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ABSTRACT

A computer program is presented for thin-wire antennas
and scatterers in a homogenous conducting medium. The
analysis is performed in the real or complex frequency
domain. The program handles insulated and bare wirés with
finite conductivity and‘1umped Toads. The output data .
includes the current distribution, impedance, radiation
efficiency, gain, absofption cross séction, scattering
cross section, echo area and the polarization scattering
matrix. The program uses sjnusqidal bases and Galerkin's

method.
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I. INTRODUCTION

Reference 1 presents the electromagnetic theory for a thin-wire
structure in a homogeneous conducting medium, and this report presents
the corresponding computer program. The program performs a frequency-
domain analysis of thin-wire antennas’'and scatterers. The wire con-
figuration is a generalized polygon assembled from straight wire seg-
ments. The program has been tested extensively with simple structures
(linear dipoles, V dipoles, coupled dipoles, square loops, octagonal
Toops, multiturn loops and coupled loops) and complicated configura-
tions including wire-grid models of plates, spheres, cones, aircraft
and ships. Although the air-earth or air-water interface is not con-
sidered, the program is applicable in many problems involving buried
or submerged antennas or targets. It is useful in Tocating the poles
of the admittance or scattering function for wire structures in the
complex frequency domain. '

A piecewise-sinusoidal expansion is used for the current distri-
bution. The matrix equation ZI = V is generated by enforcing reaction
tests with a set of sinusoidal dipoles lTocated in the interior region
of the wire. Since the test dipoles have the same current distribution
as the expansion modes, this may be regarded as an application of
Galerkin's method. Rumsey's reaction concept was most helpful in this
development, and therefore the formulation is known as the "sinusoidal
reaction technique."

The current is assumed to vanish at the endpoints (if any) of the
wire, and Kirchhoff's current law is enforced everywhere on the
structure. The input data specify the frequency, wire radius, wire
conductivity, the parameters of the exterior medium, coordinates of
points to describe the shape and size of the wire configuration, and a
list of the wire segments. If some or all of the wire segments are
insulated, the radius and permittivity of the insulating sleeve are
indicated.

Coordinates are required for wire endpoints, corners, junctions
and terminals. For accuracy, the lTongest wire segment should not
greatly exceed one-quarter wavelength. Longer segments should be
subdivided by defining additional current-sampling points. The pro-
gram automatically defines a set of N sinusoidal dipole modes on the
wire structure and computes the mutual impedance matrix for these
modes. The elements in the matrix are generated by numerical inte-
gration when appropriate, or from closed-form expressions in terms of
exponential integrals. The computer program uses certain approxima-
tions which yield a symmetric matrix even when the wire structure has
finite conductivity, Tumped Toads and insulating sleeves.

In antenna problems, the output data includes the current distri-

bution, impedance, radiation efficiency, gain, patterns and near-zone
field. In bistatic scattering problems, the output includes the echo
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area and the complex elements of the polarization scattering matrix.
In backscatter situations, the output includes also the absorption,
scattering and extinction cross sections.

If the wire has finite conductivity or dielectric sleeves, it is
assumed that the frequency is real. This restriction can readily be
removed if the user will specify the surface impedance of the wire and
the complex permittivities of the dielectric sieeves and the ambient
medium appropriate for complex frequencies.

The user may make a tradeoff between accuracy and computation
costs by specifying the input variable INT, A large value increases
the accuracy and the cost. For most problems, the recommended value
is INT = 4,

The program was run on an IBM 370/165 computer to determine the
broadside backscatter for a wire-grid square plate with edge length L.
With a five-by-five grid, there are 60 segments, 36 points and 84
simultaneous equations. With INT = 4, calculations were made for L/a
= 0.3, 0.4, 0.5, 0.6 and 0.7. The execution time was 100 seconds.
This averages to 20 seconds for each value of L/x. The wire structure
was perfectly conducting, uninsulated and located in free space. No
advantage was taken of the target symmetries.

The next section presents the thin-wire computer program, instruc-
tions for the user, typical input and output data and tables of the
mutual impedance of sinusoidal dipoles. Appendicies 1ist the computer
subroutines and explain their functions.

II. THE THIN-WIRE COMPUTER PROGRAM

Fig. 1 is a Fortran listing of the thin-wire computer program.
Near the beginning of this program, the DIMENSION statements reserve
storage for a wire structure with up to 50 segments, 55 points and 60
dipole modes. Quantities with the same or related dimensions are
grouped together on the same line or consecutive lines.

NM denotes the actual number of monopoles (segments), INM is the
corresponding dimension, and the dimension for CG, VG and ZLD is twice
INM. The second subscript for MD always has a dimension of 4.

N denotes the number of simultaneous Tinear equations and ICJ is
the corresponding dimension. The dimension for C is (ICJ*ICJ + ICJ)/2.

The DO LOOP ending at statement 15 sets ISC(J) = O for all the
segments. This indicates that the wires are bare or uninsulated. If
some or all of the segments are insulated, the user may set ISC(J) =1
for the appropriate segment numbers J.
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COMPLEX EPZEP3+ETA+GAM,Y11,Z11,2S

COMPLEX EPPS,EPTSIETPSsETTSHEXEYHELZ

COMPLEX CU1830)+CJ(60)EP(60)4ET(60)4EPP(60),ETT(60)
DIMENSION 11(60),12(60),413(60),JA(60),JB(60)
COMPLEX CGD(50),5GD(50),CG(100},vG(100),ZLD(100)}
DIMENSION D(50),1A(50),1B(50)51SC{50),MD{(50,4)4ND(50})
DIMENSION X(55),Y(55),2(55)

DATA P14yTP/3.14159,6.28318/

DATA EO,UO/B8.854E=-12,1 .2566E-6/

FORMAT{1XBF 1547}

FORMAT(1IX,4F15.7/)

FORMAT(1X4115,48F 14 .6)

FORMAT(1HO)

FORMAT(1X,6F15.7/})

FORMAT(8F10.5)

FORMAT(1X4114,1315)

FORMAT(3X,y tMAX = ',1543Xs'MIN = '41543Xs'N = ',15)
1CJ=60

INM=50

DO 15 J=1lsINM

IsClJ1=0

READ(5,7)BMER2,+51G2,7D2
WRITE(6,2)BM4ER2,S1G2,TD2

READ(5 »7)AM4CMM yER3,5S1G3,TD3
WRITE(652)AM,CMM4ER3,S1G3,TD3

READ(5 y8)IBISCHIGAIN ¢ INEAR,)ISCAT s IWR JNGEN o NMy NP
WRITE(6yB)IBISCoIGAIN, INEARISCAT yIWRNGEN,NM,NP
READ (S ¢ T)FMC 4yPHATHAyPHI yTHI 4PHSTHS

WRITE (6492)FMC yPHATHAPHI 3 THI yPHS, THS

DO 22 J=1¢NM

READ(5498)TA(J},1B(J)

WRITE(648)JsTA(J)91B(J)

DO 40 I=1,NP

READ(S 4 7T)X(I )oY (1 142(1)
WRITE(694 )T oX(1)eY(TI)eZ2(1)

READ(5,T)XP,YP,42P

FHZ=FMC*1.E6

OMEGA=TP%#F H2

IF{SIG2eLT e0o )EP2=ERZ*E OXCMPLX(1ls ¢~=TD2)

IF(TD2 e LT 04 JEP2=CMPLX(ER2*EO,~S1G2/0MEGA)
IF(SIG3.LT 04 )EP3=ERI®E O%CMPLX(1sy~TD3)

IF{TO3 LT 04 )EP3=CMPLX{ER3*ED,-SIG3/0OMEGA)
ETA=CSQRT(UQ/EP3)

GAM=UMEGAXCSQRT(~-UO*EP3)

CALL SORT{IA:IB,yI11y41291353JAsJIByMD NDINMNP¢N{MAXMIN,ICJs INM)
WRITE(6,45)

WRITE (639 )IMAX yMIN,HN

WRITE(6,45)

IF(MAX4GToe4 ORe MINSLTel OR. NeGTL.ICJIGO TO 800
INT=4

I112=1

DO 60 J=1,NM

VG(J)={a0ye0)

ZLD(J)={.0,y.0)

JJ=J+NM

VG{JJI=(404.0)

ZLD(JJI={.0,4.0)

IFINGEN.GT.OIVGINGEN)=(1490.)

CALL SGANT(TASIBsINMINT o ISColle129139JA0JByMDsNyNDINMyNP

29 AM ¢yBM 3 CoCGD sCMM 3D sE P2y EP34yETAIFHZ ¢GAMsSGD XY 2 +ZLDyZS)
IFIN.LEL.OIGD TO 800
IF{NGENLLE .0JGO TO 400

Fig. la. The thin-wire computer program.
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CALL GANTL(TAIBsINM,IWRs11,12,13,112,JAsJBsMD¢NyNDyNMsAM
2y CaCIyCGHCMM D EFF 4GAM+GG,CGD  SGND ,VG,Y11421142LD,25)
WRITE(643)EFF 466,711
200 IF(INEAR.LEL.OIGO TO 300
CALL GMFLD(IA,IB yINM 1112413 ,MDyNyNDyNM,AM,CGDSGDETA,GAM
Z'CJyDyX7Y1Z7XPyYPyZpyEXyEerz)
WRITE(643)XP,YP,ZP
WRITE(6,6)EX,EYLEZ
300 IF(IGAIN.LE.0)CGD TO 400
INC=0
PH=PHA
TH=THA
CALL GFFLD(IAIBsINCyINMsIWR 114124135112+ MDyNsNDsNM,AM
2y ACSPyACST+CoCGD yCGyCJsCMM 4D yECSP ,ECSTIEP+ETLEPPLETT,EPPS,EPTS
3+ETPSHETTS +GG+GPPGTT yPH,SGD 3 SCSP 4 SCSTySPPHMSPTMeSTPMSTTHM, TH
4!X’Y!Z,ZL01ZS'ETA ’GAM)
WRITE(633)PH,TH,GPP,GTT
400 IF{ISCAT.LE.O)JGO TO 600
INC=1
"PH=PHI
TH=THI
CALL GFFLD(TAyIBy INC,INMyIWR I 1,12,134112,MDyNsNDyNMyAM
29ACSP4ACST yCsCOD+CGyCJ sCMM 4D sECSPyECST4EP 4ETEPP,ETTEPPSLEPTS
3sETPSHIETTS GGy GPP yGTT yPH,SGD ySCSP,SCST s SPPMSPTMySTPM, STTHM, TH
GaXsYeZyILDsZSeETA,GAM)
WRITE(646)PH THySPPMsSPTMSTPM ,STTH
WRITE(646)ACSPLACST ECSPL,ECST,SCSP,SCST
500 IF(IBISC.LE.O}GO TO 600
INC=2
PH=PHS
TH=THS
CALL GFFLD(TAIByINCyINMyIWR,11412,13,112,MDyNyND,NMyAM
29ACSPyACST+Co1CGD sCGCU9CMM 4D yECSP yECSTHEP yETHEPPyETT2EPPS,LEPTS
3sETPSHETTS GG ,GPP,GTT yPH9SGD ySCSPySCSTySPPMsSPTMySTPM,STTM, TH
GoXosY9Z 2D 92ZSHETAGAM)
WRITE(636)PHyTHySPPMySPTMySTPM,,STTM
600 CONTINUE
800 CALL EXIT
END

Fig. 1b. The thin-wire computer program.
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The first READ statement inputs the following parameters for the
dielectric insulation:

BM outer radius in meters |
ERZ dielectric constant relative to free space

SIG2 conductivity in mhos per meter

D2 loss tangent

The program will use SIG2 or TD2 but not both., The user determines
which one will be used by assigning the other a negative value. For
an uninsulated wire structure, the program will not use any of the
data from the first READ statement.

The second READ statement inputs the following parameters for the
wire and the exterior medium:

AM wire radius in meters
CMM wire conductivity in megamhos per meter
ER3 dielectric constant relative to free space

SIG3 conductivity in mhos per meter
D3 Toss tangent

The parameters ER3, SIG3 and TD3 are those of the homogeneous ambient
medium. Again, the program will use SIG3.or TD3 but not both.

The third READ statement inputs the following data:

IBISC indicator for bistatic scattering calculations
IGAIN  indicator for antenna gain calculations

INEAR  dindicator for near-zone field calculations
ISCAT  indicator for backscatter calculations

TWR indicator for writeout of current distributions

NGEN indicator for antenna calculations

NM number of monopoles (segments)

NP number of points i

For each indicator, a positive value means the calculation or writeout c
is desired while a zero or negative value means it is not desired. f

The fourth READ statement inputs the following data:

FMC frequency in megahertz

PHA,THA far-field angle for antenna gain

PHI,THI incidence angle for plane-wave scattering
PHS,THS scattering angle for bistatic scattering

The ahove angles are given in degrees, and they denote values of the

angular coordinates in the spherical system (r,0,¢) widely used in ]
antenna and scattering literature. |
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The fifth READ statement (in the DO LOOP ending with statement 22)
inputs the endpoints IA{J) and IB(J) of segment J. Thus, IA and IB are
the index numbers of the two points which are joined by segment d.

