150

160

180

185

190
175
170

205

210
200
1000

112

333

EtlJsK}=CCS8(A}

GO TO 155

B=ANG4(J)

E{I:Jd:K)=SIN(B])

CONTINUE '

CORT INUE

LOAD ADMITTANCE
YREAL=-0.01

YIVAG=0.0

1J=5

DD 160 KJ=1,5 -
DO 160 K=1,2
Y{KJsK)=CSSIK{IJ+KJ:K])
CREAL=Y{5,1)

CIVAG=Y15,2)
DIV(1)=YREAL-CREAL
DIv{2)=-(YIMAG-CTMAG)
D=DIV{1)*22+4DIV{2)%%2

DO 170 I=1,4

01 180 K=1,2
YCOEF(14K}=0.0

00 175 J=1ls4

D0 185 K=1,2
TRE(K)=E{I,J2K)
YTRM(K)=Y(JsK}

CALL CMULT{TRVF;YTRM,P)

PO 190 K=1,2

YINCR=P{1,K)
YCOEF(1,K}=YCOEF{I,K)+YINCR
CONTINUE

CONTINUE

DG 200 I=1,4

D0 205 K=1,2
TRM{K)=YCOEF(I,K)
YTRM(K)=DIV(K)

CALL CMULT({TRM;YTRM,P) ¢
DO 210 K=1,2
VLIIK)}=P(1,K)/D

CONTINUE

WRITE(5,1000)
FORMAT(1H1,6%X,*PHASE VOLTAGE CF CENTER LOADED DIPOLE!)
ARITE(S 112V L(VL{IK)sK=192)91=144)
FORMAT(2(5X,EL13.61})

J=5

DO 333 1=1,4

0 333 K=l,2
ECLyJdeR)=VLII,K)

DO 555[=1,4

DO 5554=1,5

C=5
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D0 555 K=1,2
555 CI(JsI:K)I=E{"+J4K)

WRITCi5,887)

SST FORMAT(///415%:'CI{Js1+K) MATRIX®)
WRITE(54556){{1CI{JeT1cK) 1K=142)9I=144),d= 1,5)

556 FORMATI(8(2X,F10.4))

DO 320 I=1,5
00 330 N=1,4
b0 310 K=1y2

316 CCOEF({1,N,K}=0.0
DO 360 J=1,5
N0 340 K=1,2
TRF(K)I=LSSIM{I oK)

340 YTRPIK)=CI(JyNyK}

CALL CMULT(TRM;YTRM,P)
DO 350 K=1,2

350 CCCEF(I4N,k)=CCOEFLT N.KI+P{1,K)

360 CONTINUE

330 CONTINUE

320 CONTINUE
WRITE({5,558)

558 FOURMAT(///,15Xs'CCOEF([,N,K} PATRIX'}
WRITE(5,556 1 { {{CCOBF(TsNoK) 9K=1,2) oN21,4)41=1,45)
CALCULATE TOTAL CURRENT DISTRIBUTION
CALCULATE TCTAL VOLTAGE PER PHASE
DO 407 J=1,4
DC 400 1=1,5
DO 425 N=1l,MM
[1={1~-1)%6+N
AMz=M
Z={A#~1.)%DZ
AV{1)=0,0
AVL2)=~SIN(AK=Z)/60.

DO 426 K=1,2
TRM(KI=CI(TyJdeK)

426 YTRM{K)=AV{K) .
CALL CMULT(TRM,YTRM,P)

DO 427 K=1,2

427 TCI(II:J4sK)=P{14K)

425 CONTINUE

400 CONTINUE

407 CONTINUE
DO 450 [=1,25
DO 450 N=1l,4
DO 430 K=1,2

430 TCCEF(I,N,K}=0.0
DO 450 J=1,30
DO 455 K=1,2
TRNMN(K)}=CS({I,C9K}
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455

450

566

510

937

YTR¥{K)I=TCI1(JsN 4K}

CALL CMULT(TRM:YTRH,?P)

DO 450 K=l,2

TCOEF{I+NsKI=TCOEF{IaNoKI+P{1,K)

KRITE(54666)

FORMAT(//7+40X¢ TOTAL CURRENT DISTRIBUTION!)

DO 510 N=1l,4

DO 510 I=1,25

AMPLI (I +N)=SQRTU(TCOEF(TI+NsL1))1%52+(TCOEF(IsN;2))922)

HRITE(S5,9G73 i {{TCOEF(I¢NyK),K=142) 2 ANPLI{IsN)yN=144),41=1,25)

FORMAT(&{1X+E13.6)}
CALL EXIT
ENG
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This Fortran II program plots the real and imaginary
parts of the current vector against the distance along the
éipole. Plotting is done on a CALCOM plotter.

A matrix of floating point numbers

CUR(I,J,K) -~
containing the array to be plotted.

I - row indexing.

J - column indexing.

K ~ preal and imaginary indexing.

X - An array of floating point numbers
which represents the distance along
the dipole.
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PRCGRAM TO PLCT CURRENT DISTRIBUTIGN OF ARRAY.
DIMENSION w{6)sX{6&}

DATA X/0¢O'G.0$g0.10,0.15.0.20;0.25/
DIMENSION CULR({Z25,4,2)
READI2+51EL(CURTT 9yd 1K 4yK=142)9d=1s4)51=1,25)
FORMAT(4EL3.6)

n{&)=0.C ..
sRITE(S,€)

FORFAT(1HY)

b0 900 J=1,4

CALL PSIZE(5.G+10.0)

caLl 2poX

CALL PAXES

00 500 K=1,2

NG 501 N\=1,5

L 515 M=1,5

I=(N=1)%5+H

WiM)=CLR({1,J,K)

WRITE(Sy1ICULR{T 4 JeK)yw(M)
FORYAT({2(2X,LE13.61))

CALL PLGS (0.0'&'00251"0.0201“'0.02016)
COMTINUE

PAUSF

CONT [NUF

CALL uXIT

ENC
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This Fortran II program computes the input to output
power ratio of the array and the isolation between the
certer element and the circular array.

INPUT DATA:

A - yadius of dipoles.

R - vradius of the ecircutlar array.

Xg - valuve of the X-coordinate of the
fifth element.

Yg - value of the Y-coordinate of the
fifth element. )

E - percent error in displacement of the
fifth element.

V(I,J,K) - voltage sequence.

CUR(I,J,K) - current distribution.

QUTPUT DATA:

All input specified above are written out.

PIN =~
PO -
PTOT -~
PTR =~
PDB -

input power to each Aipole on the circle.
output power to the fifth element.

total input power.

power ratio.

igolation (in DB).
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i50

250

29

230

101

102

300

305

THIS PROGRMA COMPUTES THE INPUT AND OUTPUT POWER RATIO
FOR A FIVE ELEMENT ARRAY.

