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I. INTRODUCTION

The problem of determining the currents induced in termination networks
at the ends of a multiconductor transmission line by an incident electro-
magnetic field is obviously quite important in determining the electromagnetic
compatibility of electronic systems. The digital computer program described
in this report is intended to be used for this purpose.

The special case of a transmission line consisting of two wires
(cylindrical conductors) immersed in a general, nonuniform field was consid-
ered by Taylor, Satterwhite and Harrison [3]. The equations for the terminal
currents obtained in [3] were placed in a more convenient form by Smith [4].
The special case of a uniform plane wave incident on a three-wire line
(the three wires lie in a plane) in the transverse direction (perpendicular
to the transmission line longitudinal (x) axis) with the electric field
intensity vector polarized parallel to the line axis was obtained by
Harrison in [5]. Paul has extended these special case results to (n+l)
conductor (multiconductor) lines for an arbitrary incident electromagnetic
field [1,6].

This report describes a digital computer program, WIRE, which is
designed to calculate the sinusoidal ,steady state,terminal currents induced
at the ends of a uniform, multiconductor transmission line which is illuminated
by an incident electromagnetic field. Three types of transmission line
structures are considered. TYPE 1 structures consist of (n+l) parallel
wires, TYPE 2 structures consist of n wires above an infinite ground plane.
TYPE 3 structures consist of n wires within an overall, cylindrical shield.

For each structure type, one of the conductors is designated as the

reference conductor for the line voltages. For TYPE 1 structures, the
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reference conductor is one of the (n+l) wires. For TYPE 2 structures, the
reference conductor is the ground plane. For TYPE 3 structures, the refer-
ence conductor is the overall, cylindrical shield.

All of the transmission lines are considered to be uniform in the sense
that there is no variation in the cross-sections of the (n+l) conductors
along the transmission line axis and all (n+l) conductors are parallel to
each other. All conductors are considered to be perfect conductors and the
surrounding medium is considered to be homogeneous, linear, isotropic and
lossless.

The incident field can be in the form of a uniform plane wave for TYPE
1 and TYPE 2 structures or a nonuniform field for all structure types. The
uniform plane wave excitation is specified by data entries describing the
magnitude of the electric field intensity vector, the orientation of this
vector and the direction of propagation.t These quantities will be made pre-
cise in the following chapters. For the nonuniform field, the data entries
are the values of the incident electric field intensity (magnitude and
phase) at points along the axes of the conductors and along contours between
the wires at the two ends of the line. Piecewise-linear behavior of the
fields (magnitude and phase) is assumed between these data points,

The primary restrictions on the program are that the cross-sectional
dimensions of the line, e.g., conductor separations, are much smaller than
a wavelength at the frequency in question and the ratios of conductor
separation to wire radii are greater than approximately 5. The first re-
striction is imposed to insure (in a qualitative fashion) that only the TEM
mode of propagation is significant, i.e., the higher order modes are non-

propagating. This requirement that the cross-sectional dimensions of the
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line are electrically small must also be imposed to insure that the definition
of voltage is independent of path if the incident field is not curl free in
the line's cross—-sectional plane. (See Chapter II.) The second restriction
is necessary to insure the validity of the entries in the per-unit-length
transmission line inductance and capacitance matrices. The entries in

these matrices are derived by assuming that the per-unit-length charge dis-
tributions on the wires are essentially constant around the peripheries of

the wires, i.e., the wires are separated from each other sufficiently to
insure that proximity effect is not a factor.

General termination structures are provided for at the ends of the
transmission line, These terminations are assumed to be linear.

Chapter II contains the derivation of the equations for general field
excitations. Chapter IIT contains a derivation of the equivalent sources
induced in the structure types by uniform plane waves-as well as .nonuniform
fields. Chapter IV contains a discussion of the contents of the program.
Chapter V contains a User's Manual and Chapter VI contains examples which

are used to check the program operation.



IT. MODEL DERIVATIONS

Cross-sections of the three basic types of structures considered by the
program are shown in Figure 2-1., The axis of the line is the x coordinate
and the (ntl) conductors are perpendicular to the y,z plane as indicated in
Figure 2-1. The TYPE 1 structure consists of (nt+l) wires in which one of
the wires is designated as the reference conductor for the line voltages.
The TYPE 2 structure consists of n wires above an infinite ground plane
where the ground plane is the reference conductor for the line voltages.
The TYPE 3 structure consists of n wires within an overall cylindrical
shield. In this case, the shield is the reference conductor.

All conductors are considered to be perfect conductors and the sur-
rounding medium is considered to be homogeneous, linear, isotropic and
lossless. The surrounding medium (homogeneous) is characterized by a
permittivity € and a permeability u. Throughout this report, the perme-
ability and permittivity of free space will be denoted by M, = 4t x 10_7
and €, 2 (1/367) x 10_9, respectively and the permeability and permittivity
of the medium are related to the free space values by the relative perme-
ability, M » and relative permittivity (relative dielectric constant), €
as u = u_ W and € = €. Eys respectively. For structure TYPE 1 and TYPE 2,

a logical choice for €. and My would be 1 (free space). For structure TYPE 3,
a logical choice for the relative permeability, Hos would be 1 as is typical
of dielectrics. The program, however, allows for any €. and Mo for all
structure types,

The n wires are labeled from 1 to n and the radius of the i-th wire is
denoted by i The reference conductor is designated as the zero-th con-

ductor, For TYPE 1 structures, the reference wire has radius L and the
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Cross—sections of the transmission line structures.



center-to-center separation between the i-th and j-th wires is designated as

dij' For TYPE 2 structures, the i-th wire is at a height hi about the ground ~
plane with a center-to-center separation between the i-th and j-th wires of
di" For TYPE 3 structures, the interior radius of the cylindrical shield

is designated by Tos the i-th wire is at a distance r, from the shield center

T R e, #D.

and the angular separation between the i-th and j-th wires is designated by

s s ® .

ij :

Implicit in the following is the requirement for the transmission line

to be uniform. Transmission lines considered here are uniform in the sense

that all (n+l) conductors have uniform cross-sections along the line axis

and all n wires are parallel to each other and the. reference conductor.

R mE e

2,1 Derivation of the Multiconductor Transmission Line Equations

The distributed parameter transmission line equations for multiconductor

- R

lines with incident field illumination can be derived and are similar (with
"matrix notation employed) to the familiar equations for two-conductor lines
[(1,2,6,7,8]. Assuming sinusoidal excitation at a radian frequency w=2nf,
the electric field intensity vector,é?(x,y,z,t), and the magnetic field
intensity Vector,ﬂ:(x,y,z,t), aré written asé(x,y,z,t) = _ﬁ(x,y,z)ejwt and

> 3 :
}f(x,y,z,t) = ﬁ(x,y,z)ert. The complex vectors E(x,y,z) and ﬁ(x,y,z) are

the phasor quantities. Line voltages,l/i(x,t) = Vi(x)ejwt, of the i-th

conductor with respect to the zeroth conductor (the reference conductor) are
defined as the line integral ofé? between the two conductors along a path in
the y,z plane. Vi(x) is the complex phasor voltage. The line current,é&(x,t)= .

jwt . . . . . . .
Ii(x)eJ assoc1ated with the i-th conductor and directed in the x direction

e

is defined as the line integral of?i along a closed contour in the y,z plane

encircling only the i-th conductor and I;(x) is the complex phasor current,

—-6- ' '#-—‘A
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jwt . e
The current in the reference conductor,é}o(x,t) = IOeJ , satisfies IO =
n
Zi=l(—Ii(x)).

It is convenient to consider the effects of the spectral components of
the incident field as per—unit-length distributed sources along the line.
The sources appear as series voltage sources and shunt current sources as
indicated in Figure 2-2 for an "electrically small" Ax section of the line.
The multiconductor transmission line equations may then be derived for the
Ax subsection in Figure 2-2 in the limit as Ax>0 as a set of 2n coupled,

complex, ordinary differential equations [1],

V() + JuLI(x) v, () (2-1a)

I(x) + juCV(x) = I_(x) (2-1b)

A matrix M with m rows and n columns is denoted as myn and the element

~

in the i-th row and j-th column is denoted by [g]ij. Y(x) and E(x) are

nxl vectors of the line voltages and currents, respectively, The elements in
the i{-th rows are [Y(x)]i = Vi(x) and [E(X)],i = Ii(x) and [}_.I(x)]i =
(d/dx)Vi(x). The nyxn real, symmetric, constant matrices % and C are the

per-unit-length inductance and capacitance matrices, respectively. From

Figure 2-2 one can derive (2-1) and the entries in L and C become [1]

~

[E]ii = Qi + 20 - Zmio (2-2a)
[E]ij =2+ iy T Mo T Mig (2-2b)
i#]
and
n
Cl.., = . -
[~]11 €10 + jil CiJ (2-3a)
i#j
[9]1:] T "%y (2-3b)
143



J ~ A 4 -
- XYV +X X
- . :
_
| wganor © 01
-~ *—+—9 w -
@
. xy Oy
x)'A
(XV4+X)'A XY()'ST ) —= Vo xyOlw v
xy Olw
* 8 O——
AIWII @— 7 \AS
ogez [ o O wiy b | w :
® T — XV A A
Q<+5._> Y ° Xy o_o [ H Xy fny Xy lw
- . WA W
[ ] + p—
[ |
(XV+X)T © xvly X7(X) ._m> 1

The per—unit-length model.