The sixth READ statement (in the DO LOOP ending with statement 40)
inputs the coordinates X(I), Y(I) and Z(I) of point I in meters. The
‘'seventh and Tast READ statement inputs the coordinates XP, YP and ZP
{in meters) of the observation point for near-zone field calculations.

Some of the quantities used in the program are defined as follows:

. FHZ “frequency in Hertz
OMEGA  angular frequency

EP2 complex permittivity of insulation

EP3 complex permittivity of ambient medium

ETA intrinsic impedance of ambient medium

GAM intrinsic propagation constant of ambient medium
ZS surface impedance of wire

For an uninsulated wire with perfect conductivity, one may specify
complex values for ETA and GAM and delete the following input data and
calculations: BM, ER2, SIG2, TD2, ER3, SIG3, TD3, FMC, FHZ, OEMGA,
EP2 and EP3.

After reading the input data, the program calls subroutine SORT.
This subroutine defines a set of dipole modes on the wire structure.
N denotes the total number of dipole modes, the number of simultaneous
Tinear equations, and the size of the impedance matrix Z,.. Since this
matrix is symmetric, only the upper-right trianguiar por%?on (including
the entire principal diagonal) is calculated and stored in C{(K). SORT
calculates N, but the user may predict N as follows to reserve adequate
storage. If m wire segments intersect at a point, this point is de-
fined as a junction of order m and degree n = m - 1. There will be n
dipole modes with terminals at this junction. N is detevmined by
summing the degrees of all the junctions. For an example, an endpoint
of a dipole is a junction of order m= 1 and degree n = 0, The vertex
of a V dipole is a junction of order 2 and degree 1. NP denotes the
number of points on the wire structure, and each of these points is
considered to be a junction,

Mode I is a two-segment V dipole with a sinusoidal current dis-
tributed over the intersecting segments JA(I) and JB(I). The dipole
has endpoints I1(I) and I3(I) and terminals at I2(I). The reference
direction for positive current on dipole I is from Il to 12 to I3.

A wire segment may be shared by as many as four dipole modes, or
as few as one. In the output of subroutine SORT, ND{J) denotes the
number of dipoles sharing segment J. The extreme values of ND(J) are
MAX and MIN. If MIN is less than one, the wire structure has an un-
connected segment and the computation is aborted. {An isolated wire
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must have at least two segments and three points.) If N exceeds ICJ,
the dimensions are inadequate and the run is aborted.

INT specifies the number of intervals for calculating the elements
in the impedance matrix with Simpson‘s-rule integration. A large value
for INT improves the accuracy at the expense of greater execution time.
For most problems a suitable combination of speed and accuracy is ob-
tained with INT = 4, A Targer value is recommended if one wire passes
close to another as in the helix or the multitum loop. If in doubt,
one may set INT = 0 to choose the rigorous closed-form impedance ex-
pressions in terms of exponential integrals.

. The DO LOOP ending with statement 60 sets all the Tumped load
impedances and generator voltages to zero. If the wire structure has
lumped loads, one may insert a READ command after statement 60 to input
a 1ist of complex Toad impedances ZLD(J). For a wire antenna with just

one generator, the program inserts a unit voltage generator with VG(NGEN)

= (1.,0.). If the antenna or array has several generators, one may
1nsert a READ command after statement 60 to input a list of complex
voltages VG(J).

Generators or lumped loads may be inserted at either end or both
ends of segment J. First consider a load impedance inserted in the
middle of segment J. Now slide the Toad along the segment and let it
approach the endpoint IA(J). This load is represented by ZLD(J). Next
insert another load in segment J and slide it to approach the endpoint
IB(J). This Toad is designated ZLD(JJ) where JJ = J + NM. The same
convention is employed for the voltage generators VG(J) and VG(JJ).

A generator voltage VG(J) is considered positive if it tends to force
a current flow in the direction from IA(J) to IB(J).

Subroutine SGANT calculates the elements of the impedance matrix
. and stores them in C(K) where K = (I-1)*N - (I*I - I)/2 + J. This
sugrout1ne will set N = 0 and the run will abort if the wire radius is
zero or negative, the shortest segment Tength is less than the wire
diameter, the wire radius is electrically large, or the longest segment
is too long.

Subroutine GANT1 considers the thin-wire structure as an antenna
and solves for the current distribution CG(J), radiation efficiency
EFF, time-average power input GG and complex power input Y11. In the

current distribution, CG(J) is the current on segment J as one approaches

the endpoint IA(J) and CG(JJ) is the current at the other end IB(J).
The reference direction for positive current is from IA to IB. Thus,
the conventions are the same for the branch currents CG and the branch
voltages VG.

If the antenna has only one voltage generator with VG(NGEN) =
(1.,0.), then Y11 is the antenna admittance and Z11 is the impedance.
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The radiation efficiency EFF is calculated from the time-average
power input to the antenna and the time-average power dissipated in
the wire and the Tumped Toads. If the antenna is insulated, the power
dissipated in the insulation is neglected. If the wire has perfect
conductivity and the loads are purely reactive, the calculated effi-
ciency will be 100 per cent.

The near-field subroutine GNFLD calculates the electric field
intensity (EX,EY,EZ) at the observation point (XP,YP,ZP). In the
calling parameters, CJ denotes the current distribution on the wire.
(The loop currents are stored in CJ(I) and the branch currents in €G(J)).
Thus, the currents must be calculated before GNFLD is called. Fig. 1
i1tustrates the use of GNFLD to calculate the near-zone field in an
antenna problem. This subroutine can be cdlled again just above
statement 500 to calculate the near-zone scattered field for a wire
target. In the calling parameters, CJ is replaced with EP or ET to
obtain the near-zone field with a phi-polarized or theta-polarized
incident plane wave. Reference 1 describes the more sophisticated
techniques required when the observation point is extremely close to
the wire structure. -

The far-field subroutine GFFLD calculates antenna gain if INC = O,
backscattering if INC = 1, and bistatic scattering if INC = 2. If
INC = 0, PH and TH denote the spherical coordinates ¢ and @ of the
distant observation point and the output from GFFLD is defined as
follows. EPPS and ETTS denote the phi-polarized and theta-polarized
components of the electric field intensity. For example,

(1) EPPS = pr oY Ey

where r is the distance from the origin to the observation point. GPP
and GTT denote the power gains associated with the phi and theta
polarizations. Appendix 14 defines GPP and GIT more precisely.

If INC =1, PH and TH denote the incidence angles ¢. and e,.
These are also the spherical coordinates of the distant %ource.i In
th1? $?ckscattering situation, the output data from GFFLD are defined
as follows: ' ' S

ACSP,ACST  absorption cross sections for ¢ and @ polarizations
ECSP,ECST  extinction cross sections for ¢ and & polarizations

EPLET Toop currents induced by ¢ and e polarized waves
EPPS scattered electric field Eéé

EPTS scattered electric field Egq

ETPS scattered electric field Eg

ETTS scattered electric field Eqq

SCSP,SCST  scattering cross sections ?or ¢ and 8 polarizations
SPPM echo area T
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SPTM echo area ayg
STPM echo area apg
STT™M echo area opp

The echo areas are given in square meters. For the doubly-subscripted
quantities such as Es and Thds the first and second subscripts specify
the polarizations of %he 1nc1 ent and scattered waves, respectively.

The complex numbers EPPS, EPTS, ETPS and ETTS are the elements of the
polarization scattering matrix.

If INC = 2, PH and TH denote the scattering angles og and 8
These are the spher1ca1 coordinates of the distant observér. In this
bistatic scattering situation, the only outputs from GFFLD are the
polarization scattering matrix and the echo areas.

To. obtain antenna patterns, backscattering patterns or bistatic
patterns, one may insert DO LOOPS in the program to increment the
angles PH and TH. The DO LOOP will begin just above the call to GFFLD
and terminate just below this call. To obtain the near-zone field
distribution along a given probing path, one may insert a DO LOOP
beginning just above the call to GNFLD and terminating just below this
call.

When the calculations have been completed for one problem, one may
G0 TO a point just above CALL GANT1 if only the generator voltages are
to be changed. One may GO TO a point just below CALL SORT if there is
a change in the wiré radius or conductivity, the insulation, ambient
medium, frequency, 1oad impedances or the coordinates (X,Y,Z). If
there is a change in NM, NP, IA or IB, one should GO TO a point above
CALL SORT.

Consider an array of three center-fed dipoles, and suppose we
desire the 3 x 3 admittance matrix for the array. Let each dipole be
divided into four segments with segments 1 through 4 on dipole 1, 5
through 8 on dipole 2 and 9 through 12 on dipole 3. The three-port
admittance matrix can be obtained by inserting a DO LOOP beginning
just above CALL GANT1 and terminating just below this call. GANT1 will
be called three times with all the voltages VG set to zero except for
a single one-volt generator. On the first, second and third calls,
let NGEN = 3, 7 and 11 to represent a generator at the center of dipole
1, 2 and 3, respectively. After the first call, set Y11 = CG(3),

Y12 = CG(7) and Y13 = CG(11). Set Y22 = CG(7) and Y23 = CG(11) after
the second call and Y33 = CG(11) after the third call.

For extremely small antennas, quasi- stat1c or double-precision
subroutines are required.

The wire radius must exceed zero, but there is no difficulty with
small radii. If the radius exceeds 0.007x, the thin-wire assumptions

are questionable and the accuracy and convergence deteriorate. The length
ratio of the Tongest and shortest segments should not exceed 100. It is

11




assumed that the wire Tength exceeds the wire diameter by a factor of .
at least 30. We are not aware of any lower 1imit on the segment length,

however.

If a wire is bent sharply to form a small acute angle (less than
30 degrees), the thin-wire model is questionable. It is assumed that
the wire conductivity greatly exceeds the conductivity of the ambient
medium. For insulated wires, the dielectric Tayer is assumed to be
electrically thin.

For each thin-wire problem, calculations should be repeated several
times with the wire divided progressively into shorter segments, There
is no assurance of accuracy until the output data converge. For a
moderately thick wire (with radius a = 0.007 A or larger), the suscept-
ance may diverge with the delta-gap model. This difficulity may be
alleviated or eliminated with the magnetic-frill model and the tech-
niques of Imbriale and Ingerson [2].

Tables 1, 2 and 3 Tlist input and output data for three simple
examples of uninsulated wire structures. Each table includes a sketch
of the wire configuration with Tabels to indicate the numbering system
{ordthe points and segments. In these examples there are no Tumped

oads.

In the sinusoidal-reaction formulation, a basic function is the
mutual impedance between two sinusoidal filamentary electric dipoles. ‘
One dipole is a test source located on the axis of the wire structure,
and the other is an expansion mode on the wire surface. In view of the
importance of this mutual impedance, short tables are presented next
for a few simple cases. The data can be reproduced with the program
in Fig. 1 with appropriate input data for uninsulated wires with perfect
conductivity and no Tumped loads in free space. The data were obtained
with the closed-form expressions (INT = 0) by writing 'out the quantities
C(K) just below the call to subroutine SGANT. Double precision was
used for these calculations.

Table 4 Tists the self impedance of a two-segment sinusoidal V
dipole with radius a = 0.001 x. Subroutine SGANT calculates this
quantity by setting up one filamentary dipole on the wire axis and
another identical dipole on the wire surface. These dipoles 1ie in
parallel planes separated by a distance equal to the wire radius.