REAL IO

DIMENSION I0(2)4CU(4,42}

DIMENSION CUR(2544¢2)9VIa5492)9PIN{4e2)4P(4,2)
DIFENSICN TRM(2) YTRM{2),REP{444)
IMPEDANCE

ZL=100.0

DO 150 I=1l.4

00 150 K=1,2

CU(1,;K)=0.C

READ IN PHASE

READ({2+250) IFASE

FORMAT(I1)

READ IN PARAMETERS FOR ARRAY
READ(2920)A44R:%X5,Y55E
FORMAT({4F6.44F5,2)

READ IN VOLTAGE SEQUENCE
READI2:230) (VI gJsK)gK=1,2)312150)sd21:4)
FORMAT(BF4.1)

READ IN CURRENT DISTRIBUTION
READ(2,101) ({{CS{IsJeK)yK=192)9Jd=1330),151,25)
FORMAT(20A4)

£O0 102 [=1,425

00 102 J=1,30

DO 102 K=142
CS{IeJeK)I=A4CVT(CS{IyJyK))

00 500 J=1,IFASE

PTOT=0.0

DO 300 I=1,4

I1=(I~-1)%5+1

DO 21 K=1,2

CUTT K)=CUR(II, J4K)

CONJUGATE CF 1
CURITIGJ:¢2)=~CUR{TTsd92)

DO 325 K=1,2

TR¥(KY=CUR{I1ydyK)
YTRM{K)=V(I,J9K)

CALL CMULT{TRM,YTRM,P)

DO 327 N=1l,2

PIN(IGNI=P{L, N}

REAL PGWER

REP(I J)=PIN(I,y1)
PTCT=PTOT+REP(Iy4)

CONTINUE

DO 305 N=1,2

[O{N)=CUR(21yJN)
ABSIO=10{1)%%2470(2)%%2
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405

410

420
425

500

PO=4LBSIO*ZL

PTR=P0O/PTOT

PDB=4,343%ALOG(PTR}

WRITE(5,50)

FORMAT(1H1)

WRITE(5+355)J

FORMAT(5X, *PHASE=%,11,/7/)

WRITE{S425)AyReX5.Y5,E

FOR"‘AT_(SX,'A='1F8041/95X1‘R=' ,FB.4./,5X,'XS=‘,F8.‘:'/,5X.'Y5='vF8-4
Ce/15X,PERROR='4F5,2,¢ PERCENTY,///)
ARITE(Ss400) ({CULI K} 4K=192)oI=144)

FORMAT(1X9'11='92F11.8.1X9° IZ-‘-’eZFll-Bolxt' I3=",2F11.8:1X7'14=' [
C2Fll1.89///)

WRITE(S:;405) ({V(19JsK)sK=1,2);1=1,4)
FORMAT(1Xy'V1=t92F110891Xe'V2=942F11.8y1%XytV3=",2F11eB8p1XetVax',
C2F1l1.84/7/)

WRITE(S 4100 IREP(I4J)e1=1,4)

FORMAT{LXy*P1l=t s FlloTy2Xy'P2=F,F11.Ty 2X9AP3=t4F11e732XcP4=,F11.
C7+/7)

WRITE(59420)ZLs{10(1),1=2.2),ABSIO

FORMAT(L1X,'Zl=ty FOs193Xy'10=t32E11.443Xy*ABS10=,E11.4,4//)
ARITE(5.425)PTAT+POPTR,PDS

FORMAT(LXy "PIN=  oFlleTe3X o POz 9F11o793XetPO/PIN= Y FY1.743%o'PO/PI
CNIDB)=",Flle79///)

CONTINUE

CaLL EXIT

END
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¥ This Fortran II program computes and plots the field
25 pa*tern and phases in the phi plane.

5. INPUT DATA:

H

A'matrix of floating-point numbers

. containing the current at the res-

- pective nodes.,

oo I - row indexing,

o J - column indexing,

) - 7real or complex indexing.

X(L) - value of the X-coordinate of the Lth
dipole,

Y(L) - value of the Y~coord1nate of the Lth

cipole,

3 CUR(I,J,K)

CUTPUT DATA:

IFASE - phase sequence.

CUR(I,J,K) =~ as above.

X(L), Y(L) - as above.

FCOEF(NP,K) -~ complex field function.
EMAG(NP) - magnitude of FCOEF.

EDB - value of normalized EMAG in DB.
PSHFT(NP) - phase value to be plotted.
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PRLGRAN T COMPUTE AND PLOT THE FIELD PATTERN ANC PHASE
OF A FIVE ELEFLNT CIRCULAR ARRAY TN THE PHI.PLANE
DINENSICN PhSET(TY) -

DIVENSTION SI{T5)ENAGLTS) 4 X1(T5),Y1(75)
CIMENSIUNCUR(25+%4+2) 4DCT{10} sFASE(2) o FCUEF(7592)+X(5)5Y(51}
DIMENSICN TRNM(2),YTRV{2),P(1,2)

REAL M1

PI=3.14159

THOP[=2.,u%P}

PI36=P[/36.0

pIz2=P1 /2.0

P12=2.0%P]

KAD=PI1/180.0

DELTA=0.0

EH=.25

DZ=EH/5.0

THETA=PIZ2

ASIN=SIN(THETA)

ACCS=COS{THETA)

READ IN CURRENT AT RESPECTIVE NODES.
REAC{2+5){{(CUR(T 1 JsK)sK=192)yd=lod)oI=1,25)
FORMAT(8(1X,E13.6))

FORMAT(4EL3,6)

READ IN CORDINATES OF DIPOLES.
REAC{Z2,10)(X(I)eY(I)sI=1,45)

FORMAT{2F&.4)

READ IN PHASE

DC 999 [FASE=l.4

EMAX=0.0

WRITE(S,111)IFASE

FORMAT(5X, *FASE=']2)

WRITE(S5¢4) ({{CURITsJsK)oK=142)9d=144)91=1,26)
WRITE(Se3Y{X(I)eY(I)sI=1,5)
FORMAT(2(1XsF8.4))

WRITE{5,50%)

FORMAT (13X, *MAGNITUDE' y15X, 'PHASE ")

cOhO 2 1=1,73

PHSFT(I)1=0.0

bn 2 J=1:2

FCOFF(I,J)=0.C

DC 9 NP=1,73

PHI=(NP=-1)#P]36

CONPONENTS CF UNIT VECTOR (A)
AX=ASIN%COS(PHI)

AY=ASIN%#SIN(PHI)

AZ=ACQOS

DO 24 [=1,5

L=1
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14
11

30

35
25
24

36

37

50

a9

41

G0 2Y LL1=1,49
Li=10-LL1

Hl=5-L1

VECTOR DOT PRCOUCT
GOTIL)=X{T1)2AX4+Y (1) *AY+M12DZ*AZ
SOLID ANGLE

SI{L)=TwOPI*DOT (L)
FASE(1)=COS(ST(L))

FASE{2)=SIN{SI(L))

1F(LL1-5)6414,7
LL==N1+(I=~1)%5+1

GO TO 11

LL=M1+{I~1)%5+1

Ld TC 11

LL=MI+{I-1)%5+1

CONTINUE

DO 30 N=1,2
TRM{N)=CUR(LL,IFASE,N)
YTRM(N}=FASE(N)

CALL CHMULT(TRM,YTRM,P)

DO 35 N=1,2

FCCEF (NP N)=FCCEF(NPyN)+P{1,4N)
CONTINUE

CANTINUE

DO 36 N=1,y2
TRVM{N)=FCOEF({NP,N)
YTRM{1)=0,0
YTRM(2)=60.0%PI*SIN(THETA)*DZ -
CALL CMULT({TR¥,YTRM,0D}

00 37 N=1,2
FCOEF(NP4N)=P(14N)
X1{NP}=(NP-1)%P]36
L=FfCOEF(NP,2)/FCOEF(NP,1)
IF(FCOEF(NP,1).0GT.0) GO TO 38
IF(FCOEF(NP,y ),3T.0) GC TC 39
1=3

ARG=ABS(ATANI{Z))

GO TC 50

=2

ARG=PIZ2~ARS{ATAN(Z))

GO 1C 50

IF(FCOEF(NP,2).5T.C) GC 7O 41
[=4

ARG=PIZ2-ABS(ATAN{Z))

6N TC I

[=1

ARG=ABS(ATAN(Z))
PHSFT(NP)=ARC+({I-1)%PIL2
EMAG(NP)=SGRT(FCOEFINP 1 ) ¥*2+FCOEF(NP,2) %*%2)
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510

500
999

137
202

17

WRITE(SyS10YERAGIND) ,PRLFT{NP
FRVATIGX,E13.8,11%X,E13.6)

COTINUE )
WHEITE{2,5CC) (EMAGINP ) 4PHSFT(NP) NP=1,72}
FORMATISK:8F9.6)

COAT INYE

CALL PSIZEL5.0,5.0)

CALL PBCX

CALL PAXES

CALL PLOS {CeOeX13THACPIQ.0,PHSFT,10.0,72)
:0 137 xP=1,73
EVOD=2.6880*ALOG(EMAGINP)/EMAY)
WAITE(S5+902) (FCOREF(NP,I)21=1+2) +EMAGINP) L EDS
FORMAT(4({5X,E13.6}) '

CALL PSIZE(5.06:¢5.0)

CALL PBGX

CALL PAXES

00 77 NP=1,17"

X1(NP)=(NP~,,. "!36

Y1({NP)}=EMAG{NP)/EMAX

CONTINUE

CALL PLOTA(C.0¢ X1 o TulPIs0.0971414.0,72)
PAUSE

CALL EXIT

END
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This Fortran II program computes and plots the field lﬁ
rattern of the circular array in the Theta plane. (EMAG -
. vs THETA.) Plotting is done on a CALCOM plotter. f :
3

INPUT DATA: i
R | .