Figure 2-2.

-8-



The entries in ys(x) and Es(x) are the per-unit-length distributed sources
along the line induced by the incident field, i.e., [Ys(x)] = Vsi(x) and
[Es(x)] = Isi(x)’ as shown in Figure 2-2.

In order to consider general termination networks (and allowing inde-
pendent sources in these networks) we may characterize these as generalized
Thevenin equivalents [1]. For a line of total lengd1i, the equations for

the termination networks at x = 0 and x = z are

v(0)

Vo = 2,100 (2-4a)

I
<

Y(i) -i+ Zi 13(1) (2"4b)

where V0 and Yi are nxl vectors of equivalent open circuit port excitation

voltages, [\_IO]i = VOi and [Yi]i = YIi’ and E and %z.are nxn symmetric im-

0
pedance matrices as shown in Figure 2-3. This is, of course, a completely
general and arbitrary characterization of these linear termination networks.
The entries in these termination equations can be easily determined for a
given network by considering Vi(O) and Vi(i) (the termination port voltages)
as independent sources, and writing the loop current equations for each
network where Ii(O) and Ii(i) are subsets of the loop currents in each
network, (See Section 2.6.)

With the line immersed in a homogeneous medium with permittivity

€ and permeability u, the product of L and C becomes [1]

IC = CL = ueln (2-5)

~ o~ ~n

where ln is the nxn identity matrix with ones on the main diagonal and zeros

. S . g ,
elsewhere, i.e., [}n]ii = 1, and [}n]ij = 0, i#j. For this case, the

solution to (2-1) and (2-4) is in a simple form [1]

-0~



The termination networks.

Figure 2-3.
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-1
[cos (kD)fz) + 2] + 3 sin(kD 2o+ 2425 2}) 1)

= _YI+ [j sin(k[) Effc—l + cos(kf)}n] \_70

+ Y@ - 2,1 @ (2-62)

. -1
1(2) = -3 sin(k)Z; "V,

+ [eos(kD)L + j sin(k)Zg 251 1(0) + I.@) (2-6b)

where the wavenumber is k = 2n/A, A = v/f, v = 1//pe = vo/v’urer, vy = U"“st

and the nyn characteristic impedance matrix, Z., is [1]

Zn=v L (2-7)

1

- ~ A
The inverse of an nyn matrix M is denoted by M = and \_Is () and Is ) in

~

(2-6) are given by [1]

z
V@) = J. fcos (k(X - %)) V_(x) (2-8a)
-s 0 -s
-j sin(k(X - x)) chis(x)} dx
. 4
lis(i) = J(; {cos k(£ - x)) Is(x) (2-8b)

-j sin(k(X - x)) Zc—l\_ls (x)} ax.

Solution of (2-6a) for the current vector, I(0), requires the solution of n
complex equations in n unknowns (Ii(O)). Once (2-6a) is solved, (2-6b)
yields the currents I(Z£) directly.

In this report, no independent excitation sources in the termination

networks will be considered. The program XTALK described in Vol., VII of

-11-



this series [2] can be used to compute the contribution to the response due
to these sources. Thus the source vectors in the generalized Thevenin

equivalent representations in (2~4) will be zero, i.e., YO = YJL= 0 where

n=1
the m)p zero matrix, O , has zeros in every position, i.e., [ 0 ] = 0 for
m~p m~pid

i=1, ..., m and j=1, ..., p. Thus the generalized Thevenin equivalent

representation becomes

V(0) = -z, 1(0) (2-9a)

V() = 2,100 (2-9b)

and the equations for the terminal currents in (2-6) become

[cos(k®) {2 + 2} + 3 sin(k) {2+ Z 4 2 -1

2o " 29t 1 1(0) =

(2-10a)
V@) - 2, I (0

N 1(0) + is(t)‘ (2-10b)

I(D = [cos(kz)%n + j sin(kx) %C Z,

As an alternate formulation, a generalized Norton equivalent represent-

ation may be used to characterize the termination networks. It we define

Y0 = ZO_ and YX = Z:El the generalized Norton equivalent representation
becomes

I(0) = —YO vV (0) (2-11a)
I(D = Y, V() (2-11b)
Equations (2-10) can then be written as
. ~1
[cos (k) {XO + ¥1}+ j sin(ky) {¥ti§C XO + gc } 1 V() =

. . (2-12a)
L@ - Y,V (2

1@ = -[cos (k) Y, + § sin(k) Z, 71 V(0) + I_(2) (2-12b)

-12-
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where I(0) can be recovered from v(0) via (2-1l1a).

There remain two basic problems: determining the entries in the per-
unit-length inductance and capacitance matrices, L and C,and determining
the equivalent source vectors, %s(x) and is(x), which are induced by the
incident electromagnetic field. The derivations of L and C for the three
structure types have been given previously [1,9] and will be summarized in
the following sections, It will become clear in the following section that
once the equivalent source vectors, §S(Z) and is(i), are determined for
the TYPE 1 structure, they can be immediately obtained for the TYPE 2 and

TYPE 3 structures with a parallel development. Thus the basic problem is

the determination of these equivalent source vectors for the TYPE 1 structure.

2.2 Derivation of the Equivalent Induced Source Vectors, ¥ (¥) and ls(iﬁ,

for TYPE 1 Structures

In order to determine the equivalent induced sources, Vsi(x) and Isi(x),
consider Figure 2-4., The method used in [3] can be adapted here in a
similar fashion. Faraday's law in integral form becomes

f E . dc, = —jon I H . n ds, (2-13)
Ci i Si i

where Si is a flat, rectangular surface in the x,y plane betweer wire i and

wire 0 and between x and x + Ax as shown in Figure 2-4, The unit normal
-). . + -). —). '3 K3 3 3

ii is n = z where z is the unit vector in the z direction, dSi = dx dy and
Ci is a contour encircling Si in the proper direction (counter-clockwise

according to the right-hand rule). Equation (2-13) becomes for the indicated

. 1
integration

In integrating from y=0 to y=di0, we are implicitly assuming that the wires
are sufficiently separated so that they may be replaced by infinitesimally

small filaments of current (charge).
-13-
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d.
if
[0 [Eti(y,x + Ax) - Eti(x,y)] dy

x+Ax
- J, [Eli(diO’X) - Ezi(O,x)] dx

X

x+Ax diO
= -jmuj J H . (y,x) dy dx (2-14)
0 0 ni

where Et is the component of the total electric field (incident plus

1

scattered) transverse to the line axis and lying along a straight line

joining the two conductors 1i.e., Eti = Ey; Ezi is the component of the total
electric field along the longitudinal axis of the line, i.e., Ezi = EX;

and Hni is the component of the total magnetic field perpendicular to the
plane formed by the two wires, i.e., Hni = H%,

Defining the voltage between the two wires as

i0
Vi(x) = -f E (%) dy (2-15)
0
then
dVi(x) 1 fdiO
- = = llm'z*;' [Eti(y,x + Ax) -~ Eti(y,x)] dy (2-16)
Ax>0 0

The total electric field along the wire surfaces is zero since we assume
perfect conductors. (One can straightforwardly include finite conductivity
conductors through a surface impedance as was done in [3]). Therefore

(2-14) becomes in the limit as Ax + O

-15-



diO
—_— - jwuf Hni(y,x) dy. (2-17)
0

The total magnetic field is the sum of an incident and a scattered field

Hni (y,x) = Hz(y,x) »

(scat)  (inc) (2-18)

= H (y,x)+ H_(y,%)
i ~ N __J

scattered incident

and the scattered field here is considered to be produced by the transmission
line currents. The scattered flux passing between the two conductors per
unit of line length is directly related to the scattered magnetic field and

the per-unit-length inductance matrix, L, as

~

(scat) fdiO (scat)

¢i@)=- wH L (y,x) dy
0
L (x)} (2-19)
1
IZ(X)
= [Q'ilsg'izs"'s'q'in] 3 !
=)
where Rij = [L]ij' Substituting (2-19) and (2-18) into (2-17) and arranging
for i =1, ..., n yields :
[~ . 7 +
. i0 (inc) |
V(x) + juLI(x) = | juwu H(y,x) dy (2-20)
0 : ]
-16- S—



and the source vector ys(x) in (2-1) is easily identified by comparing
(2-20) and (2-1).

For transmission line theory to apply, the cross-sectional dimensions
of the line (wire spacing, etc.) must be electrically small, i.e., kdiO << 1.
Thus the result indicates that the voltage, Vsi’ induced in the loop
between the ith conductor and the zeroth conductor and between x and
x + Ax is equal to the rate of change of the incident flux penetrating this
"electrically small" loop which, of course, makes sense.

Ampere's law yields

1 Bgz BHZ
y - jwe |9z T 3x (2-21)

Ey will consist of scattered and incident field components and is written

as

By (y,%) = Ey (v,x)

(scat) (inc) (2-22)

= Ey(y,x) + E (y’x)o

hv—/
scattered incident

Substituting (2-21) into (2-15) we have

di0
_f E (y,x) dy
y
0

Vi(X)

d " (scat) (inc)
1 i0 BHz(y,x) BHZ(y,x)

jwe 9x + 9% (2-23)

(scag) (inc)
oH_(y,%) oH_(y,x)

- oz Y dy.