In Table 5, dipoles 1 and 2 have terminals at vertices 1 and 2,
respectively, and they share the middle segment., Again these dipoles
Tie in parallel planes separated by a distance equal to the wire radius.
For a one-turn planar polygon wire loop, subroutine SGANT would generate
the data in Table 4 for the diagonal elements Zjy and the data in
Table 5 for the next elements.
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TABLE 1

Input and Output Data for Straight Wire

Input Data
002 2.56 -1.0 0.0005
0.001 1.00 1.0 -1.0 0.0
1 1 1 1 0 3 4
300 0. 90. 0. 90. 45, 45,
1 2
2 3
3 4
4 5
0. 0. -0.250
0. 0. -0.125 1 2 P 4
0. 0. 0. o o n ° *
0. 0. 0.125 1 2 2 4 s
0. 0. 0.250 3
1. 1. 1.
Qutput Data
§§1%§ 0.0095 82.97 43.26
-.091 0.080 -0.091 0.080 0.224 -0.096
0.0 90.0 0.0 1.615
0.0 90.0 0.0 0.0 0.0 0.608
0.0 0.0069 0.0 0.377 0.0 0.370
45.0 45,0 0.0 0.0 0.0 J.239
TABLE 2
Input and Output Data for Square Loop
Input Data
5.802 2.56 -1.0 0.0005
0.001 1.0 1.0 -1.0 0.0
1 1 1 1 0 1 4
300. 0.0 90.0 0.0 90.0 45, 45,
1 2
2 3 31 > 12
3 4
4 1
0.05 -0.05 0.0 3 1
0.05 0.05 0.0
-0.05 0.05 0.0
-0.05 -0.05 0.0 4 (4
1.0 1.0 1.0 48 —()
Qutput Data
73.10 .243E-4 62.94 1609.8
-.0078 .0027 .0057 .0029 -.0010 -.0056
0.0 90.0 .8066 .0
0.0 90.0 .0002 .0 .0 .0
.126E-4 0.0 .936E-4 .0 .810E-4 .0
45.0 45.0 .106E-3 .265E-4 .0 .0

13




TABLE 3
Input and Qutput Data for Y Antenna

Ingut Data

. 2.56 -1.0 0.0005

0.001 1.0 1.0 -1.0 0.0

1 1 1 1 0 2 4

300. 0.0 90.0 0.0 90.0 45. 45,

1 2

2 3 5

3 4

3 5 %

0.0 -0.30 0.0 1~

0.0 -0.15 0.0 YT 3

0.0 0.0 0.0

0.1 0.1 0.0

0.1 0.1 0.0 4

1.0 1.0 1.0

Outgut Data

7. 0.013 75.53 -0.572

-.124 0.081 0.260 -0.064 -0.126 0.070

0.0 90.0 1.535 0.0

0.0 90.0 0.748 0.0 0.0 0.0

0.0103 0.0 0.487 0.0 0.477 0.0

45.¢ 45.0 0.360 0.170 0.0 0.0

TABLE 4
Self Impedance of Two-Segment V Dipole Shown in Fig. 2
Radius: a = 0.001x

P h = 0.10a h = 0.15x h = 0.20x h = 0.25x
30° 0.59 - j 481 1.4 - j 314 3.1 - j 186 6.1 - 3 61
60 2.15 - j 547 5.3 - j 337 11.0 - § 177 21.3 -3 21
90 4,22 - j 572 10.4 - j 340 21.1 - j 163 40,0 + j 9
120 6.31 - j 583 15.3 - j 338 30.9 - j 151 57.7 + j 28
150 7.81 - j 587 18.9 - j 335 37.7 - j 144 69.3 + j 39
180 8,33 - J 589 20,1 - j 335 39.9 - j 142 73.1 + § 42

14




Fig. 2.

Symmetric center-fed V dipole.

TABLE 5

Mutual Impedance Between Overlapping V Dipoles in Fig. 3

Radius: a = 0.001x
Y h = 0.10) h = 0.15) h = 0.20) h = 0.25x
60° -0.96 + j 338 | -2.08 + j 285 -3.45 + j 275 |- 4.8 + j 298
90 0.19 + j 322 1.03 + j 276 3.57 + j 271 } 10.1 + j 297
120 3.29 + j 336 8.40 + j 290 17.86 + j 285 | 35.3 + j 309
150 6.61 + j 346 | 15.61 + j 299 30.00 + j 291 | 52.9 + j 309
180 8.01 + j 349 | 18.47 + j 301 34,35 + j 292 | 58.2 + j 308

\l/\ /wl/ :
| 2
Fig. 3. Overlapping V dipoles share the middle segment.

Tables 6, 7, and 8 1ist the mutual impedance for other configura-

tions.

sinusoidal dipoles with identicaT segment Tengths h.

15
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TABLE 6
Mutual Impedance Between Overlapping V Dipoles in Fig. 4
Radius: a = 0.001x

@ h = 0.10x h = 0.15% h = 0.20M h = 0,253
30° | 6.74 - j 314 | 16.24 - j 167 | 32.17 - j 56 | 58.7 + j 49.6
60 3.16 - j 291 7.68 - 3 169 | 15.47 -3 76 | 28,8+ 3 14.2
90 0.06 - j 278 0.31 - j 172 1.15 - j 92 3.5 - § 12.2
120 | -1.01 - 3256 | -2.39 - j 168 | -4.47 - 5 101 | -7.6 - j 35.5
150 | -0.48 - j 207 | -1.20 - j 146 | -2.40 - 5 98 | -4.5 - j 50.7

a”f‘~a

!
Y\ »
LTI

Fig. 4. Overlapping V dipoles share the bottom segment in a
planar Y configuration.
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h = 0,252

0.20x

X
h

d

TABLE 7
h = 0.15)

Displacement:

h = 0.70)

Mutual Impedance Between the Coplanar-Skew Linear Dipoles in Fig. 5

17

Center-fed coplanar-skew linear dipoles.

Fig. 5.




Mutual Impedance Between the Nonplanar-Skew Linear Dipoles in Fig. 6

TABLE 8

Displacement: d = X

& h = 0.10x h = 0.15x h = 0.20x h = 0,252

0° 1 0.337 + j 1.952 | 0.880 + j 4,759 | 1.932 + j 9.547 | 4,011 + j 17.74
15 1 0.326 + j 1.886 | 0.850 + J 4.596 | 1.867 + j 9.222 | 3.877 + j 17.14
30 0.292 + J 1.691 | 0.762 + j 4,121 | 1.675 + j 8.269 | 3.482 + j 15.37
45 0.238 + j 1.380 | 0.622 + j 3.365 | 1.369 + j 6,752 | 2.850 + j 12.55
60 0.169 + j 0.976 | 0.440 + j 2.380 | 0.969 + j 4,775 } 2,020 + j 8.88
75 0.087 + j 0.505 | 0.228 + j 1.232 | 0.502 + j 2.472 } 1.047 + j 4.60
a0 0.0 + j 0.0 0.0 + 3 0.0 0.0 + 30,0 0.0 + 3 0.0

Fig. 6.

Center-fed nonplanar-skew linear dipoles.
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ITI. SUMMARY

This report presents the sinusoidal-reaction computer program for
thin-wire antennas and scatterers, instructions for the user, typical
input and output data and mutual-impedance tables for sinusoidal dipoles.
Appendices 1ist the computer subroutines and explain their functions.
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APPENDIX 1. Subroutine SORT

Subroutine SORT, listed in Fig. 7, defines a set of dipole mode
currents on the wire structure. The input data IA, IB, NM, NP, ICJ and
INM have been defined already. The output data are defined as follows:

N total number of dipole modes

11(1) endpoint of dipole I

12(1) terminal point of dipole I

13(1) endpoint of dipole I

JA(T) first segment of dipole I

JB(1) second segment of dipole I

MD(J,K)  Tist of dipoles sharing segment J

ND(J) total number of dipoles sharing segment J

MAX,MIN  extreme values of ND(J)

At completion of the DO LOOP ending with statement 20, NJK denotes
the number of segments intersecting at point K, and JSP is a list of
these segments. In the DO LOOP ending with statement 22, the computer
sets up the appropriate number MOD of dipoles modes with terminals at
poink K. '

APPENDIX 2. Subroutine SGANT

Subroutine SGANT, listed in Fig. 8, calculates the mutual imped-
ances Z;; and stores them in C(K). The input data for SGANT have been
defined.glready. The output data are defined as follows:

) open-circuit impedance matvrix
(J) cosh yd for segment J
SGD(J) sinh yd for segment J
) ) Tength of segment J
ZS surface impedance of the wire
The surface impedance is calculated just above statement 12. BO1 '
~denotes J,/J1 where Jj and J; are the Bessel functions of order zero
and one with complex argument ZARG. It is assumed that all the wire
segments have the same radius, conductivity and surface impedance.

In the DO LOOP ending with statement 20, SGANT calculates the
segment lengths D(J). DMIN and DMAX denote the lengths of the
shortest and longest segments. If the wire radius or the segment
lengths are clearly beyond the range of thin-wire theory, N is set to
zero at statement 25 followed by RETURN to the main program to abort
the calculation.

At statement 30, the program selects a segment K, and a few state-
ments below this it selects another segment L. K is a segment of test
dipole I, and L is a segment of expansion mode J. The mutual impedance
between segments K and L is obtained by calling subroutine GGS or GGMM.
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20

22
24

390

3z

34

38
40

46

SUBRUUTINE SORT{IA,IBy11,12513,JArJByMDINDsNMyNP NyMAX,MIN

2y ICJy INM}
D IMENSION 4SP{20])

DIMENSION J1(1)eI2¢L),I3¢1)sJA(1)}sUBlL}
DIMENSION TACL),IB(L1)yND(L) MD({INM,4)

=0

DO 24 K=1,yNP

NJK=0

DO 20 J=1,NM
IND=(TA(J)-KIX(IB(J)-K)
IF (INDWNELO)GO TO 20
NJK=NJK+1

JSPINJK)=Y

CONTINUE

MOD=NJIK~-1 .

IF (MOD L LE.O}GO TO 24
DG 22 1MD=1,M0OD
I=1+1

IF(1.6T.ICJIGD TO 22
IPD=IMD+1
JAT=JSP(IMD}
JAalTi=gal
JBI=JSP(IPD)
JB{I)Y=481
ITCLI=TA(JATL)
[FITACUATI)EQ.K)TLI(T)=IB{JAL)
12{1)=K
[3(T1=TA(JBI}
IF(TA(UBI) GEQ.K)I3(1})=18(JBI)
CONT INUE

CONTINUE

N=1

DO 30 J=1,NM

NY(J)=0

DO 30 K=ls4

MD (JeK1=0

I1I=N
IFINGGTLICJIITII=ICY
DO 40 I=1,111

J=JA(T)

DO 38 L=1,2
ND{JI=ND(J)+1
K=1

M=0

TMUK=MO(J 4K}

IF (MUK NE «0JG0 TO 34
M=1

MD(JeK)=1

K=K+1

IF(K.GT.4)GO TO 38
IF(M.EQ.0IGO TO 32
J=JB{l)

CONTINUE

MIN=100

MAX=Q

DO 46 J=1.NM
NDJ=ND(J)

IF (NDJ GT MAX IMAX=ND Y
IFINDJLTMINIJMIN=ND Y
RETURN

END

Fig. 7. Subroutine SORT

22

0001
Q002
0003
0004
0005
0006
0007
goos
Q009
0010
Q011
0012
Qo013
0014
0015
00lé6
0017
0018
0019
0020
0021
0022
0023
0024
Q025
0026
0027
0028
0029
0030
0031
0032
0033
0034
0035
0036
0037
0038
0039
0040
0041
0042
0043
0044
0045
0046
0047
0048
0049
0050
0051
0052
0053
0054
0055
0056
0057
0058
0059
0060
0061




10

12

20

25

30

SUBROUT INE SGANT(IA;IBaINMleT,XSCQIlqi2,13;JA,JB'M09N,ND’NM)NP
ZfAM’BM1C1CGD1CMM,DyEPZyEP31ETA,FHZ,GAM,SGD:XyY;Z1ZLD’ZS) )
COMPLEX ZG+ZH,ZS,E6D 36D ,CGDS,SGDS,SGDT,BOL

COMPLE X PllyPlZ,p2l,P229Qll19127Q21v0227EPZ,EP!ETA,GAM,EP3
COMPLEX EPSILAZCWEA,BETA,ZARG

COMPLEX P(2,2)9Q(242):C0D(1),SGD(1},C(1),2LD(1)

DIMENSION XC1)e¥Y{1l)»Z01)wD (L) s TACL),IB(L),MD(INM,4}
DIMENSION T1(1)912(1)413(1)3JA(1L)¢JBCLINDIL),1SCC1)

DATA EQsTPUO/8eB54E~22,6428318,1.2566E=~6/

FORMAT(3X,'AM = 1,E104343Xy'DMAX = ' ,E10,3,3X,'DMIN = ¢,E10.3)
EP=EP3

ICC=(N=N+N)/2

DG 10 I=1,1CC

ClI)=(40,40)

25=(,0+.0)

IF{CMM .LE .0.}GO TO 12

OMEGA=TP*FHZ

EPSILA=CMPLX(EQ,~CMM*1,E6/OMEGA)

CWEA=(.0914)*OMEGA*EPSTLA

BETA=OMEGA=SQRT(UO }*CSQRT(EPSILA-EPR)

ZARG=BETA*AM

CALL CBES{ZARG,B01)

ZS=BETA%*BOL1/CWEA

IH=ZS/{ TP =AM %*GAM)

DMIN=1.E30

DMAX=.0

DO 20 J=1,NM

K=TA(J)

L=18(J)

D(JI=SQRT (X (KI~X{L) ) * k24 (Y(K)=Y{(L))}*%x2+(Z(K)=Z (L)) *%2)
IF(D(J) LT LOMINIDMIN=D (J)

IF(D(J)eGTOMAX)IDMAX=D(J}

EGD=CEXPIGAM®D(J}}

COD(U)=(EGD+1./EGD}/2

SGD{J)I=(EGND~1./EGD /2.