CUR(I,J,K)} - A matrix of floating-point numbers 3 :
containing the current at the res- .

pective nodes. . {

I - oW indexing. ¥

J - column indexing. r :

K - 7real or complex indexing. h ‘ ;

X(L) - value of the X-coordinate of the L™} E
dipole. b

Y(L) - wvalue of the Y-coordinate of the LtP .
cipole. :

OUTPU'T DATA: C
IFASE - phase sequence, ’ i
CUR(I,J,K) - as above.
X(L), ¥Y(L) - as above, :
FCOEF(NP,K) =~ complex field function. ;
EMAG(NP) - magnitude of FCOEF. &

EDB - value of normalized EMAG in DB, ;

: ¥
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PRCGRAM YO COMPUTE AND PLOT THE FIELD PAVTERN
OF A FIVE ELEMENT CIRCULAR ARRAY IN The THETA PLANE
DIMENSION SI{757,EMAGIT?5)X1{75),Y1{75])
DIMENSIUNCUR(2554+2) 00T (10 FASE(2)sFCOEF(7592),X(5),Y(5)
DIMENSION TRM(2),YTRK({2)4P{1,2)

RzAL M1

PI=3.14159

THOPI=2.0%P]

PI3&=PI/36.0

PIZ22=PI/2.0

PI2=2.0%P1

RAD=P[/180.0

DELTA=0.0

EH=.25

DZ=EH/5.0 !

PHI=0.0

ACCS=CCS(PHI)

ASIN=SIN(PHI)

READ IN CURRENT AT RESPECTIVE NODES,
READ(2+5) {{(CUR(T4JsK)sK=142)9d=194)4+1=1,25)
FORMAT({HB(1X4EL13.6))

FORMAT(4EL3.6)

READ IN CORCINATES OF CIPOLES.
READ(2, 10} (X(1}eY(T)9I=1,5)

FORMAT(2Fb6.4)

READ IN PHASE

00O 999 1FASE=1l.4

EMAX=0.0

WRITE(S5,111)IFASE

FORMATISXy *FASE=']2)

WRITE(5+4) {{(CURIIsJeK)yK=1e2)3J=194)41=1,25)
WRITE(Ss3)(X(I)sY(I)yI=1+5)
FORMAT(2({1X,F8.4))

WRITE{(5,901)

FORMAT{IX, 'REAL Y 915Xy 'IMAG? 415X, *MAG* 415X, '0DB")
63 2 I=1,437

D0 2 J=142

FCCEF(1,J1=0.0

PO 9 NP=1,37

THETA=(NP=-1}%P[36

COMPONENTS CF UNIT VECTOR (A)
AX=SIN(THETA}*ACOS

AY=SIN{THETA)*ASIN

AZ=COS(THETA)

DO 24 =145

L=1

N0 25 LL1=149

Li=10~LL1
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F1=5-11
VECTOR ©OT PRCDUCT
DOTIL)=X(IY2AX+Y{ 1) 2AY+M1%DZ5AZ

c SLID A4GLE
SI{L)=TwOPI*0CTIL)
FASE{1)=COS(SI{L))
FASE(2)=SIN(SI(L))
[FILLL=5)6,14,7

6 LLe=F14(1-1)%5+]

ks

,“ ...4 A . ,
STy S R
> ~ . T L e i
et g e e S0 L0 e
o “ L e : o

B GO TC 11

2 7 LL=M1+{]-1)2541 y
3 G0 TO 11 I
. 14 LL=Ml4+{I-1)%5+1 T
4 11 CONTINUE -3

£0 3C N=1,2 :
TRIE(N)=CUR(LL,y [FASE4N] 3

30  YTRM(N)=FASE(N) ¥
CALl CMULT{TRM,YTRM,P} <
Pg 3% N=1,2

. RS
LT BN P ST

35 FCOFF (NP N)=FCCEF(NP4N)+P{1,N) 57

- 25  CONTI~UL s
‘ 24 CONTINUE 3
. D0 36 N=i,2 ;e
o . 3&  TRN(N)=FCOEF(NP,N) [
| YTRM(11=0.C 3 4

| YTRM(2)=60.C%P1%SIN(THETA) D2 { -
CALL CMULT{TRM,YTRM,P) Lo

PO 37 nN=l,2 g 7‘

37  FCOEF{(NP,N)sP{1,N) A
EMAG{NP)=SGRT{FCOEF(NP,1)%22+FCOEF (NP ;2)%%2) 5
IF{EMAX=ENMAGINP)1138,9,9 i

138 EMAX=EMAG(NP) 5

9- CONT INUE ;

DG 137 NP=1,37
FOB=8.,6860%ALOG(EMAG(NP)ZEMAX)
137 WRITE{5,902)(FCOEF(NP,I),1=142)+EMAG(NP),EDB

902 FNRMAT(4(5X,E13.6)) B
CALL PSIZE(5.045.0) 4]
CALL PBECX 2
CALL PAXES

DN 77 NP=1,4137
XLINP)=(NP~1)%P130
Y1 (NP)=EMAG(NP) /EMAX

A meteld s ol it Sosane YO biont A B LTI T sl

RTERT RN UaP St

77  CONTINUE ‘
CALL PLOTA{C.0yX1,P140.04Y151.0,36) {I
PALSE .

999 CONYINUE (I
CALL EXIT - ;o

ENC N
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CURRENT (1n MA)

A 5 1 2 b o o

4 0.5% POSITION ERROR
N 0° PROGRESSION
———— REAL

= —— — IMAGINARY

0,012

0,008

0,004

“0500“

-0,008

"0:012 -

Figure D-1: Current Distribution for the C° Phase Progression.
Radius (R) of the Array is 0.3 ), Radius of the
Dipole (A) is 0.025), and Position Error is 0.5%.
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0,5% POSITION ERRCR

+90°, -90° PROGRESSION

RE(Il), In(1,), +90°

2

___5 LRE(II)‘) IM(Iq); "900

——
-—
———
—

—

e O
ZONaN
£ \

CURRENT C(in MA)

Re(L), In(L), +90° Ty

/ { 2 3 S

L7 Redl), Indlp), -90° -
F""‘RE(IS’); IH(I:;), +99 9020\)
1 {
0.5 040 015 020 7025
{RE(Iq) In(1), +30° ad
7

Retly), IM(_I]; 027

/’

W T JRe(L), In(1 ), +90°
X { 3 Y

ReClz), In(ly), -90°

Figure D=2 Current Distribution for the +80° and -90° Phase
Pr'ogress:Lons. Rad:.us (R) of the Array is Q.3 ), Radius
of the Dipole (A) is 0.025A, and Position Erpor is 0.5%.
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§ 0,57 POSITION ERROR i
180° PROGRESSION 3

——— REAL

0,008 - _ : — — —— IMAGINARY
TSN,

éa

seey + A : W 7
AR Y e e 2

! P i I wa T TENARE AT 1 e Mo o e

el

00'30“" £ ) I AN i

.