-17-



Utilizing (2-19) we obtain

1 d

Vi) = - i Taw (laggaggpeeeenny )1 1GO)
(scat)
BH (y,x) d, . (inc)
1 i0
- 3_*[ X 4y -j B, (v,%) dy.  (2-24)
0 0

If we assume that the currents on the wires are directed only in the x

direction, i.e., there are no transverse components of the currents on
(scat)
the wire surfaces , then Hx(y,x) = 0 and (2-24) becomes

1 d
Vi(x) = “ione dx {[gil’l 2,..., in 1 I1(x)}

(2-25)

d._  (inc)
- flo E . (y,%) dy.

0

Arranging these equations for i = 1, ..., n we obtain the second transmission

line equation

i(x) + jwue L_1 V(%)

[ . ] (2-26)

. 40 (inc)
= —jwpe L Eti(y,x) dy .

- —
Utilizing (2-5) in (2-26) (C = ue L_l) we obtain by comparing (2-20) and

(2-26) to (2-1) - -

i0 (inc) *°
Ys(x) = jou [ Hni (y,x) dy (2-27a)

L- .

-18-
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diO (inc) .
I,(x) = - juC -{ E , (v,x) dy (2-27b)
0 .

The shunt current sources in Es(x) are therefore a result of the line
voltage induced by the incident electric field being applied across the
per-unit~length line-to-line capacitances which, of course, satisfies our
intuition.

The final problem remaining is to obtain simplified versions of §Sand
is in (2-8) to be directly used in (2-10) and (2-12). First consider the

~

determination of Ys(i). Substituting (2-27) into (2-8a) yields

z
V@) = jwul cos (k(£ = x))

s

diO (inc) E
>< f H , (v,x) dy dx
ni .
0

z (2-28)
- k[ sin (k(Z - x))

10 (inc)
E | (y,x
ti

) dy dx.
From Faraday's law we obtain
(inc) (inc)
(inc) 1 Bﬁi. BEL_
H = = L - L . -
ni juwu ay 9x (2-29)

-19-



Substituting this into (2-28) yields
~ 4 (inc) . (inc)
v .G = fo cos (k(X - x)) E“(dio,x): - Eu(o,x) dx

£
-f cos (k(L - x))
0

(inc)g

d.. 3E_.(y,x) }
i0 ti
— 4y dx
9xX
>< |:jo : (2-30)

£
-k f sin (k(z— X))
0

d (inc) f
10
X [ fo B, 7,%) dy} ax.

Utilizing Leibnitz's rule (see [10, p. 219]), (2-30) is equivalent to

L
v &) = [ cos (k(X - x))
0

(inc) S (inc)
X EEi(diO’x) - Ezi(O,x) dx
) (2-31)

z
- f 9 cos(k (€ - x))

d

X 10 (inc)E
fo Eti(y,x) dy dx

=20~



and this may be written as

10 (inc) (2-32)
] t1(3;,7-') dy
0 .
d,o (iné)
+ cos (k¥f) Jr * Eti(y,O) dy.
0 .

Similarly IS(I) may be obtained as

-4
ES(I) B _jfc—l Io sin (k(I - x))
(inc) . (inc) )

d, (inci
- j%c-l sin (k) [] 10 Eti(y’o) dYJ
0 .

The important quantity in (2-10a) is YS(I) - ZfISCf). Combining (2-32) and

(2-33), this becomes

-21-



V@) - 2T @)

L
= fo [cos (k(Z - %)) .]:n + j sin (k(X - x)) ?i%c_l]
(inc) (inc)
>< Ezi(diO’X) - EZi(O,x) dx
f di0 (ind)
- E .(Y,i) dy
0 ti (2-34)

+ [cos(cd) 1+ § sin (kz)gigc'l]

>< diO (inc)
fo Eti(y’O) dy.

Note that the equivalent forcing function on the right-hand side of (2-10a),
yg(i){&zs(i), given in (2-34) is simply determined as a convolution of
differences of the incident electric field vector along the wire axes,
(inc) (inc)
Eli(dio’x) - Eli(O’x)’ and a linear combination of integrals of components
of the electric field vectors at the endpoints of the line which are trans-
(inc) (inc)
verse to the line, Eti(y,I) and Eti(y,O). This is, of course, precisely
the result obtained by Smith [4] for two conductor lines. Substituting
(2-34) into (2-10a) one can verify that the result reduces for two con-
ductor lines (n = 1) to the result given by Smith [4] since ZC’ZL’ZO become

scalars for two conductor lines and (2-10a) becomes one equation in only

one unknown I(0).

-22-
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The final equations for the line currents then become (substituting

(2-34) into (2-10)

-1
[cos(k®) {Z) + Z,} + j sin (k2) {Ec +ZZ, Zy}1 100) =

Z

j {[cos (k(Z - x)) 1 (2-35a)
0

-1 (inc) (inc)
+ j sin k(X - x)) EfZC ] I_Zz(x)} dx - l*]t(.t)

-1 (inc)
+ [cos(kz)l + j sin(kz)Z Z,Z C ] gt(O)}

I®) = [cos(kz’)l + j 31n(k7t)ZC Z ] I(O)

(inc)

L ] {sin(k(Z- ) E, ()} dx (2-35b)

(inc)
- jZC {s1n(kz) E (0)}

(inc) (dnc) (inc)
where Ej (x), Et (%), and gt (0) are nxl column vectors with the entries in

the i-th rows given by

(inc) (inc) (inc)
[Ez =1y (diO’x) - B (0,x) (2-36a)

(inc) fdiO (inc)

[E. (D], = . E ;(pysT) doy (2-36b)

(inc) diO (inc)

[E, (0)]; =f Eti(pi,O) do (2-36¢)
0

-23-



fori=1, ..., n.
A word of caution in the interpretation of the notation is in order. ~—)
Although it should be clear from the derivation, the reader should never-

(inc)
theless be reminded that the integration path for the component Et' is
1

T N — LM

in the y direction when the i-th conductor is concerned. When other

i
»
conductors are concerned, the integration path is a straight line in the

f
¥,2 plane which joins the conductor and the zeroth conductor and is per- :
pendicular to these two conductors. This is designated as gy in (2-36) .
-

and replaces the y variable for the path associated with conductors i and
0. The notation may be cumbersome but the idea and the implementation are f
quite simple. E
Defining the vectors ;
{
L
z (inc) \.
M= fcos k(Z- x)) EQ, (x) dx (2-37a) '
4
’ \
4 (inc) ,
N = f sin (k(Z - x)) EQ. (x) dx (2-37b) ‘

0

we may write '(2-35) as

1

[cos(k2) {2 + 2}, + 3 sin(k®) {2, + 2,2 "2 }] 1(0)
(inc) _
=M+ j zfzc'ly - E &) (2-38a) 3
-1 (inc) ‘
+ [cos (k) 1n + j sin(k¥) ZIZC ] gt(O) : :
-1 ’ }
I(z) = [cos(kz) 1+ j sin(kz) 2. ~Z.] 1(0) !
- ~n L 0 = '
: (2-38b)
-1 -1 (inc) {
- 32 N-32 " {sin(kd) E_(0)}

_f
{
A
A
-24- ""f
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For the generalized Norton equivalent representation, equations

(2-38) can be written as

[cos (k) (¥, + ¥} + 3 sin(kd) (2%, + 25 H[-V(O)] =

-1

(inc)
C N - g [Et ()1 (2-39a)

Y_ M+ 32
-1

(inc)
C ][Et )]

+ [cos(k2) Yi+j sin(kz) Z

1@ = [cos(k0) Y, + 3 sin(kd) Z5 1[-V(0)]
(2739b)
-1

. -1 . (inc)
c N-13 %C {sin (k) E 0)}

—JZ

and E(O) is obtained from I(O) = —YO Y(O) = YO[—Y(O)].

2.3 Determining the Per-Unit-Length Inductance Matrix, L, for TYPE 1

~

Structures
For TYPE 1 structures, one final calculation remains; the determination
of the per-unit-length inductance matrix, L, which is related to the
characteristic impedance, EC’ via (2-7). Ordinarily this is a difficult
calculation [11]. However, if we assume that the wires are separated suf-
ficiently such that the charge distribution around the periphery of each
wire is constant, then the wires can be replaced by filamentary lines of
charge. Typically, this will be accurate if the smallest ratio of wire
separation to wire radius is greater than approximately 5 [11]. In this
case, the entries in L for TYPE 1 structures are given by [1,9]
2
u d0

= a= — h;——i“———
(Ll = He [Cl;y 77 T

) (2-40a)
r .
wi w0

-25-



= = M _10 j0 _
(L1, =vwe [Cly; = 540 G ) (2-40b)
i#j w0 ij

For closer wire spacings, proximity effect will alter the charge distribution
from constant ones and numerical approximations must be employed to find
C and L [11]. Although the entries in L have been derived elsewhere, we
shall show a direct derivation which relates the scattered flux passing
between the wires to the wire currents as was used in (2-19).
. (Scat) .
The matrix L relates the scattered flux'? passing between the

~

wires to the wire currents as

ﬁscat)_1 _ - F A

(scat) " T E

M | e
(scat) . ' :
L% L a1 7 an_ _In i

The respective entries are determined as
(scat)

i Il’ seo e , Ii_l’Ii+r see, In=0 (2—423_)

2ij M -0 (2-42b)

e IR B B R R S LL FE LA

and Qij = zji' Large wire separations are assumed so that the wires may
be replaced by filaments of current., When the wires are not widely

separated, accurate values for L can be obtained by numerical methods [11].