IF(DMINLLTL2.2AM)GO TO 25

IF(CABS(GAM*AM) «GT«0.06)G0 TO 25

IF{(CABS(GAM=DMAX ) .GT«3.)G0 TO 25

IF(AM.GT.0.)G0 TO 30
N=Q
WRITE(6,2)AM,DMAX DM IN
RE TURN

DO 200 K=1,NM
NDK=ND(K)

KA=TA{K)

KB=1B (K}

DK=D (K}

CGDS=CGD(K)
SGDS=SGD (K}

00 200 L=1.NM

NOL=ND (L)

LA=1A(L)

LB=181(L)

DL=D (L)

SGLT=SGD(L)

NIL=0

DO 200 I1=1,4NDK
I=MD(K,II)
MM=E([~1)%N-(I%]-1)/2
Fl=1.
IF{KBLEQL.IZ2{(1))IGD TO 36
IFKBLEQ.TLI(TI)IFT=~1,

Fig. 8a. Subroutine SGANT
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36
40

46

50

80

82

83

98

IS=1

GO Tu 40

IF{KALEQ.I3(T1))FI==~1.

15=2

DO 200 JJd=14NDL

J=MD Ly Jdd)

MMM=MM+

IF{1.GT.4)G0 TO 200

FJd=1le.

IF(LB.EQ.I2¢U1ICGO TO 46

IF(LBEQ.IL(J)}IFI=-1,

J5=1

GO 70 50

IFILAEQ.IZ(J)YIFI=~1.

JS=2

IF(NIL.NE LO)GD TO 168

NIL=1

IF{KERLLIGD TO 120

IND=(LA-KA)}*(LB=-KA)*{LA-KB}*(LB-KB)

IF(IND .EQ.0IGO TO 80

SEGMENTS K AND L SHARE NO POINTS

CALL GOS{X{KA)sY(KA)YyZ(KAJ¢X{KBYsY{KB)YZ(KB)sX(LA)Y{LA)Z (LA}
2eX({LB)yY{LB)yZ(LB)yAM,DK,CCDS4SGDSDL,SCOTHINT,ETA,GAM
BePlLye1)4P(142)4P(24114P(2,52)}

GO TO lé8

SEGMENTS K AND L, SHARE ONE .POINT (THEY INTERSECTI

KG=0 h

JM=KB

JC=KA

KF=1

IND=(KB=LA}*(KB-~LB)

IF {IND «NE .0)G0O TO 82

JC=KB

KF==1

JMTKA

KG=3

LG=3

JP=LA

LF=~1

IF(LBLEQ.JCIGO TO 83

JP=LB

LF=1

LG=0

SGN=KF #|F

CPSI=(IX(JIPI=X{JCIIR(X{IMI=X{JCHIH(Y{UPI=Y(JC)I®=(Y(IM)-Y( JC))
2HCZOIPI=Z{JC I I%(Z(UMI=2(3C} )} /IDK*DL)

CALL GGMM{ «0yDKy404DLyAM4CGDSySGDSySGDT,CPSIZETA,GAM
21@(111)yO(lyZ)vQ(Zyl)”Q(ZyZ))

DN 98 KK=1,2

KP=TARS{KK=~KG)

DU 98 tL=1,2

LP=TABS{LL-LG)

P{KP,yLP}=SON=Q(KKyLL)}

CONTIMUE

GO TU 168

K=L (SELF REACTION UF SEGMENT K)

120 Q11=(.0y40)

Q12=(.0,.0]
IF(CMM.LE.0.1G0 TO 150
GD=GAM*DK
2G=ZH/(SGDS*%2)
Ql1=2G*(SGDS*CGDS-GD) /2.

Fig. 8b. Subroutine SGANT
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150

155

160

168
200

220

012=2G*(GD *CGDS~S5GDS) /2.
ISCK=ISC(K)

P11=(.04.0)

P12=(.04.0)

IF(ISCK.EQ.0)GO TO 155
IF(BM.LEAM)GO TO 155

CALL DSHELL{AM yBM4DKCGD Sy SGD S4EP2,EP,ETA,GAM,P11,P12)
Qll=P11+Q1l1

Ql2=P12+Q12 -
CALL GGMM (40 4DKyo04DK4AM4CGDS»SGCDS¢SGDSy 1,
2+ETA,GAM,P11,P12,P21,P22)
Q1l1=P11+Q1l1

Q12=P12+Q1l2

P(1,1)=Q11

P(1,2)=Q12

P(241)=Ql2

P{24+21=Q11

IF(KAJNE.LA}GO TO 160

GO TO 168

P{l,1)==Q12

P(1y2)=-Ql11

P(2,1)==-Q11

P(2,2)=-Q12

CIMMM) =C (MMM )+F I %FJ%P(1S5,JS)
CONTINUE

DO 220 I=1,N
TJ=(1=-1)#N-(1%I-1)/2+1

J1=JA (1)
IF(I2(IYEQ.IB(J1))ILl=Ul4NM
J2=481(1)
IF(I2(1)+EQ.IB(J2))J2=J2+NM
CEIJI=CHIJ)I+ZLD(JLI+ZLD (J2)
RETURN

END

Fig. 8c. Subroutine SGANT

25

0125
0126
0127
o1zs
0129
0130
0131
0132
0133
0134
0135
0136
0137
0138
0139
0140
014l
0142
0143
0l44
0145
0146
0147
0148
0149
0150
0151
0152
0153
Ol54
0155
0156
0157
0158



In statement 168, this impedance is Tumped into C(MMM). The mutual
impedance Z.. between dipoles I and J is the sum of four segment-
segment 1mpé&ances.

In SGANT, segment K has endpoints KA and KB, and segment L has
endpoints LA and LB. It is convenient to think of KA and KB as points
1 and 2 on segment K, and LA and LB as points 1 and 2 on L. Now we
define four segment-segment impedances P(IS,JS). The first subscript
IS refers to the terminal point on segment K, and the second subscript
JS refers to the terminal point on L. Thus IS =1 or 2 if dipole I
has 1ts terminal point I2(I) at KA (point 1) or KB (point 2), respec-
tively. Similarly, JS = 1o0or 2 if mde J has its terminal point 12(J}
at LA or LB. The impedances P(IS,JS) are defined with the following
reference directions for current flow: from point1l toward point 2 on
each segment., If dipole I has this same reference direction on
segment K, we set FI = 1; otherwise FI = -1. Similarly FJ = 1 or -1
in accordance with the reference direction for mode J on segment L.

In statement 168, P(IS,JS) is multipiied by FI and FJ before its
contribution is added to Zij'

Subroutine GGMM calculates the impedances Q(KK,LL) which are Tike
the P(IS,JS) but have different conventions for reference divections
and subscript meaning. The transformation from the Q impedances to the
P impedances is accomplished in the DO LOOP ending with statement 98.

If the wire has finite conductivity, the appropriate modifi-
cation is applied to the impedance matrix Jjust above statement 150.
(See Eqs. 27 through 29 in Reference 1.) The terms arising from the
dielectric shell on an insulated segment are obtained from subroutine
DSHELL just above statement 155. Finally, the lumped loads ZLD are
added to the diagonal elements of the impedance matrix in statement 220.

The impedance matrix could be calculated in a different order as
follows. Select modes I and J, calculate ZIJ, and then increment I
or J. Instead, SGANT selects segments K and L, calculates ZKL, adds
ZKL to all the appropriate elements ZIJ, and then increments K or L.
This minimizes the calls to GGS and GGMM and presumably improves the
computational efficiency.

K is a segment of test dipole I, and L is a segment of expansion
mode J. When the segment numbers K and L are equal, SGANT calls GGMM
to obtain the mutual impedance between two filamentary electric mono-
poles. These monopoles are parallel and have the same length. Mono-
pole K is positioned on the axis of the wire segment, and monopole L
is on the surface of the same wire segment. Thus, the displacement is
equal to the wire radius. The two monopoles are side-by-side with no
stagger. .

When segments K and L intersect, SGANT again calls GGMM for the
mutual impedance between the two filamentary monopoles. Monopole K is
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situated on the axis of wire segment K, and monopole L is on the surface
of wire segment L. The axes of segments K and L define a plane P, and
‘monopole K 1ies in this plane. Monopole L is parallel with plane P and
is displaced from it by a distance equal to the wire radius.

APPENDIX 3. Subroutine CBES

Subroutine CBES, listed in Fig. 9, calculates the quantity BOl =
Jo(2)/31(2) where z is complex and J, and J; denote the Bessel func-
tions of order zero and one.

APPENDIX 4. Subroutine DSHELL

Subroutine DSHELL, Tisted in Fig. 10, calculates the mutual im-
pedance term contributed by the dielectric insulation on the surface
of a thin wire. This subroutine uses Eq. 35 of Reference 1.

APPENDIX 5. Subroutine GGS

Subroutine GGS, 1isted in Fig. 11, calculates the mutual impedance
between two filamentary monopoles with sinusoidal current distributions.
(The dipole-dipole mutual impedance in Eq. 20 of Reference 1 is the sum
of four monopole-monopole mutual impedances.) The endpoints of the
axial test monopole s are (XA,YA,ZA) and (XB,YB,ZB), and the endpoints
of the expansion monopole t are (X1,Y1,7Z1) and (X2,Y2,Z2). DS and DT
denote the lengths of monopoles s and t, respectively. CAS, CBS and
CGS are the direction cosines of monopole s, and CA, (B and CG are the
direction cosines of monopole t.

If INT = 0, GGS calls GGMM for the closed-form impedance calcula-
tions. Otherwise GGS calculates the mutual impedance via Simpson's=
rule integration with the following number of sample points: 1IP =
INT + 1. If the monopoles are parallel with small displacement, GGS
calls GGMM to avoid the difficulties of numerical integration.

For the fields of the test monopole, GGS uses Egqs. 75 and 76 of
Reference 1. The current distribution on the expansion monopole is
given by Eq. 74 of Reference 1. With an origin at (X1,Y1,Z1), the
coordinate T measures distance along the expansion monopole. Thus T
is the integration variable.

Let the coordinate s measure distance along the test monopole with
origin at (XA,YA,ZA). From any point T on monopole t, construct a
line to the test monopole such that the line is perpendicular to the
test monopole. SZ denotes the s coordinate of the intersection of this
Tine with the test monopole. The length of the line is the radial
coordinate p, and RS denotes p?. Rl and R2 are the distances from
(XA,YA,ZA) and (XB,YB,ZB) to the point T. Cl is the current at T for
the mode with terminals at (X1,Y1,Z1), and C2 is the current at T for
the other mode with terminals at (X2,Y2,Z2). C denotes the Simpson's-
rule weighting coefficient.

27



10

20

SUBROUTINE CBES(Z,801)

COMPLEX ARG CCyCSHEX .
COMPLEX BOLl+Z,TERMJSTERMN MZ24 4 JN(2)
DATA P1/3.14159/

IF(CABS( 2 ).GE.12.0) GO TO10
FACTOR=0.0

TERMN=({04 40

M2264=-0.,25%7%7

"TERMJ=(14040.0}

DO 1 NP=1,2

N=NP=1

JNINPY=TERMJ

M=Q

M=M+1
TERMJ=TERMJI*¥MZ24 /F LOAT(M%(N+M )}
JN{NPI=UN(NP)+TERMY
IF(NP.NE.1) GO TO 3
FACTOR=FACTOR+1.0/FLOAT(M)
TERMN=TERMN+TERMJ%FACTOR
ERROR=CABS (TERMJ)

IF (ERROR.GT«1.0E~10) GO TO 2
TERMJI=0.5%*L
BOL=JN{1)/UN(2)

RE TURN

Y=AIMAG(Z) .
IF{ABS({Y).GT.20.,)G0 TO 20
ARG=(40,1.)%2

EX=CEXP(ARG)

CC=EX+1./EX
CS={e0y=1a)R{EX=1./EX)
B01={CS+CCI/(CS~CC)

RETURN

BOl=‘.0"lo}
IF(YelTo0.1B801=2{,0s1s)

RE TURN

END

Fig. 9. Subroutine CBES
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SUBRUUTINE DSHELL(AM,BM ;DK ,CGDSsSGDSWEP2,EP,ETA1GAMsP11,4PL2)
COMPLEX CGDSSGDSHEP24EP,ETAGAM,P11,P12,GD4CST

DATA P1/3.14159/

GD=GAM*DK

CST=(EP2~EP )*ETA%ALOG(BM/AM) /{4 %P1 *EP2%SGDS*SGDS)
P1l1=-CST*{GD+SGDS*CGDS)

PL2=CST*(GD*CGDS+SCDS)

RETURN

END

Fig. 10. Subroutine DSHELL.
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SUBRUUTINE GGS(XAsYA2ZAXBsYBeZBeXL1eY1yZ19X24Y2,224AM G001

21DSsCGDS,SODS sOT +SGU Ty INT »ETA,GAM,P11,P12,P21,4P22) 0002
COMPLEX P11yP124P214P22,EJAEJBYEJULEJ2+ETA,GAM,C1,02,CST 0003
COMPLEX EGD ,CGDS+SGDSySGOT 4ERLIERZ,ETLLET2 0004
DATA FP/12.56637/ ) : 0005
CA=(X2-X1)/DT 0006
CB={Y2-Y1)/DT 0007
C6=(22~211/07 0008
CAS=(XB-XA}/DS 0009 -
CBS=LYB=YA)}/DS 0010
CGS=(28-2A1/05S 0011
CC=CA%CAS+CB%CBS+CG%CGS 0012
[FEABS{CC).GT.4997160 TO 200 0013