RedIe), In(lg)
O —2
0,05 0.10 0,15

CURRENT (1n mA)

PN

-0.004F ~ Ly 4 )

"0 3008 B

sy

Figure 2=% Current Distribution for the 180° Phase Progression.
Radius (R) of the Array is 0.3 ), Radius of the
Dipole (A) is 0.025 ), and Position Error is 0.5%.
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0.016%1

0,012

0,008

167 POSITION ERROR

~dg 0° PROGRESSINN

— — L

———~ INAGINARY

CURRENT (rn mA)

‘D.ODQ

"01008

-0.012}-

Figure D-U:

Curren. Distribution for the 0° Phase Progression.
Radius (R) of the Array is 0.3 A\, Radius of the
Dipole (A) is 0.025)A, and Position Error is 10%.

D-5

Y -~

O

S e AW i N AR U e - AW

o vy
N A

Vel L DT Ty
BRI A )

3

1R

Y JE
{Hif«:‘ %

LA 3

e *
Ltk odess

5 s and Wt xal e

[
B

e M S e
B YOS N T O

- o
oty Al

P )”i"
sehoab e e ten L

Tadud

[y

>3
SIS STV

RO
i

e

o
CEPLARINY .,

PRI SO

LTS AR

tor

S,
Mt s L

A
R
Dot JAMREL,

e
LA L

[ ens
Dadat e

.

L.
P T

s H e TR




0.008

0.0041-

CURRENT Cin mA)

-0, 008;

10Z POSITION ERROR
+30°, ~90° PROGRESSION
REAL
“““““ TMAGINARY

{
0.5 % 0.20
ISJ(IS)

-~

Figure D=5 Current Distribution for the +80° and -90° Phase

Prcgressions. Radius (R) of the Array is 0.3}, Radius
of the Dipole (A) is 0.025), and Position Error is 10%.
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XIS,
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180° PROGRESSION

: ———— REAL
0.008 - —— —~ IMAGINARY

P T N .
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CURRENT (1n mA)
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FigureD-6: Current Distribution for the 180° Phase Progression.
Radius (R) of the Array is 0.3 A, Radius of the
Dipole (A) is 0.025), and Position Error is 10%.
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A = 0.0250

R = 0.5000

X5= 0.0025

Yg= 0.0000

ERROR = 0.5%

Y11 = 0.12007E-01+30,20060E-02
Y13 = 0.55746E-03+j0.91187E-0k
Y15 = 0.68221E-02+30,.37664E-02
Yoo = 0.12103E-01+3j0.19619E-02
You = 0.55796£-03+30,90690E~04
Y31 = 0,55746E-03+30,91186E-04
Y33 = 0.12198E-01+3j0.19161E-02
Y35 = 0.70062E~-02+32.36639E-02
Yyo = 0.55796E~03+30.30690E-04
Yyy = 0.1lzxu3E-01+30.198619%-02
Ys1 = 0.68221E-02+30.37664E-02
Y53 = 0.70062E-02+50.3663%E-02
Y55 = 0,13993E-01+30,11951E-0]
Z11 = 0.11073E+03~30,11507E+02
Z13 = 0.26035E+02+3j0.19567GE+01
Z15 =-0.6002%E+02-30.85910E+01
Z99 = 0,11043E+03~30.11714E+02
Zoy = 0.26033E+02+j0,19663E+01
Z31 = 0.26035E402+30.,1967CE+01
Z33 = 0.11014E+03-30,11912E+02
235 =-0.59670E+02~j0,74185E+01
Zyp = 0.26033E+02+j0.19663E+01
Zyy = 0.11043E+03~30.11714E+02
7251 =~-0.80029E+02~30.85910E+01
253 =-0.59670E+02-30.74185E401
Zss = 0.14402E+03-30.,43584E+02
Table D1l:

0.33829E-02-30.35216E-03
0.33829E-02-30.35216E-03
0.33829E-02-30.35217E-03
0.34732E-02-30.397137-03
0.69145E-02+30.37184E-02
0.34782E-02-30,39713E-03
0.34782E-02-30,39713E-03
0.,33829E-02-30.35217E-03
0.34782E-02~3p.39713E-02
0.69145E~02+30,37184E-02
0.69145E-02+30.37184E-02
0.69145E-G2+356.37184E-02

=-0,15186E+01+j0,283989E+02
=-0.,15186E+01+30,28399E+02
==-0,15186E+01+90,28999E+02
==0,18166E+01+j0.28796E+02
=«0,59851E+02-30,80004E+01
=-0,18167E+01+j0,28796E+02
=«~0,18167E+01+30,28796E+02
=-0,15186E+01+j0,28999E+02
==0.18166E+01+30,28796E+02
=-0,59851E+02-30,80004E+01

» ==0,59851E+02~30,80004E+01

==0,59851E+02-30,80004E+01

Short Circuit Admittance (Y's) and Open Circuit

Impedance (Z's) of Circular Array Elements and
Values Shown Follow the

the Center Element.
Order:

D-8

Real, and Imaginary.
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! .3
L
-
I
n4
A = 0.0250 A
R = 0.5000 v
X5z 0.0100 :
: Yg= 0.0000 ]
5
ERROR = 2.0% b
Y131 = 0.11725E-01+30.21175E-0% Y12 = 0.32439E-02-j0.29677E-03 ;
Y13 = 0.55663E~03+30.87410E~04% Y1y = 0.32439E-02-30.29677E-03 X
Yi5 = 0.65553E-02+30.38881E-02 Y23 = 0.32439E-02~30.29677E-03 oA
Y22 = 0.12109E-01+30.13507E-02 Y23 = 0.36245E-02-30.47782E-03 ﬁ
Yoy = 0.56458E-03+30.79495E~04 Y25 = 0,69292E-02+30.36966E-02 3
Y31 = 0.55653E-03+30.87410E-04 Y32 = 0.36245E-02-30.47782E-03 J
Y33 = 0.12485E-01+j0.17557E-02 Y3y = 0.36245E-02-30.47782E-03 1
Y35 = 0.72905E-02+30,34936E-02 Yy3 = 0.32439E-02~30.29677E-03 i
Yy2 = 0.56458E-03+30.79495E-04 Yy3 = 0.36245E-02~350.47782E-03 ;
Yyy = 0.12209E-01+30.19507E-02 Yygs = 0,69292E-02+30.36966E-02 oA
Y51 = 0.65553E-02+30.38881E-02 Y52 = 0.69292E-02+30.36966E~02 L
Y53 = 0,72905E-02+30.34996E-02 Y5y = 0.%9292E-02+30.36966E-02 R
Yss = 0.14025E-01+j0.11903E-01 i &
711 = 0.11162E+03-30,10831E+02 712 =-0.10830E+01+3j0.29324E+02 L
713 = 0.26035E+02+30.19800E+01 21y =-0.10830E+01+30.29324E+02 -
Z15 =-0.80528E+02-30.10416E+02 221 =-0.10830E+01+30.29324E+02 b
722 = 0,11042E+03-30.11712E+02 223 =-0.22741E+01+30.28513E+02 Py
Zoy = 0.26015E+02+30.19679E+01 725 =-0.59835E+02-30.80002E+01 -
731 = 0.26035E+02+30,19800E+01 732 =-0.22741E+01+j0.28513E+(02 T
733 = 0.10924E+03-30,12454E+02 23y =-0.227u1E+01+j0,28513E+02 ot
735 =-0,59098E+02~30,57250E+01 Zy) =~0.10830E+01+30.29324E+02 } %
Zyz = 0.26015E+02+30.19680E+01 Zy3 =-0,22741E+01+j0,28513E+02 3
Zyy = 0.11042E+03-30,11712E+02 Zys =~0,59835E+02-30.80002E+01 .o
: 751 =~0.80528E+02-30.10418E+02 Zg§2 =-0.59835E+02-30.80002E+01
753 =-=0.59095E+02-30.57249E+01 Zgy =-0.59835E+02-30.80002E+01 g
255 = 0.14%400E+03-30.43456E+02 i