Consider Figure 2-5(a). The magnitude of the magnetic field intensity

~26-



(a)

(b)

Figure 2-5.
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vector due to Ii on wire i at a distance r>rwi away from wire i is

I,

— 1 —
Hr T 21T (2-43)

and the total flux passing between wire i and wire 0 due to both currents

is

d, d.
(scat)  wl, j’lo L -[ 10 .
¢vi = o { ;dr+ -I-_-dr }
r . T
wi w0
(2-44)
ul, d, 2
i i0
= tn (——— ) .
2m r .r
wi w0

Thus Qii is easily identified as in (2-40a).
(scat)
Consider Figure 2-5(b). The portion of the flux ¢i passing between

wire i and wire 0 due to —Ij in the reference conductor is as above

(scat) ul,

%50 T T2r n

d
i0

(r
w0

) (2-45)

and the portion of the flux passing between wire i and wire 0 due to Ij in

the jth conductor can be found to be

(scat) diO
by = -uJ[ H_dp (2-46)
0
' P=dig ® -0
= - 77 It 2 p, 90}
0=0 [y + (0 —pg)]
5y + 0D
e e R 2}
2 j 2 EO + (diO - OO)



Combining (2-45) and (2-46) we obtain

(scat) (scat) (scat) ul, d..d.
_ - i 30710 _
o5 = %50 * 4y o 0 G ) (2-47)
ij wO
since
2 2 2
dij = EO + (d 0" pO) (2-48a)
2 2 2
djO = gO + °0 (2-48b)

and Qij is easily identified as in (2-40b).

2.4 Determination of the Equivalent Induced Source Vectors and the Per-

Unit-Length Inductance Matrix for TYPE 2 Structures

Consider the system of n wires above an infinite ground plane shown
in Figure 2-1(b). The result for (n+l) wires given in (2-35) -~ (2-39)
can be extended to this case with the following observations. Consider
Figure 2-6. Clearly we may apply Faraday's law in the previous development
to the flat, rectangular surface in the x,y plane shéwn in Figure 2-6(b)
between the ground plane and the i-th wire and between x and x+Ax, This
flat, rectangular surface Si lies in the x,y plane. Equations (2-35) -

(2-39) will again be obtained. Equations (2-36) become for this case

(inc) (inc) (inc)
[E, ()], = By (b %) = Epy(0,%) (2-49a)
(inc) hi (inc)
[E, @], =f Epy (0;5%) doy (2-49b)
C
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et

(inc) hi (inc)
(B, = [ 1B 6,0 doy (2-49¢)

0
where Py is a straight-line contour in the y,z plane between the position
of the ground plane, y=0, and the i-th wire, and is perpendicular to the

ground plane, i.e. Py =V This is indicated in Figure 2-6(a).

(inc) .
Eli (hi’x) is the component of the érc%fent electric field parallel
ne
to the axis of the i-th wire at y=hi and Eli (0,x) is the component of

the incident field parallel to the gfound plane directly beneath the i-th
wire, In the program, it assumed that the net incident electric field
(the vector sum of the incident field in the absence of the ground plan®

and the portion of this field which is reflected by the ground plane) is

(inc)

; (inc)
obtained. Therefore Eli (0,x) = 0. E

i is the component of the

incident electric field parallel to p, and directed in the +y direction.

i
The per-unit-length inductance matrix, L, can be obtained in a fashion
similar to Section 2.3 by determining the scattered magnetic flux passing

through the surface Si between the i-th wire and the position of the

ground plane (the ground plane is replaced by image wires) and is given

by [1,9]
H 2hi
Llyg = 5 0 G0 (2-502)
wi
d,j*
_ _u i
[Llyy =35 % G (2-50b)
1]
i#]
for i, j=1, ---, n where
2
d, * = + 4h.h, -
i3 dij 4 1P (2-51)
-31-



2.5 Determination of the Equivalent Induced Source Vectors and the

Per~-Unit-Length Inductance Matrix for TYPE 3 Structures

Consider the system of n wires within an overall, cylindrical shield
shown in Figure 2-1(c). Obviously, a parallel development to that of
Section 2-2 and 2-4 can be used to obtain the equations (2-35) - (2-39).
The image of the i~th wire (assuming the i-th wire can be replaced by
a filament) is located at a distance of rz/r. from the shield center as

shown in Figure 2-7 [1]. Equations (2-36) become for this case

(inc) (inc) (inc)

[EQ(X)]]'. = EQi (‘rs—ri’x) = E,Q,i(OA’x) (2-52a)

(inc) sy (inc)

[E, @], = { By (p;»2) dpt (2-52b)

(inc) TsThy (inc)

[E (D], = f Ep (P;50) dp, (2-52¢)
0

where Py is a straight-line contour in the y,z plane between the i-th wire
and its image and beginning at the interior of the shield. This contour

is on a line between the i-th wire and its image.
(inc)
%i‘rs - ri,X) is the component of the incident electric field parallel
(inc)
to the axis of the i-th wire at y=r T, and E&i(o,x) is the compomnent

of the incident field parallel to the axis of the shield on the interior

of the surface. In the program, it is assumed that the net incident electric
(inc) (inc)

field is obtained so that E2i (0,x) = 0. Et' is the component of the
i

incident electric field parallel to Py and directed in the +y direction.

The per-unit-length inductance matrix, L, can be obtained in a fashion

~
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similar to Section 2.3 by determining the scattered magnetic flux passing
through a surface between the i-th wire and interior of the shield in the

y,x plane and is given by [1,9]

2 2
M rs B ri (2-53a)
= e— —————————— - a
[E]ii 2m tn (r r , )
s wi
2 4 2
T, (r.r.)” +r = 2r,r.r =~ cos O,
[L].. = = n {(=1) 132 54 1335 i 4
~ 2m s (r,x,)* +r, =-2r,r,” cos O,,
14 ij j ij i]
(2-53b)

where Oij is the angular separation between the i-th and j-th wires (see

Figure 2-1).

2.6 Determining the Entries in the Termination Network Impedance

(Admittance) Matrices

In order to implement this method, one is required to determine the

entries in the nyn terminal impedance (admittance) matrices, Z0

(Y0 and Yfﬁ)’ which characterize the termination networks at the two ends

and Zr

of the line as:

v(0) = -Z0 I1(0)

- Thevenin Equivalent (2-54a)
V(@) = Z I(X)
I1(0) = —YO v(0)

~ Norton Equivalent (2-54b)
@) = Y V(@

In these matrix equations, the entries in the i-th rows of the nyl vectors

-34~
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V(0) and y(i) are the line voltages of the i-th wire (with respect to the

reference conductor) at x=0 and x=Z, respectively.

The entries in the i-th

rows of the nyxl vectors E(O) and z(i) are the line currents in the i-th

wire (directed in the +x direction) at x=0 and x=Z, respectively.

The most straightforward situation occurs when each wire is directly

connected to the reference conductor via a single impedance as shown in

Figure 2-8. 1In this case we may write

and may easily identify the entries in Z

¢ N
[]

Vi(O) = —ZOi Ii(O)
Vi(i) = Zzi Ii(Z)
for i=1,---,n

0 and Exas
. og m——— w0 ]
01 -~
0 Z =~ l
t‘\ ~ 02 ™~ |
{ ~ ~NZ 0
| \\Oi\ ~
Om——— — = =0
Z 0—— — - — - = 0
~
L1 ~ - |
0\\ Z:t2 ~ |
I ~ ~ ~ I
| ~Zz 0
D e e e o = == () \an
=35~

(2-55a)

(2-55b)

(2-56a)

(2-56b)



X Nnx 0=X
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(M1 | (0)'1 47
_
|
9= f _ 4 -
u oil
(PY1 O, " (0)Y1

Figure 2-8.
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Clearly, the entries in YO and Yifor this case become

0 a/z.) o~ |
= ~
Yo I~ PN TN (2-57a)
"~
[ ~ - ~ -
O — e = = =0 (l/zon)
e — — T
(1/24) 0T N :
0 (1/z,.,) ~ |
v - | IT~ 12 ~ | (2-57b)
r ] ~ ~ ~0
~ ~
' ~ N
0 — — — =20 (1/z£)
| e
-1 -1 . . .
Note that YO = Zo and Yi= ZZ . In this case, determining the entries

in the terminal impedance (admittance) matrices is a trivial matter and the
terminal impedance (admittance) matrices are diagonal.