20 SZ=(X1-XA}¥CAS+(Yl-YA)*CBS+(21-2A}*CGS 0014 ’

T IF{INTLLE .0}G0 TO 300 0015
INS=2%{INT/2) 0016
IF (INSoLTW2)INS=2 , ' 0017
IP=INS+1 ‘ 0018
DELT=0T/INS 0019

=.0 ' 0020
DSZ=CC*DELT 0021
Pll=(.0'.0) 0022
P12=(.04.0) 0023
P21=(.0s40} 0024
P22=(.04.0} : - - 0025
AMS =AM %AM 0026
SGN=-1. 0027
DO 100 IN=1,1P 0028
171=512 ) 0029
112=51-D§S 0030
XX2=X1+T%CA~XA~SZ*CAS 0031
YYZ=Y1+T#CB-YA~SZ%CBS 0032
222=11+T*CG-2A~S2%CGS 0033
RS=XXZEE24YYZ%%2 4227 %%2 0034 ‘
R1=SQRT(RS+ZZ1 %#%2) 0035
EJA=CEXP(-GAM#R1)} 0036
EJ1=EJA/R] 0037
R2=SQRT(RS+772%%2) 0038
EJB=CEXP(~GAM%R2} 0039
EJ2=EJB/R2 0040
ERL=EJA%SGOS+ZZ1%EJ1#CGDS~Z22%EJ2 0041
ER2=-EJB®SGDS+2Z2%E J2%CGNS~ZZ1%EJ1 0042
FAC=.0 0043
IF{RS.GT SAMSIFAC={CARXXZ+CBRYYZ+CO*22Z /RS 0044
ET1=CC#(EJ2-EJ1*CGDS )+ ACKER] 0045
ET2=CC*(EJ1-EJ2%CGDS }+FACRER2 0046
C=3,+SGN 0047
IF{INGEQL.L OR. INJEQ.IPIC=L. 0048
EGD=CEXP{GAM=({DT-T)) 0049 =
Cl=C*(EGD~L1./EGD)/2. 0050
EGD=CEXP(GAM%T) 0051
C2=C*(EGD~1./EGD /2. ) : 0052
P11=Pl1+ET1%Cl 0053 .
P12=P12+ET1%C2 0054
P21=P21+ET2%C1 0055
P22=P22+ET2%(C2 ‘ 0056
T=T+DELT 0057
$I=S21+DSZ 0058

100 SGN=~SGN . 0059
CST=-ETAMDELT/{3.*F P*SGDS*SGDT) 0060
PLI=CST=P11 0061
Pl2=CST%P12 0062

Fig. 1la. Subroutine GGS
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200

1300

P21=CST*P21

P22=CST*P22

RETURN

SZ1=(X1=XA)*CAS+{Y1~YA)*CBS+(Z1-ZA)*CGS
RH1=SQRT((X1-XA=SZ1%CAS}#%2+(Y1~YA=-SZ1%#(BS)%*%2+(Z1~2ZA~-SZ1*CGS)*%2)
$22=521+DT*CC )
RH2=SORT((X2-XA=SZ22%CAS ) %%2 +(Y2=~YA~SZ2%CBS)*%24(22~2A=SZ 2%CGS) *%2)
DDD=(RH1+RH2) /2.

IF {DDD «GT 420 e%AM JAND o INTLGTL0)GO TQ 20

IF{DOD «LT «AM)IDDD =AM

CALL GOMM (404DS4521,522+DDD yCGDSySED SySGDTy Y
2+ETASGAM P11 ,PL2,P21,P22)

RE TURN

$S=SQRT({1,~-CC*LC)

CAD={CGS*CB-CBS*CG1/SS

CBD=(CAS*CG~-CGS*CA)/SS

CGD=(CBS*CA-CAS=*CB)/SS

DK={X1~XA)*CAD+{Y1-~YA)}*®CBD+{(Z1-2A)*CGD

DK=ABS(DK)

IF(DKeLT « AM DK =AM

X1=XA+SZ%CAS

YZ=YA+SZ#%(CBS

22=2A+S2%(CGS

XP1l=X1~DK=CAD

YP1=Y1~DK*CBD !

{P1l=21~-DK=CGD
CAP=CBS*CGD-CGS=*CBD
CBP=CGS*CAD-CAS*CGD !
CGP=CAS*CBD~CBS=*CAD :
P1=CAPX(XP1-XZ)+CBP%(YPl-YZ)+CGP%(ZP1-22)

T1=P1/SS

S$1=T1%CC-SZ

CALL GGMM(S1+S1+4DSsT1+T1+DT DK4CGDSySGDSySGDT4CCHETA,GAM
2+P11,P12,P21,P22})

RE TURN

END

Fig. 11b. Subroutine GGS
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Below statement 300, GGS performs some analytic geometry in prepara-
tion for calling GGMM. The remaining part of this Appendix concerns
this last part of subroutine GGS.

Let § denote a unit vector in the direction from (XA,YA,ZA) toward
(XB,YB,ZB). Also let ; denote a unit vector from (X1,Y1,71) toward
(XZ,YZ,ZZ). Then § « t = cos 6 = CC where o is the ang1e formed by the
axes of the two monopoles. Let monopole s lie in one plane P_ and
monopole t Tie in another paraliel plane Pr. CAD, CBD and CGD are the
direction cosines of the unit vector d = t'x § / sin ¢ which is perpen-
dicular to both planes. To obtain the distance DK between the two
planes, we constyuct a vector Rii from (XA,YA,ZA) to (X1,Y1,Z1) and
take DK = R11 - d.

Construct a line from (X1,Y1,Z1) to the test monopole, such that
the Tine i{s perpendicular to the test monopole. SZ denotes the s co-
ordinate of the intersection of this Tine with the test monopole, and the
cartesian coordinates of this intersection are XZ, YZ and 7ZZ. The
direction cosines of § x & are CAP, CBP and CGP.

From the point (X1,Y1,Z1) in plane Pt, construct a perpendicular
line to the point (XP1,YP1,ZP1) in the plane P;. This 1ine is parallel
with d and has length DK. Let R represent a vector from (XZ,YZ ZZ)
to (XP1,YP1,ZP1). P1 denotes R+ (§ x d). S1 and Tl are defined in
the next Appendix

APPENDIX 6. Subroutine GGMM

Subroutine GGMM calculates the mutual impedance between two fila-
mentary monopoles with sinusoidal current distributions. The dipole-
dipole mutual impedance in Eq. 20 of Reference 1 is the sum of four
monopole-monopole mutual impedances. The monopole impedances are cal~
culated by GGS with Simpson's rule or by GGMM with closed-form expres-
sions in terms of exponential integrals.

To explain the input data for GGMM, reference is made to Fig. 12.
Subroutine GGMM is Tisted in Fig. 13. If the monopoles are parallel,
let the z axis be parallel with both monopoles. The coordinate origin
may .be selectéed arbitrarily. S1 and S2 denote the z coordinates of the
endpoints of the test monopole, Tl and T2 are the z coordinates of the
endpoints of the expansion monopole, and D is the perpendicular distance
(displacement) between the monopoles. The mutual impedance of parallel
monopoles is calculated in the Tast part of GGMM below statement 110.

For skew monopoles, let the test monopole s 1ie in the xy plane
and the expansion monopole t in the plane z = D. (D is the perpendi-
cular distance between the parailel planes.) If the monopoles are
viewed along a line of sight paralliel with the z axis as in Fig. 12,
the extended axes of the two monopoles will appear to intersect at a
point on the xy plane. Let s measure the distance along the axis of
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in subroutine GGMM,
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40

SUBRUUTINE GGMM(S1,82,T1,72,0,0G05,5601+56D2,CPSI,ETAyGAM
21P1l14P12,P21,P22) -
DOUBLF PRECISIUN R1,R2,0PQ,SISyTS1+TS245T1sST2,CD¢BDyCPSSy SK
2+TLLyTL24yTD1,4TD2,SD1,DPSI DU 42D
COMPLEX CGDS,SGDS,SGDT,SGD1 4SCD24E TAGAM,P11,P12,P21,P22
COMPLEX CSTEBIECIERK JELEKLIEGZIWESLyESZ+ETLHIETZ+EXPAJEXPB
COMPLEX E(242)9F(292)

COMPLEX EGZ(2,2},6M(2),6P(2)

DATA P1/3.14159/

DSQ=b*D

SGDS=5G01

IF{S2.LT+S51)SGDS=~SGD1

SGDT=SGD2

IF(T2.LT.T1}SCOT==5GD2

IF (ABS{CPSI).6GT,..,997)G0 T0 110
ES1=CEXP(GAM=%S])

ES2=CEXP(GAM*®S2}

ETL=CEXP{GAM%TL)

ET2=CEXP(GAM=TZ)

DD=0D

DPSI=CPSI

T01=71

TD2=T2

CPSS=DPSI*DPSI
CD=DD/DSQRT(1.D0O~-CPSS)

C=CDh

BD=CO*DPSI '

8=8D : )
EB=CEXP(GAM®CMPLX(+0,8}}
EC=CEXP{GAM®XCMPLX{.04C}}

DO 10 K=1,2

DO 10 L=1,2

E(K,L)=(-0n0)

TS1=TD1*TD1

TS2=TH2%TN2

DPQ=0D*0D

Si=51 .

DO 100 I=1,.2

Fl=(-1)#x]

SDI=S1

SIS=SDI*SDI

ST1=2.%SD1*%TD1*%0PS1
ST2=2.*SDI*TD2*DPS1
R1=DSOQRT(DPQ+SIS+TS51~STL)
RZ2=DSORT(DPQ+SIS+TS2-8T2)

EK=EB

DO 50 K=1,2

FR=(-1)%xK

SK=FK#5D1

EL=EC

DO 40 L=1,2

FL=(~1)%*%L

EKL=EK*EL ,

XX=F K*BD+F L*CD

TLI=FL*TD1

TL2=FL*TD2

RRI=R1+SK+TL1

RR2=R2+SK+TL2 .

CALL EXPJ{GAM*¥CMPLX{RRL y=XX}GCAMECMPLX(RR2y~XX},EXPA)
CALL EXPJ(GAM*CHMPLX{RRL XX} sGCAM*CMPLX(RR2,XX),EXPB)
E(KoL)=E (KoL )+F I*(EXPAXEKL+EXPB/EKL)
EL=1./EC

Fig. 13a. Subroutine GGMM
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50 EK=1./EB
ZD=SD1*DPS1
2C=1D
EGZ1=CEXP (GAM%ZC)
RR1=R1+20-TD1
RR2=P2+ID~TD2
CALL EXPJ(GAM®RR1 GAM*RR2 4E XPB)
RR1=R1-2D+TD1
RR2=R2-2D+TD2
CALL EXPJ(GAM%RRL yGAMHRR2 4EXPA)
F(Iy1)=2.%SGDSHEXPA/EGLI
F(1,2)22.%5GDS#E XPB#EGY ]
100 S1=52
CST=ETA/ (16 %P1 #SGDS*SGOT)
PLI=CSTH(({ F(1,1)4E(2,2)%ES2~E(1,2)/ES2)%ET2
A #(=F(192)=E(2,1)1%ES2+E(1,1) /ES2)/ET2)
PL2=CSTH( (=F (141)-E(2,2)%ES24E (1,2)/ES2)*ETL
B +( F(1,2)+E(2,1)%ES2=E(1,1) /ES2)/ETL)
P21=CSTH((=F(2,1)=E(2,2)%ES1+E(1,2)/ESLI*ET2
c +{ F(2,2)+E(2,1)#ESL1-E(1,1) /ESL)/ET2)
P22=CST#(( F(2,1)+E(2,2)%ES1-E(1,2) /ESLI*ETL
D +(=F(2,2)=E(2,1)%ES1+E (L, 1) /ESL)/ETL)
RE TURN
110 IF(CPSI.LT.0.1G0 TO 120
TA=T1
TB=T2
GO TO 130
120 TA=-T1
TB=-T2
SGDT=~SGDT
130 S1=S1
DO 150 I=1,2
TJ=TA
DO 140 J=1,2
114=TJ-S1
R=SQRT(DSQ+21J%Z1J)
W=R+Z1J
TE{ZIJoLT 0 IN=DSQ/ (R=21J)
VER-Z1J
IE(Z1J.6T«0.)V=DSQ/ (R+Z1J)
IF(J.EQ.1)V1=Y
IF(J.EQe1)W1=H
, EGZ(1,J)=CEXP(GAM*Z1J)
140 TJ=TB
CALL EXPJ{GAMAV1 yGAM®V ,GP (1))
CALL EXPJ(GAM# 1 ,GAM %W yGM (1)}
150 S1=52 : :