Table D2: Short Circuit Admittance (Y's) and Open Circuit
Impedance (Z's) of Circular Array Elements and
the Center Element. Values Showl. Follow the
Order: Real, and Imaginary.
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A = 0.0250

R = 0.5000

Xg= 0.0500

Y5~ 0.0000

ERROR = 10.0%

Y13 = 0.3).0336E-01+30.23362E~02
Y73 = 0.52673E-03-30.62409E-05
Y35 = 0.53309E~02+30.41789E~02
Y22 = 0.12253E-01+3j0.,18524E-02
You = 0.70792E-03-3j0,21881E-03
Y31 = 0.52673E~03-30.62414E-05
Y33 = G.13891E~01+j0.29074E-03
Y35 = 0.88506E-02+30,19367E-02
Yy9 = 0.70792E-03~30,21881E-03
Yyy = 0.12253E-01+30,16524E=02
Y51 = 0.53309E-02+30.41789E~02
Y53 = 0.88506E-02+30.19367E-02
Y55 = 0,14756E~-01+50.10760E-01
Z11 = 0.11583E+03-3j0.57888E+01
%13 = 0.26046E+02+3j0. 23150E+01
215 =-0,62163E+02~30,21522E+02
%299 = 0.10995E+03-30.1L666E+02
Zoy = 0.25551E+02+30, 20143E+0L
%31 = 0.2604BE+02+30. 23150E+01
7233 = 0.10450E+03~30. 14115E+02
235 =~0.55428E+02+j0.20329E+01
2y = 0.25551E+02+j0,20143E+01
Zyy = 0,10935E+03~30.11666E+02
%257 =~0.62.83E+02~30,21522E+02
753 =-0,55428E+02+30,20330E+01
755 = 0.14338E+02~30,40196E+02
Table D3:

6,25817E~02-30.19167E-03
0.25917E~-02-30.19167E~03
0.25917E-02-30.19167E-03
0.44076E-02~30.12402E-02
0.72550E~02+30.31139E-02
0.44076E-02-30,12402E-02
0.44076E~02-30.12402E-02
0.25%817E~-02~30.191867E-03
0.44076E~02-30.12402E-02
0.72550E-02+30.31139E-02
0.72550E~02+30,31139E-02
0.72550E«02+30.31139E~02

nygnuwyy BN

0.94846E+00+3j0, 314 53E+02

0.94846E+C0+j0,31453E+02

0.248Y46E+00+3j0,.31453E+02
-0.48784E+01+30, 274 HOE+02
=-0,59397E+02-30,79888E+01
=~0, 48784E+01+j0, 2744 0E+02
==-0.48784E+01+30. 2744 0E+02
=~0,94E4B8E+00+30,31U53E+02
=-0,48784E+01+30,27440E+02
*=0,59397E+02-30.79888E+01
=~0,5%397E+02~30,79888E+01
%-0,59387E+02-~-30.7986 8E+01

Hnnn

Short Circuit Admittance (Y¥'s) and Open Circuit

Impedance (Z's) of Circular Array Elements and
Values Shown Follow the

the Center Element.,
Order:

D-10

Real, and Imaginary.
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A= 0.0250

R = 0.5309

X¢g= 0.0018

Y5= 0.0018

ERROR = 0.5%

Y41 < 0.12034E-01+350,19938E~02
Yl3 = 0.55772E-03+30.90923E~0L
Yig = 0.68481E-02+3j0.37530F-02
Yo, = 0.12034E-01+30.19933E-02
You = 0.55772E~03+30.90923E~-04
Y31 = 0.55772E-03+30.90924E~0OU
Y33 = 6.12171E-01+3j0.19290E~-02
Yag = 0.69806E-02+j0.36835E-02
Yyqo = 0.55772E-03+30.90924E-0Y
Yyy = 0.12171E~01+3j0.18290E-02
Yoy = 0.68481E-02+30.37530E-02
Yegy = 0.59806E~02+30.36835E-02
Yeg = 0.13893E-01+30.,11951E-01
24y = 0.11065E+03-30.11566E+02
Z43 = 0.26034E+02+3j0.19666E+01
Zqg =-0,59979E+02~30.84248E+01
Zogp = 0.11065E+03-30.11566E+02
Zoy = 0.26034E+02+43j0.19666E+01
Z37 = 0.26034E+02+30.19666E+01
Z33 = 0.11022E+03-30,11857E+02
Z35 =-0,59721E+02~-30.75805E+01
Zyo = 0.26034E+02+j0.18666E+01
Zyy = 0.11022E+03-30.11857E+02
Zgy =-0,58979E+02-50.84247E+01
Zg3 =-0,58721E+02-30.75804E+01
Zgg = 0.14402E+03~j0 . 43584E+02
Table Di:

0.33620E~-02~30.34266E-03
0.34305E-02-30.37432E-03
0.33620E-02-~30.34265E~03
0.34305E~02-30.37432E-03
0.68481E-~-02+3jC.37530E-02
0.34305E-02-30.37432E-0G3
0.34992E-02-30.40741E-03
0.34305E-02-30.37432E-03
0.34592E-02-30.40741E-03
0.69806E-02+j0.36835E-02
0.68481E-02+30.37530E-C2
0.69506E-02+30.36835E~02

non oo

==0.14533E+01+j0.29045E+02
=-0.16675E+01+30.28897E+02
=~0.14532E+01+3j0.29044E+02
=-0,16675E+01+3j0,28897E+02
=-0.59979E+02-30.8L4248E+01
=-0.16675E+01+j0.288Y7E+02
=~0,18823E+01+j0.28753E+02

| ==0.16675E+01+3j0.28897E+02

=-0,18823E+01+3j0.28753E+(2
=~-0.58721E+02~30.75805E+01
=-0.59979E+02-3j0.84248E+01
==0.59721E+02-30.75805E+01

Short Circuit Admittance (Y¥'s) and Open Circuit

Impedance (Z's) of Circular Array Elements and
Values Shown Follow the

the Center Element.
Order:

D-11

A A i (6 Pt e o o

Real, and Imaginary.
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A = 0.0250

R = (.5000

X5= 0.0071

¥e= 0.0071

ERROR = 2%

Y31 = 0.11837E-01+3j0.2C721E-02
¥13 = 0.56063E-03+30.83385E~04
Y15 = 0.66652E-02+30.38331E-02
Y»29 = G.11837E-01+30.20721E-02
Yoy = 0.56063E-03+30,.83383E~04
Y31 = 0.56062E-03+3j0.83385E~04
Y33 = 0.12377E-01+30.2181U9E-02
Y35 = 0.71871E-02+30.35570E-02
Yyo = 0.56062E-03+j0.83382E-04
Yyy = 0.12377E-01+j0.18149E-~02
Y51 = 0.6€652E-02+30.38331E~02
Y53 = 0.71871E~02+30.35570E-02
¥ss = 0.14025E-01+30.11908E~01
Z11 = 0.11127E+03~30.11101E+02
Z13 = 0.26025E+02+30.19740E+01
%215 =-0.60332E+02-30.97010E+01
Z22 = 0.11127E+03-50.11101E+02
724 = 0.26025E+02+j0.19740E+01
731 = 0.26025E+02+4350.19740E+01
7233 = 0.10958E+03-j0.12252E+02
7235 =~0.59313E+02~3j0.63704E+01
7Zy2 = 0.26025E+02+3j0.19740E+01
Zyy = 0,16958E+03-j0.12252E+02
751 =-0.60332E+02~30.970L0E+01
753 =-0.59313E+02~30.63705E+01
755 = 0.14400E+03~30,43455E+02
Table D§:

Y12
Y1y

Y23
Y25
Y32
Y3u
Yyl
Yu3
Yys
Y2
Ys

0.31643E-02-30.25437E~03
0.34334E~02-3j0.38186E~03
0.31648E-02~30,26836E-03
0.34334E-02~30.38186E~03
0.66662E~02+30,38331E~02
0.34334E-02-30,.38186E-03
0.37052E-02-~30,52156E~03
0.34334E~-02-j0.38186E-03
0.37052E-02-30.52186E-03
0.71871E-02+30.35570E-02
0.66652E-02+30.38331E~02
0.71871E-02+30.35570E~02

Ut u sy

=~0.83570E+00+30,29509E+02
=~0,16761E+01+30.28904E+02
=-0.83569E+00+30.29509E+02
2~0,16761E+01+30 .28 904E+02
=-0,60332E+02-30,97010E+01
2~0,16761E+01+30.28904E+02

; =~0.25266E+01+3j0.28358E+(2

=~0.16761E+01+30.2880UE+0?
=~0.25266E+01+30,28358E+02
=~-0,59313E+02~-350.63705E+01
=-~0,60332E+02-~3j0.97010E+01
=-0,59313E+62-30.63704E+01

Short Circuit Admittance (¥'s) and Open Circuit

Impedance (Z's) of Circular Array Elements and
Values Shown Follow the

the Center Element.
Order:

D-12

Real, and Imaginary.
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A = 0.0250

R = 0.5000

X5= 0.0354

Yg= 0.0354

ERROR = 10%

Y31 = 0.10912E-01+30,.22251E-02
Y13 = 0.61713E-03~-30,11477E-03
Yis = 0.59290E-02+30.38859E-02
Y92 = 0.10912E~01+30.22251E-02
You = 0.61713E-03-3j0.11477E-C3
Y31 = 0.61713E-03-30.11477E-03
Y33 = 0.13443E-01+3j0,73330E-03
Y35 = 0.84057E-02+3j0.22736E-02
Y, = 0.61713E-03-30,11477%-03
Yyy = 0,13443E~-01+30.73330.-0C
Y51 = 0.59290E-02+350.3885%E-02
Y53 = 0.84057E-02+30.22736E-02
Ygg = 0.14742E-01+30,10747E~01
Z11 = 0.11418E+03~30.79510£+01
213 = 0.25801E+02+30.21559E+01
7215 =~0.61582E+02~-30,17187E+02
Z22 = 0,11418E+(03-30.79511E+01
Zo4 = 0.25801E+02+30,.21558E+01
Z21 = 0.25801E+02+30.21558E+01
Z32 = 0.10537E+03-3j0,13671E+02
735 ==0,56646E+02-50.53209E+00
Zyo = 0.25801E+02+j0.21558E+C1
Zyy = 0.105¢7E+03-j0.,13671E+02
7251 =-0.61582E+02-j0.17187E+02
753 =-0,56646E+02~-30.53204E+00
755 = 0,14344E+03-30,40199E+02
Table D6:

Y12
Yiy
Y21
Y2

Y25
Y32
Y3y
Yy]
Yu3
Yys

712
21y

L3y

[ T T T T 1 L A [ A I B 1}

|
1

0.22402E-02-50.11138E-03
0.34899E-02-30.53002E-03
0.22402E-02-3j0.113138E-03
0.34899E-02-30.58002E-03
0.59290E-02+3j0.3885%E-02
0.3u89%E-02-30.58002E~03
0.47710E-02-30.16032E-C2
0.34899E-02-30.58002E-03
0.47710E-02-30.16032E~02
0.84G57E-02+70.22736E~-02
0.59290E-02+30.38859E~02
0.84057E-02+j0.22736E~-C2

0.20759E+01+30.3265%E+02
-0.19004E+01+30.2S086E+02
0.20759E+01+30.32659E+02
0.19003E+01+3j0.29086E+02

=-0.61582E+02-30.17187£+02
=-0.19003E+01+30.29086E+02
=-0,61323E+01+j0,26939E+02
=-0,19004E+01+j0.29086E+02
=-0,61322E+01+j0.26939E+02
=-0.56646E+02-30.53207E+00Q
=~0,61562E+02-30.17187E+02
=-0,56646E+02-50.53209E+00

Short Circuit Admittance (Y's) and Open Circuit

Impedance (Z's) of Circular Array Elements and
Values Shown Follow the

the Center Ilement.
Order:

D-13

Real, and Imaginary.
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A = 0.0250

R = 0.3000

Xs= 0.0011

Y¢= 0.0011

ERROR = 0.5%

vy1 = 0.61673E-02+30.10064E-02
Y13 =-0.67796E-03-30.42668E-03
Y15 = 0.74428E-0u+30,41473E-02
Y772 = 0.61673E-02+30,10064E-02
Yoy =-0.67796E-03-30.42668E-03
Y3i =-0.67796E-03-30.42668E-03
Y33 = 0.61738E-02+30,10484E-02
Y3g = 0.72614E-04+30,41131E-02
Yyo =-0.67796E-03-30.42688E-03
Yyy = 0,61738E-02+30,10484E-02
Y5y = 0.74430E-04+30.41473E-02
Yc3 = 0.72615E-04+30.41131E-02
Ygg = 0,45548E-03-30.15182E-02
711 = 0.12418E+03+30.91450E+01
213 =~0.15343E+02+30,38776E+02
715 = 0.77707E+01-30,53196E+02
797 = 0.12418E+03+30.91451E+01
79y =-0.15343E+02+30.38776E+02
731 =-0.,15343E+02+30.38776E+02
733 = 0.12457E+03+30,90700E+01
7235 = 0.69860E+01-30.52572E+02
747 =-0.15343E+02+30.38776E+02
Zyy = 0.12457E+03+30.90700E+01
72c1 = 0.77707E+01-30.53196E+02
7c3 = 0,59860E+01~30.52572E+02
7c5 = 0.86780E+02+30.55719E+02

Y12
Yiy

Y23
Y25
Y32
Y3y
Yu1
Yu3
Yyus
Y52
Ysy

212
71y
221
223
425
232
L3y
Zy1
Zyu3
Zys
252
Zsy

0.90189E-03+30.12848E-02
0.90513E-03+30.13059E-02
0.90189E-023+30.12848E~02
0.90513E-03+30.13059E-02
0.74L426E-04+30.41473E-02
0.50513E-03+30.13058E-02
0.90834E~03+30.13268E-02
0.50513E-03+30.13053E-02
0.90834E-03+30.13268E-02
0.72613E-04+30.41131E-02
0.74828E~-04+50.41473E~02
0.72614E-04+3j0.41131E~02

=~0,50275E+02~30.33139E40¢
=-0.50077E+02-30.33175E+CT
=-0.50275E+02-30.33139E+G2
=-0,50077E+02-~30.33175E+07
= 0.,77706E+01-30.53196E+07
=-0.50077E+02~30.33175E+0?
=-0,49881E+02~3j0,33214E+0L
=-0.5007"E+02-3j0.33175E+02
=-0.49881E+02~30.33214E+02
0,69859E+01~30,52572E+02
0.77705E+01-750.53196E+02
0.69860E+01-30.52572E+02

"nounu

Table D7: Short Circuit Admittance (Y's) and Open Tircuitx

Impedance (2's) of Circular Array Elements and
Values Shown Follew the
Order: Real, and Imaginary.

the Center Element.
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0
0
0
Yg= 0