The more difficult case occurs when each wire is not connected directly
to the reference conductor by a single impedance. Two examples which
illustrate this situation are shown in Figure 2-9. First consider the
situation in Figure 2-9(a)., Here it is obviously not possible to obtain
terminal impedance (admittance) matrices which are diagonal., The termination
impedance matrices can, however, be obtained by defining loop currents in
which two of the loop currents so defined are the terminal currents Il(O)

and 12(0). Writing the required three loop equations we obtain
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VZ(O) -z, I - Z3(Ib - Ic) - 24(Ib + Ia - Ic)

1

Vi) =-z, I -2z, (I +T -1I)

0=12 Ic + Z3(Ic - Ib) + Z4(Ic - Ia -1I

5 )

b

The objective is to eliminate the current Ic from these equations leaving

Ia = Il(O) and I, = 12(0) as a function of Vl(O) and V2(0). The third

b

equation yields

. (Z3 + 24) Ib + Z
c (Z3 + Z

4 Ia
+ ZS)

4

Substituting this result for IC into the first two equations eliminates
the current IC from these equations and leaves
Vl(O) = Za Il(O) + Z

b 12(0)

v2(0) zC 11(0) + zd 12(0)

where Za’ Zb’ Zc’ Zd are the resulting combinations of Z Z Z Z4, Z

and we have substituted Il(O) = Ia’ IZ(O) =1

1> 72° 73 5
b

This technique can obviously be generalized for any number of wires and
additional extraneous loops in the termination networks, Treating the n
line voltages as independent sources and writing the required number of

loop equations for the terminal network, we may obtain
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| I_(0
v, (0) | L0
A | B
. ~ [~ .
(0) f I_(0)
v_(0 nxn nym
L S i -3 - (2-58)
0 | I
|
. C | D .
I 0 ] myn P mym L
— - -
In (2-58) we may eliminate the extraneous loop currents Il——- Im by

solving the second set of equations to yield

-

L,
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-

e g S b

Clearly, then we may identify
Z.==-(A-BD " C) (2-61)

The extension of this technique to obtain the Norton Equivalent char-
acterization employs a dual technique. Here we define node voltages (with
respect to the reference conductor at either x=0 or x=Z) of all nodes of
the termination network (including the n nodes connected to the line) and
write the node voltage equations of the network treating the line currents

as independent sources. Therefore we write (for x=X)

— - — I — 7 [— ) -
T, (@) l v, (@)
. A | B .
~ | ~
In(l) nxn , nxm Vn(i)
- —— — = |m———— - —_— - (2-62)
0 |l vy
* C D .
. ~ ] - )
0 myn mym G
L | bome | Y
Eliminating the extraneous node voltages V,,---,V_ we obtain
1 m
. --ptc |- (2-63)
i v ] V,n(l)J

Substituting we obtain
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— . r —_
Il(z) Vl(i)
. ~ ~ l\_l ~ .
= (A-BD C) (2-64)
I (%) vV (2
n n
L - |
and the terminal admittance matrix is identified as
~ ~ A_l ~
th = (A-BD c) (2-65)

As an example of a Norton Equivalent formulation, consider the termina-

tion network in Figure 2-9(b). Here we may write

1@ = (1/2) V,@)

1,@ = (1/2y) [V, = V(0]

IL,@ = (1/2,) [V,@® - V(0]

Thus we may identify Yo by writing

B . - T r -
Il(t) l/Z2 —1/22 0 Vl(t)
I,(2) = |-l/z, 1/z, 0 Vv, @)
I3(z) 0 0 1/Z1 V3(1)

j- —d L. - Ln -

Y1

Note for this example, it is not possible to obtain the Thevenin Equivalent

characterization, Zi’ since Ytis an obviously singular matrix.
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IITI. DERIVATION OF THE EXCITATION SOURCES FOR UNIFORM PLANE

N _ WAVE AND NONUNIFORM FIELD EXCITATIONS

In the previous Chapter, equations for the terminal currents of the
line were derived for general forms of the excitation field. 1In this Chapter,
we will derive explicit formulas for the equivalent induced source vectors
for uniform plane wave excitation of TYPE 1l and TYPE 2 structures. The co-
ordinate system and reference directions for the incident field which are

- assumed by the program will be indicated. The formulas for nonuniform field

excitation which assume a spatial piecewise linear characterization of the
incident field will also be derived.

In the following, some confusion may arise concerning the use of the
word "vector'". A spatial or physical vector will be denoted as E. A
matrix or column array vector is denoted by E. These two "vectors" are
obviously quite different quantities however the word "vector" will be used
for both with the distinction between the two, although generally obvious from
the context, being denoted by an arrow, >, over the symbol or a bar, -, under
the symbol.

The equations for the terminal currents of the line for all structure
types are repeated here for convenient reference. If the Thevenin equivalent

characterization of the terminal networks is chosen:

v(0) = -z, 1(0) (3-1a)

]

V@) ZI I(0) (3-1b)

then the equations for the terminal currents are
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[cos (k) {2z, + +j sin(k®) {2 +Zpz ~ z .} 1 I(0)
-0 ? (inc) < -E ~° . ne)  (3-2a)
=M+3jZ é— N-E E &) + [cos(kD) 1 + j sin(k®) Zf Z ] E 0)
(inc)
1) = -3 2,7 {N + sin(ka) E (o>} (3-2b)

+ [cos(k2) 1+ sin(ka) 2, ?o] 1(0)

If the Norton equivalent characterization of the terminal networks is chosen:

1(0) = =¥, V(0) (3-3a)

I(® Y V() (3-3b)

then the equations for the terminal currents are

[cos (k) {Y + Ki + j sin(ky) FYf Z. Y + Z } 1 [-V(0)]

~C.=0 .C
-1 ~{inc)

=Y M+32Z,  N-Y,EQ) (3-4a)

~= T ~ - ~L-t -1 (inc)
+ [cos (k) ¥£+j sin(kX) %C ] Et(O)

(inc)
I(® = -] z.~ {N + sin(k®) E (0) 1}
~C £ (3-4b)

+ [cos (kY) YO + j sin(k2) ZC 1 [-v(0)]

(inc) (inc)
The nxl induced source vectors M, N, Et(O), Etct), in these equations

are defined in the previous Chapter for the various structure types and the
entries in these vectors are due to the incident field. It is the purpos: ~f
this Chapter to derive the entries iﬁ these vectors for uniform plane wave
illumination of TYPE1 and TYPE 2 structures and nonuniform field illumination

of all structure types.

3.1 Basic Integrals

(inc) (inc)
The entries in the induced source vectors, M, N, Et(O), gt(t),in (3-2) and

(3-4) all involve integrals of compohents of the incident electric field

b=



intensity vector along certain spatial contours., It is, of course, highly
desirable for computer implementation to obtain closed form solutions for
these integrals. Throughout the following derivations, we will encounter two
fundamental integrals which must be evaluated. These are designated as

El(a,b,k) and E2(a,b,k) and are given by

b
El(a,b,k) = j, X eij dx (3-5a)
a
jkx
E2(a,b,k) =_/b e dx (3-5b)
a

The straightforward solutions of these integrals are

jkb _ _ jka jkb _ jka
T+ C —) (3-6a)

El(a,b,k) =S

e —e' )

Tx (3-6b)

Note that when k=0, evaluation of the solutions in (3-6) will result in
obvious problems. Of course, the integrals in (3-5) have well defined
solutions for k=0 and these are quite obviously

b2 - a2

2

El(a,b,0) (3-7a)

E2(a,b,0) = b-a (3-7b)

For values of the argument k equal to zero, the program evaluates (3~7).
The following solutions for the entries in the induced source vectors
(inc) (inc)

M, N, gt(O), gt(z) in (3-2) and (3-4) will be written in terms of these integrals

and the fundamental integrals are stored in the program as function
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subprograms. (See Section 4.2.)

3.2 Derivation of the Source Vectors for Uniform Plane Wave Illumination and

i

TYPE 1 Structures

(inc) (inc)
The basic source vector quantities, M, N, Et(O), Et(i), involved in

the equations for the terminal currents in (3-2) and (3-4) for TYPE 1
structures are given in (2-36) and (2-37) which are

(inc) (inc) (inc)
[EQ(X)]i Eli (diO’X) - Eli (0,x) (3-8a)

(inc) j 450 (inc)

[E, @1, = | E G B do, (3-8b)
0
, d, )
(inc) i0 (inc)
[E. (O] = ] E ;(;0) do, (3-8c)
0
f (inc)
M =[cos(k(i- x)) E (x) dx (3-84)
0
b (inc)
N = f sin(k(Z£- x)) El(x) dx (3-8e)
0
(inc) (inc)

where Eli(dio’x) and Eli(O,x) are the components of the incident electric
field in the x direction (along the line axis) along the i-th wire and along
(inc) (inc)
the reference wire, respectively. The quantities Eti(pi,I) and EtiQ)i,O)
are the components of the incident electric field along a straight-line
contour joining the i-th wire and the reference wire in planes (y,z)
transverse or perpendicular to the line axis at x=JZ and x=0, respectively.,
This contour is denoted by pi.

The coordinate system used to define the wire positions and shown in

Figure 2-4 is used to define the angle of arrival of the uniform plane wave
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and polarization of the incident electric field intensity vector. 1In de-
fining the wire positions for TYPE 1 structures, an arbitrary rectangular
coordinate system is established with the reference wire at the center
(y=0, 2z=0) of this coordinate system as shown in Figure 3-1. The i-th wire
has coordinates Y=Yis 25255 relative to this coordinate system. The
direction of propagation of the incident wave is defined in Figure 3-2 by
the angles Op and ¢p. The angle OE is the angular orientation of the electric
field intensity vector, E, in the plane containing E (which is perpendicular
to the direction of propagation) and measured from the projection of the y
axis onto this plane. The zero phase reference is taken at the origin of
the coordinate system, i.e., x=0, y=0, z=0,

The electric field intensity vector can be written in terms of
components as [12]

> ] e—j(kx x + ky y + kz z)
(3-9)

> >
x + E y + E

§(12C)[Exm
ym zm

N
The items E_ , E_, E_ are the magnitudes of the projections of E(lnc) in
xm® “ym’ Tzm

the x,y and z directions, respectively and ;,§,; are unit vectors in the
x,y, and z directions, respectively. The quantities kx’ k , and kz are the
components of the propagation constant, k, in the x,y and z directions,
respectively. To determine these quantities, note that the electric field
intensity vector can be most directly related to a spherical coordinate

>

> >
system in terms of the unit vectors r,0,¢ as shown in Figure 3-2. 1In this

spherical coordinate system, we may write [12]

> >
N k - R

%= (E +E O+E K
B rm r Om ¢m € (3-10)
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Figure 3-1.