CST=-ETA/(8.%PI*SCGDS*SGDT)
Pl1=CST={GM(2)%EGZ(242)+GP(2)/EGZ(242)
2-CGDS*{GM{1)*EGZ{1+2)+GP(L1)/EGZ(1,+2)))
P12=CST#{(~GM(2)%EGZ(2,1}=-GP(2)/EGZ(2,+1)
2+CGDS*{GM (L )1*EGZ(1y1)+GP(1)/EGZ(1s1)1})
P21=CST*{GM(1)*EGZ(1+2)+GP(1)}/EGZ{ ],
2-CGDS*{CM(2)*EGZ(24+2)1+GP(2)/EGZ{2,2)
P22=CST#(-CGM(1)*EGZ(141)=~GP(1)/EGZ (]
2+CGOS®=(CM (2 )*EGZ (2,1 )+GP(2)/EGZ(2,41)
RETURN

END

2)
Y}
+1)
IR

Fig. 13b. Subroutine GGMM
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the test monopole with origin at the apparent intersection. S1 and S2
denote the s coordinates of the endpoints of the test monopole Simi-
larly, let t measure distance along the axis of the expansion monopole
with origin at the apparent intersection. T1 and T2 denote the t_co-
ordinates of the endpoints of the expansion monopole. Let § and t be
unit vectors para11e1>w1th the positive s and t axes, respectively.
Then CPST = § « % = cos y. The monopole lengths are ds and d¢, and
the rema1n1ng 1nput data are defined as follows:

CGDS - cosh ydg
SGD1 ~ sinh ydg
SGD2 sinh Ydt

GGMM calls EXPJ for the exponential integrals,

-The output data from GGMM are the impedances P11, P12, P21, and
P22. In defining these impedances, the reference direction is from
S1 to S2 for the current on monopole s, and from Tl to T2 for the
current on monopole t. In the impedance Pi3;, the first subscript is
1l or2if the test dipole has terminals at gl or S2 on monopole s.
The second subscript is 1 or 2 if the expansion dipole has terminals
at Tl or T2 on monopole t. The endpoint coordinates S1, S2, T1 and T2
may be positive or negative. The monopole lengths d and dt are
assumed positive in defining the input data CGDS, Bl and SGDZ

For parallel monopoles, CPSI = 1 or -1. S1, S2, T1 and T2 are
cartesian coordinates for parallel monopoles and spherical coordinates
for skew monopoles. For skew monopoles, the radial coordinates S1, S2,
Tl and T2 tend to infinity as the angle ¢ tends to zero or . Therefore,
if the monopoles are within 4.5° of being paraliel, they are approxi-
mated by parallel dipoles.

APPENDIX 7. Subroutine EXPJ

Subroutine EXPJ, Tisted in Fig. 14, evaluates the exponential
integral defined as fo]]ows

V2 Vo4
(2) W2 = j eI - g (V1) - E(V2) + 5 2na
Y

where the integration path is the straight line from V1 to V2 on the
complex v plane and

e ot
(3)  Ey(2) f ‘?—T—d—t-
z
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SUBROUTINE EXPJI{V1sV2sW12)

COMPLEX EC4EL59SyToUCIVC VL yV24H 12,2

DIMENSION V(21),W (21),4D(16),E(16)

DATA V/ 0622284 667E 00,

20411889321E 0140.29927363E 01,0.57751436E
20.15982874E 0240.93307812E-01+0.49269174E

20.22699495E 0190.366T76227E 01,0.54253366E
20,10120228E 02+0.13130282F 02,0.16654408E
20.25623894E 02,0.31407519E 02,0.38530683¢

DATA W/ 0.458964 60 00,

0140.98374674E 01y
00+0.12155954E Oly
0140.75659162E 01,
02+0.,20776479E 024
02+0.48026086E 02/

20.,41700083E 00,0411337338E 00,0.10399197€£~01,0.26101720E-03,
20489854 791E-06+0.21823487E 0040.34221017E 00,0.26302758E 00,
20.12642582E 00,0.,40206865E~01,0.85638778E=02,0.12124361E-02,
20411167440E-03,0.64599267E-05,0.22263169E~06,0.42274304E-08
20439218973E~10+04145651526~-1240.14820270E~-1540.16005949E~19/

DATA D/ 0422495842 02,
2 0.74411568E 02,~0.41431576E
2 0416021761E 03,-0.23862195E
2 0412254778E 024y~0.10161976E
2-0.2106957T4E 02, 0.22046490E
DATA E/  0.21103107€ 02,
2-0437959787E 03,-0.97489220F
2-0,12910931E 03,~0.557055 74E
2 0.17949528F 02,~0.32981014F
2 0.22236961E 02, 0.39124892E
2=v1

DQ 100 JIM=1,2

X=REAL(Z)

Y=AIMAG(Z)

E1521.0,.0)

AB=CABS(Z)

IF (AB.EQ.0.)G0 TO 90

03,~0.78754339¢E
034=0.50094687¢
02,-0,47219591E

01,

02,
03,
00,
02,

IF(X2GEsOe oAND. AB.GT.10.)G0 TO

YA=sABS(Y)

IF(XulEeOs «ANDe YAL.GT.1l0.,)GO TO
IF(YA=XoGE 1705 eORYALGE «6e5 e0ReX+YALGE W5 5 DReXsGEL34)G0 TO 20

IF(XnLEo’go)GO TO 40
IF{YA-X.GE.2.5})G0 TO 50
IF(X+YALGE 415160 TO 30
N=6se+3.%AB
E15=)e/(N-14}=~Z/N%%x2
N=N-1
E15314/(N=-1.)=-2%E15/N
IF{(N.GE«3)G0 TO 15

0.89728244€
0.12900672E
0.13524801€E

0.310288B36E
0.81636799E

80

80

E15=7*E15~CMPLX(.577216+ALOG(AB) ,ATANZ2(Y X))

GO TO 90

Jl=1

J2=6

GO 70 31

J1=7

J2=21

S=(«03.0)

YS=YRY

DO 32 I=d1,442
XI=V(1)+X

CR=W {1}/ {XI%XI+YS}
S=S+CMPLX(XI*CF y=YAXCF)
GO TO 54
T3=X¥X-YxY
Ta4=2 ¢ 5X%YA
T5=X*T3=-YA%T4
To=X®T4+YA%*T3

Fig. l4a.

02,

0.11254744E

03,-0.68487854E

0l,
0ol/

03,
02,
02,
01/

Subroutine EXPJ
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50

52

54

56

80

30

UC=CMPLX(D{LI1)+D{12)%X+D(13)*T3+TS5-E(12)}*YA~E(13)%T4,

2 E(LI)4E (12 )6X+E (13 )%T3+T6D (1 Z)xYA+D({13)%T4)

VC=CMPLX(N{14)1+D (15 ) =X+D{16)%T3+T5~-E( 15 )%YA~E(16)% T4,

2 © E(14)+E (15 )%X+E(16)%T3+T64D (151 %Y A+D(16)%T4)

GU T0 52 :

T3=X#X-Y2Y

Ta=2 J%X%YA

TS=X*T3=YA%T4

To=X®T4+YART3

T72X%T5-YA%T6

T8=2X%ToH+YA®TS

T9=X%TT~YAXTS

TLlO=X*TB+YA=TT7
UC=CHMPLX{(D(L)I+D(2)4X+D (3 ) =T340 (4 )=xTS+D(5 1% TT+TO-{ E{ 2} *YA+E( 3} % T4
2+E (4 )*TO+E (S Y HTBY4E (L) 4E (2 }AX+AE (3)XT3+E (&)= TH+E(S)%TT7+T10+
D21 =YA+D (3 )%T4+D (4 ) %TO6+D (5 )1%T8 ) }

VC=CMPLX(D(OYHD (TYRX+D {81 *T34+D (9 ¥* TS+D(LOI % T7+T9-(E{ TI*YA+E(8)*%T4
2+E (G ) xTE+E(LOIRTB) 4E(6) +E (T IXX+E (8 )% T34E (9 )% T5+E( 10)*T7+T10+
I(DCT)I=YA+D (B8 %®T4+D (9 )%To+D (10} *T81}))

EC=UC/VC . )

S=EC/CMPLX (X YA)

EX=EXP{=X]}

T=EX*CMPLX(COS{YA),-SIN(YA)})

EL15=5%T

IF{YsLT.O04JELS CONJG(EIS)

GO TO 90

E15=,409319/{2+.193044 ) +.421831/(2+1.02666)+.147126/(7Z+2.56788)+
2.206335E-1/(2+4,90035)+,107401E~2/{Z2+8.18215)+.158654E~4/( 71+
312.7342)+4317031F~ 7/(Z+19 3957)

El15=E15%CEXP(~2)

IFLJIMJEQeLIWIZ2=E15

100 Z=v2

I=v2/Vv]

TH= ATANZ(AIMAG(Z)yREAL(Z))-ATANZ(AIMAG(VZ),REAL(VZ))
2+ATANZLAIMAGIVYI) 4REALIVLY))

AB=ABS(TH)

IF(ABLTels}TH=.0

IF{TH.GT«1.}TH=6.2831853

IF{THeLTe~16)1TH=-6.2831853

WI2=W12-E15+CMPLX(+0+TH)

RETURN

END

Fig. 14b. Subroutine EXPJ
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The exponential integral Ei(z) is defined in Reference 3. To generate
W12, subroutine EXPJ calculates E1(V1), subtracts Ei1(V2) and adds j2nm.
The term j2nz is determined by the requirement that W12 vanish in the
limit as V1 approaches V2. The integer n may assume values of -1, O
or +1. If the integration path does not cross the negative real axis
in the v plane, n is zero. The term j2nr is calculated below state-
ment 106.

APPENDIX 8. Subroutine GANT1

Subroutine GANT1, Tlisted in Fig. 15, considers the wire structure
as an antenna. In the input data, VG(J) is the voltage of a generator
at point IA(J) of segment J. VG(JJ) is the voltage of a generator at
point IB(J) of segment J. The DO LOOP ending with statement 50 uses
the delta-gap model to determine the excitation voltages CJ(I) for all
the dipole modes. These are also stored temporarily in CG(I). Then
subroutine SQROT is called to obtain a solution of the simultaneous
1i?e?r equations. SQROT stores the solution (the Toop currents) in
Ca(I).

In the DO LOOP ending at statement 80, the complex power input is
calculated and stored in Y11l. GG denotes the time-average power input
and is the real part of Y11. If the antenna has only one voltage
generator (with unit voltage and zero phase angle), then Y11l also
denotes the antenna admittance and Z11 is the antenna impedance at that
port.

Subroutine RITE is called to make the transformation from the loop
currents CJ(I) to the branch currents CG(J). If IWR is a positive
integer, RITE will write out the Tist of branch currents.

Finally, GANT1 calculates the radiation efficiency EFF. PIN
denotes the time-average power input. Subroutine GDISS is called to
obtain the time-average power dissipated. DISS is the total power dis-
sipated in the Tumped loads and the imperfectly-conducting wire. PRAD
is the time-average power radiated, defined by the difference between
PIN and DISS. 1If the antenna has perfect conductivity and purely
reactive loads, the radiation efficiency is considered to be 100 per
cent.

APPENDIX 9. Subroutine SQROT

Subroutine SQROT is listed in Fig. 16. This subroutine considers
the matrix equation ZI = V which represents a system of simultaneous
lTinear equations. If the square matrix Z is symmetric, SQROT is useful
for obtaining the solution I with V given. NEQ denotes the number of
simul taneous equations and the size of the matrix Z.

On entry to SQROT, S is the excitation colum V. On exit, the
solution T is stored in S. Let Z(I,J) denote the symmetric square
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36
40
50

55

80

SUBROUTINE GANTL(IA,IBsINMyIWRyILy12,1391102,JA5JByMD ¢ NyNDyNM,AM

29C9CJyCGyCMM 4D +EFF yGAM GG sCGD 1 SGD sVG s Y11492112ZLD,ZS) .

COMPLEX C(1)Y,CJ(1),CGD(1),SCGDLL)WG(L1),ZLD(1), YlerlleS,GAMocGil)

D IMENS ION D(I)fIA(l),I&(l)yJA(l)!JB(1)
D IMENSION Il(l)?12(1)113(1)1MD(1NM14},ND(1)
FORMAT{1X,115,8F10.2)

FORMAT(1HO}

DO 50 I=1,N

CJil}={.0,.0)

K=JAll)

DO 40 KK=1,2

KA=TA(K)

KB=1B(K}

Jd=K

FI=le

IFI(KB.EQ.12(1)}GO TO 36
IF(KB.EQeIL{I))FI==1,
CJ(I)—CJ(])+FI*VB(JJ)

GO TO 40

IFIKAEQ.I3(I}IFI=~]1.