A
R
X

nouwu

ERROR

Y11
Y13
Y15
Y22
Y2y
Y31
Y33
Y35
Yu?2
Yuy
Ys)
Y53
¥s5

Zi1
213
215
222
Z2y
7231
233
235
Zy?
Zuy
7251
253
Z55

Table

.0250
.3000
.0042
0642

2%

. 61581E-02+30.9%689E-03
. 67788E-03-30, “2592E-03
,77093E-04+30, 41861E-02
. 61581E-02+30 ,94689E-03
. 67789E-03-30.42592E-03
.67789E-03-30,42552E-03
. 61827E-02+30,11071E-02
.70126E~04+30 , 40657E-02
. 67789E-03-30 . 42592E-03
.61827E-02+30.,11072E~02
.77091F-04+30 ,41961E-02
.70125E-04+30,40657E~02
.45555E-03~30.15210E~02

OO0OOODOOOOOOOOQ

0.12362E+03+30,92371E+01
~0.15327E+02+50.38776E+02
0.88689E+01-j0.540U5E+02
0.12362E+03+30.92371E401
-0.15327E+02+30.38776E+02
-0,15327E+02+30.38776E+02
0.12512E+03+30,89501E+01
0.58749E+01-j0.51665E+02
~0,15327E+02+450.38776E+02
0.12512E+03+j0.89502E+01
0.88683E+(31-~30.540USE+02
0.58748E+01~30.51665E+02
0.86762E+02+30,55634E+02

0.89263E~03+30.12252E~02
0.90520E-03+30.13065E-62
0.89263E-03+30,12252E-02
0.90520E-03+30.13066E-12
0.77091E~04+30,41961E-02
0.90520E-03+30,13966E-02
0.91728E-03+j0.13855E~02
0.90520E-03+350.13066E~02
0.91728E-03+30.13855E-02
0.70126E-04+30.40657E-02
0.77091E-04+30.41961E~02
0.70125E-04+30,40657E-02

=-0.50835E+02~30.33047E+(G2
=-0.50061E+02~30.33175E+02
=~-0,50835E+02-30.33047E+02
=-0.50061E+02-30.33175E+02
= 0.88688F+01-3j0.540U4E+0?2
=-0,50061E+02-30.33175E+02
=-~0,49332E+02~30.33333E+02
=-0.50061E+02~3j0.33175E+02
=-1),49332E+02~30.33333E+02
0.58748E+01~30.51665E+02
0.88688E+01~3j0.54044E+02
0.58748E+01~30.51665E+02

un

D8: Short Circuit Admittance (Y's) and Open Circuit
Impedance (Z's) of Circular Array Elements and
Values Shown Follow the

the Center Element.
Order:

D<15

Real, and Imaginary.
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=0
R=0
=0
Yg= 0

ERROR

Y11
Y13
¥is
Y22
You
Y31
Y33
Y35
Yy 2
Yy
Y51
Y53
Y55

711
213
715
222
Z24
231
233
235

42
Zyy
Z51
253
255

nonowoon o nnnn

Table

.0250
.30C0
.0212
.0212

= 10%

0.61027E-02+j0.61256E-03
-0.67588E-03-3j0.40582E-03
0.94LB86E~Cy+30.44801E-02
0.61027E-02+3j0.61256E-03
-0.67587E~-03~30.40582E-03
-0.67587E-03~30.40582E-03
0.62296E-02+30.14206E-02
0.57071E-04+30.38180E-02
-0.67587E-03-30.40582E-03
0.62296E-02+30.14206E-02
0.9v486E-04+30.44801E-02
0.57071E-34+30.38180E~02
0.45785E-03-30. 1584 9E~02

0.12052E+03+4+3j0.94536E+01
~0.14910E+02+30.38778E+02
0.14833E+02-30.58051E+02
0.12052E+03+30.94597E+01
~0.14910E+02+30.38778E+02
~-0,14910E+02+3j0.38778E+02
0.12794E+03+30.801232401
-0.22818E+00-3j0 . 461U43E+02
-0,14S10FE+02+30.38778E+02
0.12794E+03+30.80123E+01
0.14639E+02~39.58051E+C2
-0,22821E+00-30.,46143E+02
0.86315E+02+30.53452E+02

0.83726E-03+30.89082E~03
0.90721E-03+30.13267E-02
0.83727E-03+30.83092E-03
0.90722E-03+3j0.13267E-02
0.94485E-04+350.44801E-02
0.90722E-03+30.13267E~02
0.96417E-03+30.16990E-02
0.90722E-03+3j0.13267E~02
0.96417E-02+3j0.169390E-02
0.57071E~-04+30.38180E~02
0.94485E-0u+30.44801E~02
0.57071E-04+3j0.38180E~02

LT U T AN U LU Y AN S T 1 N { B 1§

=-0,53936E+02-30.32824E+02
=-0,49643E+02-j0.33173E+02
=-0,53936E+02-3j0.32824E+02
=-0,49643E+02-j0.,33173E+02
= 0,14639E+02-j0.58051E+02
=-0.,49643E+02-j0.33173E+02
=~0,46506E+02-30.34271E+02
=~0,49643E+02-30.33173E+02
=-0.,46506E+02~30.34271E+02
=-0.22827E+00-30.48143E+02
= 0,14639E+02-30.58051E+02
=-0,22827E+00-30.461u3E+02

D$: Short Circuit Admittance (Y's) and Open Circuit
Impedance (Z's) of Circular Array Elements and
Values Shown Follow the

the Center Element.
Order:

D-16

Real, and Imaginary.
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A = 0.00867

R = 0.300¢

Xg= 0.0060

Yg= 0.0000

IRROR = 2%

Y31 = 0.65745E~-G2-30.29000E-02
Y13 =-0.723872-03~30.401581:-03
Yig = 0.14269E-03+30,45175E~02
Yoo = 0.65960E-02-30.27761E-02
You =-0.72389E-03-30,40029E~-03
Y31 =-0.72367E-03~30.40158E~-03
Y33 = 0.66170E-02-30.26600E-02
Y35 = 0.12928E~-03+j0.43226E-02
Yy9 =-0.72389E-03-)0.40029E-03
Yyy = 0.65960E-02-30.27761E-02
Ygi1 = 0.14269E-03+30.45175E~02
Yg3 = 0,12928E-03+30.V3226E-02
Ygg = 0.48506E~03-j0.533567E-02
21 = 0.88838E+02+3j0.37370E+02
%213 =-0,34531E+02-30.25428E+01
Z15 = 0.24719E+02-30.41721E+02
Z99 = 0,89063E+02+30.37573E+02
Zoy =-0,34530E+02~30.25418E+01
Z31 =-0.34531E+02~30.25428E401
233 = 0.89291E+02+30.37750E+02
Z3g = 0.20856E+02-3j0.41918E+02
Zy9 =-0.34530E+02-30.25418E+01
Zyy = 0.87063E+02+30.37573E+02
251 = 0.24719E+02~30.41721E+02
Zg3 = 0.20856E+02~-30.41918E+02
Zgg = 0.74842E+02+50.39682E+02

Table D10:

0.97910E-03+j0.13669E~02
0.97910E-03+j0.13669E-02
0.97910E-03+3)0,13669E-02
0.10003E~02+30,14868E-02
0.13623E-03+j0 ,44180E-02
0.10003E-02+30.14868E~(2
0.10003E-02+30.14888E~02
0.97910E-03+30.13663E-02
0.10003E-02+30.14838E-02
0.13623E~-03+3j0.44180E-02
0.13623E-G3+30.44180E-G2
6.13623E-03+30.44180E-02

0o oot nononnnn

=-0.10606E+02-30.41101E+02
=~0.10606E+02~30.412101E+02
=~0.10606E+02-~-30.42101E+02
=-0.10379E+02-30.40911E+02
0.22761E+02-30.41855E+02
-0.10379E+02~3j0 .40911E+02
-0.10379E+02~370.40911E+02
-0,10606E+02-3j0.41101E+02
-0,10379E+02-30.40911E+02
0.22761E+02-30.41855E+02
0.22761E+02~30.41855E+02
0.,22761E+02-30 .41855E+02

a4 nn o ny

Short Circuit Admittance (Y's) and Open Circuit

Impedance (2's) of Circular Array -lements and

the Center Element.