The TYPE 1 structure.
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Figure 3-2. Definition of the uniform plane wave parameters.
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where from Figure 3-2

Erm =0 (3-11a)
EOm = ~Em cos @E (3-11b)
E¢m = —Em sin OE (3-11c)
K=k7r
R=rr=xx+yy+zz (3-114)

>

R is a vector from the origin to a point P and Em is the magnitude of the

electric field intensity. To determine the components E , E , E , k ,
xm’> “ym’® Tzm’® X

ky and kz in (3-9) we simply need the transformation from a spherical co-

ordinate system to a rectangular coordinate system (see reference [12], p.9).

Employing this conversion of coordinate systems, we find

Exm = -Em cos @E cos Op sin ¢p - Em sin OE cos ¢p (3-12a)
Eym = Em cos @E sin @p (3-12b)
om -Em cos OE cos Op cos ¢p + Em sin OE sin ¢p (3-12¢)

k =k sin 0_ sin 3-124d
y , sin ¢ (3-12d)

k =k cos © (3-12e)
y P

k =k sin ©_ cos 3-12f
] , cos ¢ (3-12£)

Calculation of the quantities in (3-8) proceeds as follows. The i-th
entry in the nxl vector M is

Z (inc) (inc)
M1, =f cos (k(£ = x)){Ey, (d;;,%x) - B, (0,x)} dx (3-13)

0
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where

- (inc) (inc)
Ezi(diO’X) - ESLi(O’x) - Ex|y=yi - EXIZ:B
z=z, (3-14)
i
= E e—jkxx {e™d (ky Yi + kz. zi) -1}
xm
and the i-th wire has y and z coordinates of vy and z5s respectively. Sub-
i stituting (3-14) into (3-13) one can obtain
- z
[1‘_’[]i = Exm {e-:I (ky Y + kz Zi) - l}f cos(k(ﬂ— x)) e-kax dx
0
. (3-15)
s ka 4 i
=E {e J(ky v * kz zi) -1HE j e (ke + kx)x dx
Xm 2
. 0
1 X3 AN
+= jeJ(k kx)xdx}
2
0
This result can be written in terms of the basic intergral E2 in Section
3,1 as
Em | —jk vy, + & z,) jkZ
M, = 5= {7y Vi T %5 B caMed T 200,84, (k + k)
(3-16)
+ eI B00,2, (- k) )
Similarly the entries in the nxl vector N become
- Z (inc) (inc)
1 [¥], =[ sin(k(Z- x)) {E, (@, ,%) - B, (0,)} dx
. O
(3-17)

E . : . s
- Txm {e™d (kyyi + kzzi)”'—l} {eJkt E2(0,%,-(k + kx)

_ ol kZ

E2(0,%, (k-k)) }
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(inc) (inc)
The calculation of the entries in the vectors Et(i) and gt(O)
(inc)
proceeds as follows, The i-th entry in Et(L) is given by

(inc) diO (inc)
[E, (@)1, =j' E G0 do, (3-18)

0

where Py is a straight-line contour in the y,z plane (at x=f) joining the
reference wire and the i-th wire. The i-th wire is located at y=Yy;s 2725
and the reference wire is located at y=0, z=0. The center-to-center

/ 2 2
= yi +zi .

Consider Figure 3-3 which shows this contour and the appropriate components

separation between the reference wire and the i-th wire is diO

of the electric field along this contour. For this situation, (3-18)

becomes
(inc) 40 e 2
[Et(I.)]i=f (Eym cos O + E,. sin 0) e I¥x
0 (3-19)
- + 1
{e J(ky cos 0O kz sin Q) Py }dpi
where
Yy
cos O = — (3-20a)
i0
z,
sin 0 = d—l (3-20b)
i0
Therefore, we obtain
(inc) . ik vy, +k z.)
_ -ik Z (e y i z 717 - 1) _
[E @)= E vy +E2) e x Ty * Ik, 2) (3-21)

This result may be written equivalently in terms of fundamental integral E2
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Figure 3-3.
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as
(inc)

ik €
[E (D= [E_y, +E 2] e % B2(0, 15 (ky v; + k, 2))) (3-22)

ym 1 Zm

(inc)
The i-th entry in the vector Et(O) is given by (3-22) withZ = 0.

3.3 Derivation of the Source Vectors for Uniform Plane Wave Illumination

and TYPE 2 Structures

(inc) (inc)
Derivation of the source vectors, M, N, Ey(O), gt(z), in (3-2) and

(3-4) for uniform plane wave illumination of n wires above a ground plane
(TYPE 2 structures) proceeds similarly. Here, we will determine E(inc) as
the net electric field which is the vector sum of the incident wave and
the wave reflected by the perfectly conducting ground plane. 1In this case,
the net electric field tangent to the ground plane will be zero. Therefore
(inc)
Eli(O,x) in (2-49a) will be zero. Again, an arbitrary rectangular coordinate
system is used to define the cross—-sectional positions of the wires. The
ground plane forms the x,z plane (y=0) as shown in Figure 3-4. The zero
phase reference for the incident field will be taken to be at the origin of
this coordinate system, i.e., x=0, y=0, z=0, The various angles defining the
direction of propagation of the incident wave and polarization of the electric
field intensity vector are the same as for TYPE 1 structures and are shown
in Figure 3-2,

The primary problem here is to determine the net electric field parallel
to the wire axes and between the i-th wire and the ground plane along a
contour perpendicular to the ground plane. This net electric field is the

vector sum of the incident field (in the absence of the ground plane) and

the portion reflected by the ground plane.

-54—



TYPE = 2
i
| (Z, 1)
| €y, /-’-r
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Figure 3-4. The TYPE 2 structure.

i ~55~



We may write the incident electric field

> 1 _ > i >, =jk x+k y+k z)
E "~ = (Exm x + Eym y + Ezm z) e X y z (3-23)

The angle of reflection between the reflected wave and the ground plane is
equal to the angle of incidence by Snell's Law [12]. Therefore we may im-

mediately write the form of the reflected wave as

ET = (8 X+E

r —J(kx X - ky y + kz z)
Xm ym

v+ Ezm Z) e (3-24)

At y=0, continuity of the tangential components of the electric field re-

quire that

T o._ogt L (3-25a)
Xm Xm Xxm

gF = -gr 2 .g (3-25b)
zm zm zZm

Consequently, the net x component of the electric field is given by

1 -j(k_x + + - -
e 3 ( < X ky y kz z) + E;m e j(kx X ky y + kz z)

Ex = E
Total

-4 + -3 i -
-E_ e Jl, x + K z){e hyy _ Jdkgy } (3-26)

-J(kx x + kz z)

-2j Exm 81n(ky y) e

where Exm is the magnitude of the x component of the incident electric

A i
field, i.e., Em = B Similarly, one may show that the net y component

of the electric field is given by [12]

-56-
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E - ) -j(k x +k z) _
Yrotal 2 Eym cos(ky y) e X z (3-27)
The components of the nxl vector M become
Z (inc)
M, =j cos (k(Z - %)) [E, (0], dx
0
z (3-28)
= j cos(k(Z - x)) E dx
Total
0 y=y,
z=z3

-jk =z Z -jk x
= -2jE e z i sin(k vy.) j- cos(k(Z - x))e ° x dx
xm vy 71i
0

I
s 1 L s
= -jE__ e szzi sin(k yi) ].{ejk e Jhx e kax

s ex i
+ e ez eI e kax}

dx

_— - z
= 38 e 9%,%5 sin(k y.) (3% B2(0,2, -(k + k)
Xm y i X

+ e 00,2, - k)

Similarly calculation of the entries in N yields

4

(inc)
[Ij]i = f sin(k(Z - x)) [Ex(x)]i dx
0
Z
= f sin(k(Z - x)) E dx (3-29)
Total
0 Y=yi
z=z
= —EXm e-jkzzi sin(ky yi) {ejk2£2(0,x,—(k+kx))
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I 520,27 (e - k) (3-29)

(inc)
The entries in Et (%) are given by

(inc) Yy
[E. D], = E dy
t i yTotal

O‘\

2=z

xmzt (3-30)

Yy

= f 2Eym cos (ky y) e_j (kxx+ kz zi) dy
0

y
i Jky -jk_ y

- 2z -
2Eym e jkx e jkzzi f S ; =T gy

0

y
-4k £ = y Lk
=E e jkx e jkzzi {f j'ejkyy dy +[ e yy dy}
0

ym
0
Y4 0
- L - 4
=E e jkx e jkzz:L {f ejkyy dy +f e:lkyy dy}
ym
0 -y,
- -ik X -jk z _
Eym e " x e z°1i {E2( Yis Yy» ky)}

(inc)
The entries in Et(O) are those of (3-30) withX= 0.

It should be noted that the above quantities can be determined in an
alternate fashion. Rather than determining the net electric field as the
sum of an incident and a reflected wave, simply replace the ground plane
with image wires as shown in Figure 3-5. The entries in the source vectors

can then be obtained by using only the incident field and treating the image

-58-




9!!

A_N ._hlv

\

;4

\

__ (ebowr)

77 1m
- { "2\

/

N7

L

(‘%)

Figure 3-5.