JJI=K+NM

CJ(!)—CJ(I)+FI*VG(JJ)

K=4B8(1}

CONTINUE

DG 55 I=14N

CG{I)=CdlI)

CALL SQROT(C,CJs0,4112,N)

112=2

¥Y11=(s0540}

DO B0 I=1,N

Yll= Yll*CJ(I)*CONJG(CG(I))

CALL RITE(IA,IByINMyINRsIL1912413:MDsNDsNM,CJUsCG)
GG=REAL(YLL}

Z1l=1e/Y11

PIN=GG '

CalLL GDISS{AM,CGyCMM 4D D 1SSsGAM yNMySGDyZLDs2S)
PRAD=PIN-DISS

EFF=100.%PRAD/PIN

RETURN

" END

Fig. 15. Subroutine GANT1
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SUBROUTINE SQROT(C,+SyIWR,112,NEQ) 0001

COMPLEX C(1)¢S{1)SS 0002

2 FORMAT(1X3L155,1F10.3431F15.7,51F10.042F15,.6) 0003
3 FORMAT(1HO) 0004
N=NER : 0005
IF(I112.EQ.2)G0 TO 20 0006
C(1)¥=CSQRT(C(1)) 0007

DO & K=2ZoN 0008

4 CiK)I=C{(K)/C(1} 0009
DO 10 1=2,N 0010
IMO=1~1 0011
[PO=1+1 0012
ID=([~1)%N-(]1%*]=-11/2 0013
11=1D+1 0014

DO 5 L=1,sIMO 0015
LI=(L=1)=N=-(L%XL-L)/2+] 0olé

5 C{IN)=ClIT)=-COLII%CIL]) 0017
C(IT)=CSQRT(C(II)) ' Qo018
IF{IPO.GTNIGOD TO 10 0019

DO 8 J=IPQ 4N 0020
[u=10+y 0021

DO 6 M=1,IMO -, 0022
MD={M~1) =N~ (MEM=M ) /2 0023
MI=MD+1 . 0024
MJd=MD+J 0025

6 C(IJ)=C{IJ}=-C{MJI%RC(MI) 0026

8 C{Idl=Cc{rJi/sctIrn 0027
10 CONTINUE 0028
20 S{1)=S{1)/C(1) 0029
DO 30 [=2,N 0030
IMO=1-1 0031

DO 25 L=1,1IMO 0032
LI={(L=-1)#N=(L*L=~L)/2+] 0033

25 S{I)=S(I)-C(LI)%S{L) 0034
I1={1=1)&N=(I*]=1)/2+1 0035

30 S{l)=S{1}/Cc{11l) 0036
NN={IN+1)*%N}/2 0037
SINY=SIN)/CI(NN) . 0038

NMO =N=1 Q039

DO 40 1=14NMO 0040
K=N=| 0041
KPO=K+1 0042
KD=(K=1)%N=(K*K=K)/2 0043

DO 35 L=KPO N 0044
KL=KD+L ’ 0045

35 S{K}=S{K)=-C(KL)%S(L) : 0046
KK=KD+K 0047

40 S(K)=S(K)/C(KK} 0048
IF{IWR.LEO) GO TO 100 0049
CNOR=,0 : 0050

DO 50 I=1,N 0051
SA=CABS(S(1}) 0052

50 IF(SA.GT.CNOR)CNOR=SA ‘ 0053
IF(CNORGLE «04)CNDOR=1, 0054

DO 60 I=1,N 0055
$S=S(1) - 0056
SA=CABS(SS) 00s7
SNOR=SA/CNOR 0058

PH= .0 0059

IF (SAGT 406 )PH=57,29578%ATANZ(AIMAG(SS) ,REAL(SS)) 0060

60 WRITE(6492)19SNORySA¢PH,SS ' : 0061
WRITE(6,3) 06?2

100 RETURN 0062
END 0064

Fig. 16. Subroutine SQROT
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matrix. On entry to SQROT, the upper-right triangular portion of Z(I,J)
is stored by rows in C(K) with

(4) K= (I -1)*NEQ - (I*I = 1) / 2 + J

If 112 = 1, SQROT will transform the symmetric matrix into the auxiliary
matrix (implicit inverse), store the result in C(K) and use the aux-
iliary matrix to solve the simultaneous equations. If 112 = 2, this
indicates that C(K) already contains the auxiliary matrix.

The transformation from the symmetric matrix to the auxiliary matrix
is programmed above statement 10, and the solution of the simul taneous
equations is programmed in statements 20 to 40. If IWR is positive, the
program below statement 40 will write the solution.

SQROT uses the square root method described in Reference 4. The
original symmetric matrix Z and the upper triangular auxiliary matrix A
are related by

(5) Z=A"A
where A' is the transpose of A.

In the fhih-wire application, SQROT must be called with 112 = 1
before it is called with 112 = 2. With a large matrix, the execution
time in SQROT is much smaller with I12 = 2 than with I12 = 1.

APPENDIX 10. Subroutine RITE

Subroutine RITE is Tisted in Fig. 17. Given the Tist of loop
currents CJ(I), this subroutine generates a list of branch currents
CG(J). CG(J) and CG(JJ) denote the currents at IA(J) and IB(J), re~
spectively, on the wire segment J, where JJ = J + NM. If IWR is a
positive integer, the program below statement 110 writes a 1ist of the
branch currents. The symbols in this Tist are defined as follows:

K the segment number

ACJ normalized current magnitude at IA(K)
BCJ - normalized current magnitude at IB(K)
PA phase of current at IA(K)

PB phase of current at IB(K)

CJA  complex current at IA(K)

CIB . complex current at IB(K)

The phase angles PA and PB are in degrees. Even if IWR is negative,
RITE generates the branch-current list for use in subroutine GDISS.
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40

100

110

200

SUBRUUTINE RITE(IALIB,INM,IWR,I1+12,13sMDsNDyNM,CJ,CG)

COMPLEX CJ{1)4CG(1)4,CUA,CUB
DIMENSION TA(L)o18(1)oI2(1)912¢(10+13(1)yMDIINMy4)yND(])
FORMAT(1Xy11542F1063y2F10.044F15.6)
FURMAT{ 1HO)

AMAX=,0

DO 100 K=14NM

KA=TA (K}

KB=1B(K)

CJA={404.0)

CJB=(-O1QO)

NDK=ND (K)

DO 40 I11=1,4NDK

I=MD(K,I1}

Fil=1.

IF(KB.EQ.I2(I})}GO TO 36

IF (KBeEQ.IL(I))FI==1,
CJA=CJA+FI*CJ(1)}

GO TO 40

IF(KAEQWIZ(I)IFI=-1,

CJB=CJIB+F I%CJI(T}

CONTINUE

CG(K)I=CJA

KK=K+NM

CGIKK}=CJB

ACJ=CABS(CJA)

BCJ=CABS(CJYB) )
IF(ACJLGT s AMAX)AMAX=AC Y
IF(BCJGT AMAX )AMAX=BCJ

CONT INUE

IF(IWR.GT.0)GO TO 110

RETURN

IF {AMAXLE «Oo }AMAX =1,

DO 200 K=1,NM

CJA=CG(K)

KK=K+NM

CJ4B=CGIKK)

ACJ=CABS(CJA)/AMAX
BCJU=CABS({CJB}/AMAX
PA=57429578%ATAN2 (AIMAG{CJA) ,REAL(CJA))
PB=57,29578*%ATANZ2 (AIMAG(CJB)REAL(CJB))
WRITE(6y2)1KsACJ4BCIyPA,PB4CJA,CUB

WRITE(6,5)

RETURN
END

Fig. 17. Subroutine RITE
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APPENDIX 11. Subroutine GDISS

Subroutine GDISS is listed in Fig. 18. This subroutine uses
Eq. 50 of Reference 1 to calculate the time-average power dissipated
in the 1mperfectly conducting wire. This is accomplished in the DO
LOOP terminating at statement 100. The power dissipated in the Tumped
loads is calculated in the DO LOOP terminating with statement 140.
DISS denotes the time-average power dissipated in the wire and the
Toads.

APPENDIX 12.. Subroutine GNFLD

Subroutine GNFLD, listed in Fig. 19, inputs the loop currents
CI(I}, calls GNF for the near-zone field of each wire segment, and
sums over all the segments to obtain the near-zone field of the wire
antenna or the near-zone scattered field of the wire scatterer. EX,
EY and EZ denote the cartesian components of this field at the obser-
vation point (XP,YP,ZP). This calculated field does not include the
incident fields of the magnetic frills or loops associated with gener-
ators on the antenna. It also does not include the radiation from the
polarization currents in the dielectric insulation.

This subroutine could be simplified and speeded by inputting the
branch currents CG(J)} instead of the loop currents CJ(I). However,
this would increase the storage requirements because the far-field
subroutine GFFLD would have to store the branch currents induced by
the phi-polarized and theta-polarized incident waves.

APPENDIX 13. Subroutine GNF

Subroutine GNF, Tisted in Fig. 20, uses Egs. 75 and 76 of
Reference 1 to calculate the near-zone electric field of a sinusoidal
electric monopole with endpoints at (XA,YA,ZA) and (XB,YB,ZB). The
observation point is at (X,Y,Z). EX1, EY1l and EZ1 are the components
of the field generated by the mode with unit current at (XA,YA,ZA).
EX2, EY2 and EZ2 denote the field generated by the mode with unit
current at (XB,YB,ZB). GNF is similar to GGS, and Appendix 5 defines
many of the symbols used in both subroutines.

APPENDIX 14. Subroutine GFFLD

The far-field subroutine GFFLD, listed in Fig. 21, is discussed in
section II. In antenna gain calculations with INC = 0, the loop
currents CJ(I) are employed by GFFLD to calculate the far-zone field.
The field of each segment is obtained by calling GFF, and a summation
over all the segments yields the field of the antenna.

In a bistatic scattering situation with INC = 2, the input data

include the Toop currents EP and ET induced by phi-polarized and theta-
polarized incident waves. These currents were calculated by GFFLD in a
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SUBROUTINE GDISS(AM 4CG yCMM 4D \D1SS,GAM JNMySGD9ZLDyZS) 0001

COMPLEX CG(1)ySGD(1)4ZLOD{1)sCJA,CIByGAM,ZS 0002
DIMENSION D (1) 0003
DATA P1/3,14159/ : 0004
DISS=40 0005
IF (CMM .LE .0.)GO TO 120 0006
ALPH=REAL{GAM) 0007
BETA=AIMAG(GAM) 0008
RH=REAL(ZS)/ (4 *PI%AM) 0009
DO 100 K=1,NM 0010
DK=D{K) 0011
DEN=CABS{SGD (K} )*%2 0012
EAD=E XP (ALPH*DK) 0013
CAD=(EAD+1./EAD)/2, 0014
CBD=COS(BETA%DK) 0015
SAD=DK 0016
IF (ALPHNE 0+ )SAD=(EAD~1./EAD } /(2. %ALPH) 0017
SBD=0K 0018
IF{BETALNE .0, )SBD=SIN(BETA*DK)/BETA 0019
FA=RH%*( SAD *CAD=SBD *CBD ) /DEN 0020
FB=2 .*RH%{CAD *SRD-SAD*CBD ) /DEN 0021
CJA=CG(K) 0022
L=K+NM 0023
CJ4B8=CG(L) : 0024
100 DISS=DISS+FA*(CABS(CJA) #%2+CABS(CJIB)*%2} 0025
2+FB% (REAL(CJAI*REAL{CJIB)+AIMAG(C JAI*AIMAG(CUB)) 0026
120 BD 140 J=1,NM : 0027
K= J+NM , 0028
140 DISS=DISS+REAL(ZLD(J})*(CABS(CG(J))*¥2) 0029
2+REAL(ZLD(K) )% (CABS(CG(K))*%2) 0030
RETURN 0031
END 0032

Fig. 18. Subroutine GDISS
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SUBROUTINE GNFLD (1A 1By INMsILly12513,MD Ny NDyNMsAMyCGDsSGDy ETAGAM 0001

230U 10 o X oY Z s XP s YPZPEXGEYLEL) Q002
COMPLEX EXsEY EZ9EXLEYL9EZL1EX24EY24E22,ETA,GAM 0003
COMPLEX CJ(1),C6D{1),5GD(1) 0004
DIMENSION TACLYIB(L)oB1(1) 12010413 ¢1)sDC2)aX (L)Y (L)}sZ (L} 0005
DIMENSION MD(INM44),ND (1)} . 0006
DATA P1,TP/3.14159+6.28318/ 0007
EX=(404.0) 0008
EY=(.04+40) Q009
EZ={.0440) 0010
0 140 K=1,NM . 0011
Ka=TA(K}, - 0012
KB=1B(K) ‘ 0013
CALL ONFUIXIKA)Y oY (KA 9Z(KA) oXLKB) oY(KB}Z(KB) ¢XPoYP$ZPyAM,D(K) 0014
22 CGD{K)} SCD(K)YsETAJGAMSEXLIEY1EZ1EX24EY24E22) 0015
NOK=ND (K} Q016
DO 140 1I=1,NDK Q017
I=MD(K,I11) 0018
Fl=l. : 0019
IF(KB.EQ.IZ2(E))IGO TO 136 : 0020
IF{KBLEQ.IL(I))FI==1, 0021
EXz=EX+F IXEX1%CJ(1) 0022
EY=EY+FI%EYL%CI(I) 0023
EZ=EZ+F I*EZ21%CJ(I]) 0024
GO 7O 140 . ‘ 0025
136 IF(KAEQWIZ(I}IFI==-1, 0026
EX=EX+F I*EX2%CJ (1} 0027
EY=EY+F [#EY2%CJ(1) 0028
EZ=EZ+FI*EZ2%CJ(1) 0029
140 CONTINUE . 030
’ RE TURN ' 0031
END . 0032