Values Shown Follow the

Order: Real, and Imaginary.
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3 - A.-_-m“ 73.
¥ S
3
.
3
i
A = 6.0123 i
R = 0.3000 .
Xe= 0.0060 M
Yoz 9.0000 .o A
ERROR = 2% b
Y31 = 0.63980E-02-3j0.19501E-02 Y39 = 0.95574E-03+30.13228E~02 SRR
Y33 =-0.70168E-03-30.39097E-03 Yjy = 0.95574%E-03+30.1.3228E-02 K
¥i5 = 0.14172E-03+3j0.43936E-02 Y331 = 0.95574E-03+390.13228E~02 f b
Y92 = C.64191E~-02-30.18293E-02 Y93 = 0.97660E-03+30.14398E-02 .4
Y2y =-0.70199E-03-30.38970E-03 Y95 = 0.13565E-03+30.42967E~02 4
Y31 =-0.701268E-03-30.39097E-03 Y39 = 0.97661E-03+30.14338E-~G2 Lo
Y33 = 0.64387E-02-30.17161E-02 Y3y = 0.87661E-03+30.14398E~02 %
Y35 = 0.12908E-03+j0.42038E~02 Yyuj = 0.95574E-03+30.13228E~02 §
Yy2 =-0.70189E-03-~)0.38370E~03 Y¥Yy3 = 0.97660E-03+j0.1u3953E~02 i
Yyy = 0.64191E-02-30.18293E-02 VYyug = 0.13565E~03+30.429867E-02 CE
¥Ysy1 = 0.14172E~03+j0.43936E-02 Y52 = 0.13565E-03+3j0.42967E~G2 é é
Ys3 = 0.12908E-03+j0.42038E~02 Y5y = 0,13565E-03+j0.42967E~02 'y
Y55 = 0.474%22E-03-30.43123E-02 ? §
711 = 0.97609E+02+30,34704E+02 719 =-0.17955E+02-30.42433E+02 o
233 =~0.36886E+02+3j0.76726E+01 23y =-0.17955E+02-30.42433E+02 " ﬁ
Z35 = 0.21457E+02-30.45055E+02 Z23 =-0,17955E+02-30.42433E+02 g =
722 = 0.98030E+02+30.34948E+02 223 =-0.17537E+02-30.42212E+02 _
Zoy =~0.36884E+02+30.76739E+01 Z25 = 0.19286E+02~3j0.44846E+02 oo
231 =-0.36886T.+02+36.76726E+0) 239 =-0.17537E+02-j0.42212E+02 } ’
233 = 0.98u45E+02+30.35147E+02 Z3y =-0.17537E+02-30.42212E+02 .
235 = 0.17190E+02-30.4%4560E+02 Zy43 =~-0.17955E+02-30.42433E+02 ¢ =
Zyp =-0.3688UE+D2+30.76739E+01 7Zy3 =-0.17537E+02-30.42212E+02 o
Zyy = 0.98030E+02+3j0.3u4S48E+02 Zus = 0.19286E+02-j0.Uu48UBE+02 37
751 = 0.21457E+02-30,45055E+02 Zgo = 0.19286E+02-30.44846E+02 i
253 = 0.17190E+02-30.44569E+02 Zgy = 0.19286E+02-30.44846E+02 :
Z55 = 0.76077E+02+30.42386E+02 iy

i
X
M
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{
<
:

i

!
3

Table D1l: Short Circuit Admittance (Y's) and Open Circuit
Impedance (Z's) of Circular Array Elements and
the Center E.ement. Values Shown Follow the
Order: Real, and Imaginary.
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& = 0.0185
R = 0.3000
X5= 0.0060
: Ys= 0.0000

. - .;,*,‘:, g e L
.~ e S S g

TRROR = 2%

B T T e L ]

e Y13 = 0.35926E-03+3j0.10541E-01 Y39 =-0.20373E-04-30.18020E-02 .
A Y73 =-0.13368E-03-30.4560LE-04% Yy, =-0.20373F-04-30.18020E~03 b
£ Y33 = 0.12006E-03-30,19757E-03 Y53 =-0.20373E-04-30.18020E-03 Aﬁ
. | Yp; = 0.35988E-03+30.10541E-01 Yp3 =~0.19753E-04~3j0.17983E-03 g
E o Yo, =-0.13367E-03-30.45608E-04 Y5 = 0.11284E-03-30.19710E-03 L
= Y3y =-0.13368E-03-30.45604E-04 Y39 =~0.19759E-04-30.17953E-03 ' :
EAg Y33 = 0.38049E-03+30.10542E-61 Y3y =-0.19759E-04-3j0.17983F-03 g
Co Y35 = 0.10577E-03-30.19656E-03 Yyy =-0.20373E-04-30.18020E-03 4
g Yy =-0.13367E-03-j0.L5608E-0% Yy3 =-0.18759E-04-30.17983E-03 g
i Yyy = 0.35988E-03+3j0.10541E-01 Yyg = 0.11284E-03-30.19710E-G3 L2
W Yy = 0.12006E-03-30.19757E-03 Ygp = 0.11284E-03-30.19710E-03 v
‘- Yg3 = 0.10577E-03-30.19656E-03 Ygy = 0.11284E-03-30.18710E-03 P
E Ygg = 0.32123E-03+j0.10546E-01 boE
791 = 0.32539E+01-3j0.94822E+02 739 =-0.70885E-01-j0.16640C+01 3
733 =-0.11370E+01-3j0.56803E+00 Zjy =-0.70889E-01-30.16640E+01 3
735 = 0.12124E+01-30.17881E+01 257 =~0.70888E~01~30.16640E+01 |
279 = 0.32569E+01-51.94819E+02 23 =-0.67864E-01-30.16617E+01 &
oy =~0,11370E+01-30.56805E+00 275 = 0.11478E+01-30.17887E+(1 3
Z31 =-0.11370E+01-30.56803E+00 239 =-0.67862E-01-30.16617E+01 B
733 = 0.32599F+01-30.94817E+02 23y =~0.67862E-01-33.16617E+01 |
735 = 0.10844E+01-30.17887E+01 243 =~0.70888E~G1-30.16840E+0L 3
Zgo =-0.11370F+01-30.56805E+00 2Zy3 =~0.67864E~-01-j0.16617E+01 4
Ty = 0.32569E+01-30.94819E+02 Zyg = 0.11478E+01-30.17887E+01 s

‘ Zg2 = 0.1212uE+C1-30.17881E+01 Zgy = 0.11477E+01-30.17887E+01 §

Zg3 = 0.10844E+01-30.17887E+01 Zgy = 0.11478E+01-30.17887E+01 |

755 = 0,30503E+01-30.94813E+02 :

’ o~

“able T12: Short Circuit Admittance (Y's) and Open Circuit ;
Impedance (Z's) of Circular Array Elements and the
"enter Element. Values Shown Follow the Order:
Peal, and Imaginary.
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ERROR = 0.5%
D-20

180
ff - PLANE ANGLE (DeereEs)

¢+ Theoretical Azimuthal Plane Radiation Pattern

A=0.,0250A R=0,3000X

of the Circular Array.
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Figure D-7
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: Theoretical Azimuthal Plane Radiation Pattern
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A=0,018 A R =0,3000 A
Xc= 0,0060 A Yg= 00000 X
¢ Theoratical Azimuthal Plane Radiation Pattern

of. tha Circular Array.

Figura D~9
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0.3000 A

X5= 0.0060 A Y5= 0,0000 A

0.0067 A R

A=

= 2.0%

ERROR

(13) YIMe JATLYIS4

Fen » T
N R I NI Y .
B P o T ims  at i

# - PLANF ANGLE (DecRreES)
:+ Theoretical Azimuthal Plane Radiation Pattern

Figure D~10

of the Circular Array.
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