~59~



of the i-th wire as the '"reference'" for the i-th wire as

b4 .
(inc)
[}LI]]'_ =j cos(k(Z- x)) {EX

0 y
z

(inc)
- E
X

Z
=/cos(k(i- X)) {Exm e—j (kx x t ky Vi + kz zi)
0

- E

- - +
o J(kx X ky Yy kz
Xm

Zi) } dx

Z

= Exm e—szZi (e—Jkyyi ~eJkyyi)J[ cos(k(Z - x)) e—kaX dx
0

o Z .
=-2] EXm e—szzi sin(ky yi).[-cos(k(i'— X)) e—kax dx
0

==j EXm e_jkzzi sin(ky yi) {ejszZ(O,f,—(k + kx))
+ e_jkaEZ(O,f,(k -k )}
L4 (inc) (inc)
[g]i i]. sin(k(f-— x)) fEx l - EX } dx
0 y=y 4 y=-y4
z=z z=z,
i i
z *
=f sin(k(Z - x)) {Exm e (kx x + ky Yy + kz Zi) -
0
Exm e_J(kx - ky yi + kz zi)} dx
- -jk =z, jkz
=-E e~ z'i 51n(ky yi) {e E2(0,L,-(k + kx))

- e 50,2, k - k )}
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i (inc) Yy
[l_it(t)]i = j dy
e X=z
-y, 2=z,
Yy (e 2
{ =J{ eIk T+ ky y +k, 2y) dy
: Yy
= Eym e-kaz eIk,2y j e_jkyy dy
- _yi
z &
= - -ik —Jk,z {f eJkyydy+j eJyydy}
-y, 0
0
E o Ik o~k 2y {f i ejkyy dy +f ey’ dy}
0 Yy
_ -ik Z -ik z, _
= Eym e~ x" e Y72%1 {E2¢( yi’yi’ky)}

which are precisely the results obtained previously,

3.4 Calculation of the Source Vectors for Nonuniform Fields

(3~31c)

Nonuniform field excitation can be specified for all structure types.,
The problem here, again, is to evaluate equations of the form in (3-8).

This requires that we specify values (magnitude and phase) of the electric

field intensity vector along the wires and reference conductor and between

each wire and the reference conductor at the endpoints of the line.

To

accomplish this, we will specify values at a finite number of points along
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the appropriate contours and assume piecewise-linear variation of the electric
field (magnitude and phase) between the specified points. This is illustrated

in Figure 3-6.

(m)
For TYPE 1 strucutres, the values of E, EQO’ along the reference wires
(in the +x direction)at NQO + 1 points will specified as shown in Figure
(m)
3-6(a). The values of ﬁ, Eli’ along the i-th wire at NZi + 1 points will

(m) (m)

be specified. The values of E, Et and Eti’ at x=0 and x=Zalong a straight-

0

line contour in the y,z plane joining the reference wire and the i-th wire at

NtO + 1 and Ntz-+ 1 points, respectively, will be specified. Similar quan-

tities will be specified for TYPE 2 and TYPE 3 structures as shown in

Figure 3-6(b) and Figure 3-6(c), respectively, with the exception that E

is taken to be zero along the reference conductor for these two cases.,
Piecewise-linear variation of the electric field (magnitude and phase)

is assumed between these specification points as shown in Figure 3-7 where

the magnitude of the appropriate component of the electric field is denoted

and the angle is denoted by[ﬁ; . Thus the problem is the determination

by ]'
of quantities of the form in (3-8) for this piecewise-linear variation of the
field. The technique is to write linear equatiohs representing the piece-
wise-linear variation of the magnitude and phase of the field between suc-
cessive specification points and add the appropriate integrals over the
adjacent regions. |

The first problem then becomes to characterize the linear magnitude
and phase variation between two successive data points. Consider two
successive data points, X and X 410 which specify the magnitude of the
electric field, Em and E , and phase, Om and Om+1, respectively. Knowing

m+l

the end points, one can write linear equations characterizing the linear
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behavior between these successive points as

(I
|Em(x) =a X + bm (3-32a)
@m(x) =c X + dm (3-32b)
e E . -
; a ={ = _ = (3-33a)
[ m xm+l m
X - X
b { m  mt+l - :+l m } (3-33b)
m X+l m
‘ 0
l = mtl ! (3-33¢)
i xm+l
1 X - X
l dm { m mtl - z+l m} (3-33d)
) Xkl m
5
; The electric field is then characterized by
’ O _(x)
' Em(x) = lEm(x)| e3"m (3-34)
I
i The quantities of the form in (3-8) which must be evaluated involve
{ certain integrals involving the form (3-32), The first type is of the
‘ -
f form in (3-8d) which can be evaluated as
;
]
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m+1 .
f( cos(k(X - x)) {am x + bm} e’ (‘Cm x + dm) dx (3~153)

X
m

Xm+l
eJdm {am f cos (k(Z - x)) x eI “n® dx

X
m

Xm+l
+ bm j cos (k(Z - x)) el dx}

X
m

1)

jd ‘kZ
& m J -
5 {am e El(xm,x k)

c
m+l’ m

—jki_ .
+ a e El (xm,xm+l,cm+k)

+b_ e kZ -k)

m E2 (xm,x

m+1° “m

-jk”Z
e E2 (xm, X 1 ,cm+k) }

The second form is similar to (3-8e) which can be evaluated as

+
X dm) dx

Xm+1 i (
f sin(k(X - x)) {am x + bm} el “Cn (3-36)

eJkZ k)

e " m {a El(x ,x
m m

m+1’ “n

_ -ikX
a_ e El (xm, X 410 cm+k)
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ik?

+b e E2(x ,x -k)
m m

m+1’ Sm

_ -jk%
bm e E2(xm,xm+l,cm+k)}

The third forms are similar to (3-8b) and (3-8c) which can be evaluated as

X
m+1 .
f (a_x+b) el (e x+d) 4y (3-37)

X

= e m {am El(xm,xm+l,cm)
+ bm E2(xm,xm+1,cm)}

The program computes the items in (2-36) and (2-37) for TYPE 1
structures; (2-49) and (2-37) for TYPE 2 structures; and (2-52) and (2-37)
for TYPE 3 structures by breaking up the appropriate integrals and adding
the integrals between each pair of successive data points. The data points
need not be equally spaced along the appropriate contours so that one can
model localized, extreme variations in the fields without using an in-
ordinately large number of data points. In specifying the sequence of
electric field components along each contour, one must insure that the

first and last specification points are at the two ends of the contour and
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IV. COMPUTER PROGRAM DESCRIPTION

The contents and operation of the code will be described in this
Chapter. The cards in the program deck are sequentially numbered in
columns 73-80 with the word WIRE in 73-76 and the card number in 77-80.
The program is written in Fortran IV language and is double precision. A
listing of the program is contained in Appendix B and a general flow chart
of the program is given in Appendix B. 1In this flow chart, the numbers on
the left and right of the individual boxes denote the beginning and ending
card numbers of the corresponding portion of the code listing, respectively,
Changes in the program to convert to single precision arithmetic are in-
dicated in Appendix B. The program has been implemented on an IBM 370/165
digital computer at the University of Kentucky using the Fortran IV G-Level
compiler.

The program requires two function subprograms, E1 and E2, and one sub-
routine, LEQT1C, which must follow the main program and precede the data
cards. Subroutine LEQTIC is a general purpose subroutine to solve a set
of n, complex, linear simultaneous equations and is a part of the IMSL
(International Mathematical and Statistical Library) package [13]. If the
IMSL package is not available on the user's system, other appropriate
general purpose subroutines may be used. (See Section 4.2 for a discussion
of LEQT1C and its argument list.) Listings of function subprograms El

and E2 are contained in Appendix C.

4.1 Main Program Description

A listing of the WIRE program is contained in Appendix B. Cards 0001

through 0055 contain general comments concerning the applicability of the
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program. Cards 0057 through 0060 contain the array dimension information.
All vectors and matrices should be dimensioned to be of size N where N

is the number of wires exclusive of the reference conductor. These matrices
and vectors must be dimensioned appropriately for each problem. Cards 0062
through 0069 declare double precision real and complex variables and
dimension the vector and matrix arrays.

Cards 0071 through 0080 define certain constants,

CMTM (conversion from mils to meters) = 2.54 x lO-5
MUQ2PI = u/2w
ONE = 1.

P5 = ,5

FOUR = 4,
ONE80 = 180,
ZERO = 0.

TWO = 2,

ONEC =1, + jO.
ZEROC = 0, + jO.
XJ = 0. + jl.

2,997925 x 108 m/ sec

V(velocity of light in free space)
PI =T

RADEG(conversion from radians to = 180,/n
degrees)

Note that 7 is computed to the user's machine precision by using the

relationship

tan (v/4) =1
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Cards 0086 through 0145 read and print portions of the input data and
perform certain primitive error checks., These cards read the structure
type (TYPE=1,2,0r3), the load specification option (LS0=11,12,21,0r22),
the field specification option (FSO=1,o0r2), the number of wires, N, the
relative permittivity of the medium, ER, the relative permeability of the
medium, MUR, and the line length, L. In addition, for TYPE 1 structures,
the radius of the reference wire, RWO, and for TYPE 3 structures, the
interior radius of the overall, cylindrical shield, RS, are read.