Fig. 19. Subroutine GNFLD )
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SURLGUTINE ONE (XA 3 YAsZAsXB2YBeZBoXsY 92 9AM, DS, CGDSySGDS)ETAy GAM 0001

2hEXLLYLEZL4EX2,EY24E22) 0002
COMPLEX EJASEJBIEJIEJ24ER]L JER2yESL9yES2ySGDSyGAM,CSTyCGDS,ETA 0003
COMPLEX EXLJEYL4EZLyEX2+EY24E22 0004
DATA P1/3.14159/ 0005
CAS=(XB=-XA)/DS 0006
CBS=(YB-YA)/DS 0007
€GS=(7B~ZA)/DS 0008
SZ={X~XA)*CAS+(Y-YA)#CBS+(Z~-ZA)*CGS , 0009
z71=51 0010
222=57-DS 0011
XX2=X~-XA~SZ%CAS 0012
YYZ=Y-YA-SZ#CBS ' 0013
127=1~-71A-S1%CGS T 0014
RSEXXZ¥#24YYZ%%2 4217 %%2 0015
R1=SQRT (RS+ZZ1%%2) 0016
EJA=CE XP (~GAM#*R1) 0017
EJ1=EJa/R1 ' 0018
R2=SURT (RS+ZZ2%%2) 0019
EJB=CEXP{-GAM#R2) 0020
EJ2=EJB/R2 ’ 0021
ES1=EJ2-EJ1*CGDS 0022
ES2=EJ1-EJ2%CGDS 0023
ERL=(.0,.0) 0024
ER2=(40440) 0025
AMS=AMEAM _ 0026
IF(RS.LT.AMSIGO TO 80 0027
CTH1=2Z1/R} 0028
CTH2=222/R2 0029
ER1={ EJAXSGDS+EJA%CGD SCTH1-EJB*CTH2} /RS 0030
ER2=(-EJB*SGDS+EJB*CGDS*CTH2-E JAXCTH1) /RS 0031
CST=ETA/{4 ., %P1%SGDS) 0032
EX1=CST#(ESL#CAS+ERL*XXZ) 0033
EY1=CST#(ESL*CBS+ERL%YYZ) 0034
EZ1=C5T#*(ESL*CGS+ERL*Z27) 0035
EX2=CST#(ES2%#CAS+ER2Z¥XXZ) 0036
EY2=CST*(ES2Z*CBS+ER2%YYZ) 0037
EZ2=CST*(ES2%CGS+ER2*22Z) 0038
RETURN 0039

END 0040

Fig. 20. Subroutine GNF
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SUBROUTINE GFFLD{IA,IBINCyINMyIWR11512,13,112,MDsNsNDNMAM 0001
2, ACSPACST ¢C+CGD yCGyCJyCMM 4D 4ECSP (ECSTHEPET,EPPETTHEPPS,EPTS 0002 .
B ETPSHETTS 1GGoGPPyGTTyPHSGD 9SCSP 2 SCSTy SPPMy SPTHySTPMSTTM, TH 0003
GeX9Y gl g2LN 12SsETA,GAM) ] 0004

COMPLEX CJI ET14ET24EP)LEP24EPPSoETTSEPTS,ETPS+ZSsVP VT 0005

COMPLEX CU1)eCJ(1)sEP{LYSET(L}EPP(L)ETT(L},ZLD(1)Y 0006

COMPLEX ETA,GAM,CGD(1),SGD(1),CG(1) 0007

DIMENSION TA(L),IB(E)s12(1),12(1)¢I3(1)ND(L1)sMDIINMs4) 0008

DIMENSION D(1)eX(1)y¥(1)y2(1) 0009

DATA P1,TP/3.14159,6,28318/ 0olo0

CJl=-4 %P/ (ETA%GAM ) 0011

GGG=REAL(1./ETA) 0012

THR=,0174533%TH 0013
" CTH=COS(THR} 0014

STH=SIN{THR} 0015

PHR=,0174533*PH 0016

CPH=COS(PHR) 0017

SPH=SIN(PHR} _ 0018

DO 130 I=1,N 0019

ETT(I}={e0ys0} 0020

130 EPP(1)={.04.0) 0021

DO 140 K=1.NM 0022

KA=TA{K} : . 0023

KB=1B(K) 0024

CALL GFF(X(KA)}9Y(KA) ¢Z (KA) X {KB)sY(KB)Z(KB)D(K) 0025
29 CGD{K) ySGO(K) yCTHySTHyCPHySPHsGAM yE TAJE T1,ET24EP 14 EP2) 0026

NDK=ND{K} . 0027

DO 140 11=1,NDK » 0028

I1=MD (K,11) 0029

Fl=i. 0030

IF{KB.EQ.I2(1))GO TO 136 0031

IF(KBLEQ.IL(I})IFI=-1, 0032

EPP(I)=EPP(I}+F I3EPL : ) 0033

ETT(II=ETT(I}+FI*ET] 0034

GO TD 140 0035 ‘

136 IF(KALEQaI3(I))IFI=~1, 0036
EPPIII=EPP(I)+FI%EP2 , 0037
ETTII)=ETT(I}+FI*ET2 0038

140 CONTINUE ) 0039

EPPS=(40y0} ) 0040

ETTS=(.04.0) ) 0041

IF (INC.EQ.0)GO TO 200 0042

IF({INC.EQ.2)G0 TO 170 , 0043

DO 150 I=1,N 0044

ET(I)=ETT(I)%CJI 0045

150 EP{II=EPP{I)%CJI 0046

CALL SQROT(C.EP40,1124N) 0047

112=2 0048

CALL SQROTI(C,ET04112¢N} 0049

CALL RITE(IASIByINMoIWR,11,12,13,MD,ND,NM,EP,CG) 0050

CALL GDISS{AM,CGyCMM 4D ¢PDISsGAM yNMSGD,ZLD,2S) 0051

CALL RITE(IAsIBsINMyIWR 11,1213 4MDNDNM,ET,CG) 0052

CALL GDISS(AM CGyCMM 3D yTOIS sGAM yNM ¢ SGDoZLD,25) 0053

ACSP=PD1S5/GGG 0054

ACST=TD1S/6GGG 0055
. PIN=.0 0056

TIN=.0 ‘ 0057

DO 164 . I=1,N 0058
VP=CJI*EPP(1) 0059
VT=CJI#ETT(I) 0060
" PIN=PIN+REAL(VP*CONJGIEP(1))) 0061

164 TIN=TIN+REAL(VT*CONJGIET(1})) 0062

Fig. 21a. Subroutine GFFLD
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170

180

200
260

ECSP=PIN/GGG

ECST=TIN/GGG
SCSP=ECSP-ACSP
SCST=ECST-ACST
EPTS=(a0y.0)

ETPS={+0740)

DO 180 1=1,N
EPPS=EPPS+EP (1 J%EPP (1)
EPTS=EPTS+EP(I)*ETT(1)
ETTSSETTS+ET(II*ETT(I)
ETPS=ETPS+ET(I)*EPP ()
SPPM=2 . %TP%(CABS(EPPS)%%2)
SPTM=2.%TP%(CABS(EPTS) #%2)
STPM=2 (&«TP%{CABS(ETPS)%*%2 )
STTM=2 . #TP%*(CABS(ETTS) *%2)
RE TURN

DO 260 I=1,N
ETTS=ETTS+CJ(I J*ETT(I)
EPPS=EPPS+CJ(I}*EPP (1)
APP=CABS{EPPS)
ATT=CABS(ETTS)

GPP=4 (%P1 #APP*APP*GGG /GG
GTT=4 *PIXATT*ATT %GGG/ GG
RE TURN

END

Fig. 21b. Subroutine GFFLD
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previous call for the backscattering situation with INC = 1. Thus,
a bistatic call must be preceded by a backscatter caill.

EPP(I) and ETT(I) denote the phi-polarized and theta-polarized
far-zone fields of dipole mode I with unit terminal current. In a
. backscattering situation, the excitation voltages EP(I)} and ET(I) are
obtained by multiplying EPP and ETT by the constant CJI. (See Egs.
. 38, 39 and 40 in Reference 1.} Then calls are made to SQROT which
stores the solution (the induced loop currents) in EP(I) and ET(I).
RITE is called for the branch currents CG(J), and GDISS is called for
the time-average power dissipated in the imperfectly conducting wire
and the Tumped loads. This power is denoted PDIS and TDIS for phi-
polarized and theta-polarized incident waves, respectively.

In scattering problems, the incident plane wave has unit electric
field intensity at the coordinate origin. GGG denotes the time-average
power density of the incident wave at the origin. ACSP and ACST denote
the absorption cross sections for the phi and theta polarizations.

PIN and TIN denote the time-average power input to the wire struc -
ture, delivered by the equivalent voltage generators VP and VT at the
terminals. PIN and TIN apply for the phi and theta polarizations,
respectively. The time-average power input is regarded as the sum of
the time-average power dissipated (in the wire and the lumped loads)
and the time-average power radiated or scattered by the wire., ECSP
and ECST denote the extinction cross sections and SCSP and SCST are
the scattering cross sections.

The distant field is calculated in the DO LOOP ending with state-
ment 180 for scattering situations, and in the DO LOOP ending with
statement 260 for the antenna situation. In these fields, the range
dependence is suppressed as in Eq. (1).

The radar cross sections (echo areas) SPPM, SPTM, STPM and STTM
are defined as in Eq. 72 of Reference 1 with the incident power density
(Si or GGG) evaluated at the coordinate origin. The user selects the
location of the origin when supplying the input data for the coordinates
of all the points on the wire,

For an antenna, the following definition is employed for the power
gain:

(6)  6y(8.¢) = Jimit 42 e20" S(r,0,4) / P,

where P4 (or GG in the program) denotes the time-average power input
and S(r,8,¢) is the time-average power density in the radiated field.
For an antenna in a lossless medium, « vanishes and Eq. (6) reduces to
the standard definition of power gain. Without the factor e2%" in

Eq. (6), the power gain would vanish for a finite antenna in a conduct-
ing medium. GPP and GTT denote the power gains associated with the phi-
polarized and theta-polarized components of the field, respectively.
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APPENDIX 15. Subroutine GFF

- Subroutine GFF, Tisted in Fig. 22, uses the equations in Appendix 2
of Reference 1 to calculate the far-zone field of a sinusoidal electric
monopole. The monopole has endpoints (XA,YA,ZA) and (XB,YB,ZB).

EP1 and ET1 denote Eﬁ and Eg for the mode with unit current at (XA,YA,ZA).

EP2 and ET2 denote thie fields for the mode with unit current at
(XB,YB,ZB). The range dependence is suppressed as in Eq. (1). The
far field vanishes 1n_the endfire direction where GK = 0.
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200

SUBRUUTINE GFF (XA YA,ZAXB,YBsZB,sD
2CGD ¢SGD yCTHySTHsCPHySPH,
2GAMETALETLET2,EPL,EP2)

COMPLEX ETL14ETZ24EPLIEP2+GAMLETA

COMPLEX GD yCGD 9SGD 4EGD

COMPLEX EGFAEGFB+EGGD+ESALESB

COMPLEX CST '

FP=12.56637

XAB=XB-XA

YAB=YB~YA

IAB=1B~1A

CA=XAB/D

CB=YAB/D

CG=ZAB/D

G={({CA®CPH+CB%®SPH}®STH+CG*CTH

GK=1.~G*G

ET1=(.0y.0)

E72=‘-0100)

EP1=(,04.0)

EP2={+.0y40)

[F(GK.LT..001)GD TO 200

FAS{XAXCPH+rYARSPH)*STH+ZA®CTH

FB=(XBXCPH+YB*SPH}*STH+2B*CTH

EGF A=CE XP (GAM%*F A) '

EGFB=CEXP(GAM®FR}

EGGD=CE XP (GAMXGXD )

CST=ETA/(GK=SGL*FP}

ESA=CST*EGFA%(E GGD~G*SGD =CGD }

ESH=CSTHEGFB*{ 1 ./EGGD+G*SGD~CCGD )

T=(CA%CPH+CB#SPH)}%CTH=CG%STH

P=—CA*SPH+CB=CPH

ETi=T=%ESA

ET2=T*ESB

EPL=P=*ESA

EP2=P%*ESB

CONTINUE

RETURN

END

Fig. 22. Subroutine GFF
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