Cards 0150 through 0197 read the radii, T and the z, and i coordinates

(ri and O, for TYPE 3) for the N wires and compute the entries in the

i
characteristic impedance matrix. The z and y coordinates are stored in the

real, nxl vectors V3 and V4, respectively:

z, for TYPE 1,2
i > V3(I)

ri for TYPE 3

v; for TYPE 1,2
> V4 (1)
@i for TYPE 3
In addition, the entries in the nyn, real characteristic impedance matrix,
ZC’ are temporarily stored in the real parts of the nyn complex matrix

Ml. This is done to minimize the required array storage in the program

since the matrix M1 will be needed later as a complex matrix.

Matrix Array
Zo M1 (real part)
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Cards 0202 through 0211 compute the inverse of ZC’ ZC , which is

~

stored in the real parts of the nyn, complex arrays M2 and M3. Subroutine

| - LEQT1C computes this inverse by solving the system of equations AX = ln

~

. -1
where 1n is the nyn identity matrix. The solution X is therefore A ",

~ ~ ~

(See Section 4.2 for a more complete discussion of subroutine LEQTI1C.)

Since the real part of M1 contains the characteristic impedance matrix, the

real part of the nyn, complex solution matrix, M2, will contain ZC .

Therefore

, Matrix Array
ZC_1 M2 (real part)
-1
ZC M3 (real part)

Cards 0222 through 0254 read and print the entries in the terminal
impedance (admittance) matrices at x = 0, Z0 (Yo), and at x =I, Zf(Yi)'

[ These are stored in the nyn, complex arrays as

Thevenin Equivalent Norton Equivalent Array
Y
Zo Yo 0

Z
2 'z L

Cards 0259 through 0267 interchange the entries in arrays M1 and M2

. if the Thevenin equivalent characterization is chosen. Thus

; - Thevenin Equivalent Norton Equivalent Array
’ -1

Zc Z¢ Ml

-1

%C %C M2
[ -1 -1

Zc 2¢ M3



Cards 0273 through 0292 compute the quantities:

Thevenin Equivalent Norton Equivalent Array
Z+Z lZ YZY+Z1 M2
i 4 C -0 ~r.Cc .0 ~C

The contents of this array M2 will be retained throughout any frequency
iteration so that these matrix products need be computed only once.
Cards 0293 and 0294 compute the phase constant for a frequency of one

hertz and its product with the line length:

Quantity Variable
2w
kl = — BB
1 Hertz
(vo/u EL)
k;cll Hertz BBL

To obtain the propagation constant at each frequency, BB is multiplied by
the appropriate frequency.
Cards 0300 through 0323 read the input data describing the uniform

plane wave if FSO = 1, i.e., Em, 0

B’ Op, ¢p, and compute the x, y, z

components of the electric field and propagation constant (for one Hertz)
as shown in (3-12).
Cards 0327 through 0333 read the frequency on the first frequency card

and compute the propagation constant, k, k&, sin(kx), cos(kf):

-74-
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Quantity Variable

k BETA
kL BETAL
sin(k?) DS
cos (k) DC

If uniform plane wave field specification is selected (FSO = 1), cards
0342 through 0351 compute certain preliminary quantities to be used in
(inc) (inc)
computing the induced source vectors M, N, E&(O), Ek(i). If TYPE 1

structures are selected, cards 0357 through 0370 compute the items in

these induced source vectors as:

Vector Array
M (3-16) V1
N (3-17) V2
(inc)

E _(0) (3-22,1 = 0) ETO
(%nc)

E @ (3-22) ETL

If TYPE 2 structures are selected, the items in the induced source vectors

are computed in cards 0375 through 0386 as;

Vector Array
M (3-28) V1
N (3-29) V2
(inc)

gt(O) (3-30,% = 0) ETO
(inc)

Et(ID (3-30) ETL
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If nonuniform field excitation (FS0=2) is selected, cards 0399 through
(inc) (inc)
0542 compute the entries in the induced source vectors M, N, Et(O), Eth)Q
Cards 0399 through 0439 read the magnitude and phase of the incident electric
field at specification points along the reference wire and compute the
portions of M and N along the reference wire if TYPE 1 structures are
selected. If TYPE 2 or TYPE 3 structures are selected, this computation is
bypassed since for these types of structures it is assumed that the total
electric fields tangent to the ground plane and the interior wall of the
cylindrical shield are zero. Cards 0444 through 0479 read the magnitude
and phase of the incident electric field at specification points along the
wires and compute the entries in M and N for each wire which are stored in
arrays V1 and V2, respectively. (The i-th entries contain the results for
the i-th wire.) Cards 0484 through 0510 read the magnitude and phase of
the incident electric field at specification points along contours in the
¥, 2z plane between the reference conductor and the i-th wire at x=0 and
(inc)

compute the entries in EE(O) which are stored in array ETO. (The electric
field is tangent to these contours.) Cards 0515 through 0542 repeat this
calculation for x=z and compute the entries in gf;; which are stored in

array ETL.

Cards 0548 through 0592 form the equations

[cos (k¥) { Z, + Z,} + 3 sin(ke) { Zo + zizc"1 Z,} 1 1(0) =
- ~—l (inc) -~ ~ -1 (inc)
=M+ j Zi ZC N= Et(l) + [cos (k®) 1n + j sin(kz) ZZZC ] Et(O)

~

~

for the Thevenin Equivalent specification (LS0=11,12) or
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[cos(kf){Y + Yx} + 3 san(k.‘f){YrZ Y + z }] [-v(0)] =

' -1 (inc) ' -1 (inc)
=YpM+ 3z N -f Et(i) + [cos(k2) Yt ] sin(kf) Zg ] Et(O)

~C
for the Norton Equivalent specification (LS0=21,22). The coefficient matrix
is stored in array A and the right-hand side vector of the equations is

stored in array B, The arrays V1, V2, ETO, ETL contain

Vector Array
(inc)

M- E (L) vl
- =t

-1 (1nc)
~C (0) ETL
(inc)
E_(0) ETO
-t
N V2

, -1
The main diagonal entries in the array M1 contain Z N

-C -
Vector Array
-1 .
Z N M1 (on main diagonal)

-C

Subroutine LEQT1C is called for the solution of these equations in card
0596 and the solution vector (Z(O) for LS0=11,12 or -V(0) for LS0=21,22)
is returned in array B.

The terminal currents are computed in cards 0610 through 0641, Cards

0610 through 0618 compute the quantities:
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Thevenin Equivalent Norton Equivalent Array

Z, 1(0) 1(0) = ¥, [-V(0)] VA

Cards 0619 through 0631 compute the terminal currents at x=Z for the

Thevenin Equivalent from

-1 (inc) -1
I = -] Ze { N + sin(k?) gt(O)} + [cos (k) 1n + 3 sin(k¥) Z, Zg
and for the Norton Equivalent from
-1 (inc) -1
I(®) = -j ZC { N+ sin(k?) Et(O) }+ [cos(kX) YO + j sin(kX) ZC 1 [-V(0)]
4.2 Subroutine LEQT1C
Subroutine LEQT1C is a general subroutine for solving a system of n
simultaneous complex equations. The program is a part of the IMSL
(International Mathematical and Statistical Library) package [13].
The subroutine solves the system of equations
X =B (4-1)

[

where A is an nyn complex matrix, B is an nym complex matrix and X is an

~ ~

nxm complex matrix whose columns, §i’ are solutions to
A X, =B (4-2)
L i

where gi is the i-th column of B.

-~

The calling statement is

CALL LEQT1C(A,N,N,B,N,M,WA,IER)

-78-~
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where

o >
¥ ¥
TR R =

=
¥
=]

and WA is a complex working vector of length n., TIER is an error parameter

which is returned as

IER

il

128 -+ no solution error

IER

129 -~ A is algorithmically singular [13].

The solution X is returned in array B and the contents of array A are

destroyed.

Subroutine LEQT1C can be used to find the inverse of an nyxn matrix by

computing

(4-3)

AX=1
- .n

where 1n is the nyxn identity matrix, Thus the solution is X = A_l. LEQTI1C

~ ~

is used in numerous places to invert real matrices by defining the real part

of A to be the matrix and the imaginary part to be zero. Upon solution,

the real part of X is the inverse of the real matrix, A,

~ ~

4,3 Function Subprograms E1 and E2

Function subprograms El and E2 are used to evaluate (in closed form) the

1 . . . .
The solution error parameter is printed out whenever A is singular. The

error is IER-128 so that the solution error will be 1“when A is singular.
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commonly occurring integrals:

b
jkx
El (a,b,k) = X e dx (4-4)
a
b
E2 (a,b,k) =J[ oI gy (4=5)
a
Function E2 can be esvaiuvated as
jkb jka
e - e
E2 (a,b,k) = —-*”“J-‘l:-*-—— (4-6)

which can be written in an alternate form as

jk (b+a) J_IL(E:E)_ _;L__._-k(b_a)
— 2

e 2 & - e ) (4-7)

E2 (a,b,k)

- jk(ba)  -jk(b-a)
jk(b+a) > >

- e 2 (e ~-. e )

(b-a)
(b-a) 2
2

jk(bt+a)
2

jk
sin{'kéh:il—}

(b-a) k(b-a) e
9

&

This form of E2 is more attractive from a computational standpoint since the
sin(X)/X expression in the final result can be computed quite accurately

for small values of the argument whereas the form in (4-6) may suffer from
roundoff errors when k is small. In fact,a test was conducted on the IBM
370/165 in double precision by computing the function sin(X)/X for values

of X=1, .1, .01, .001, --—-, 10_78 until exponential underflow occurred.

The results converged to the expected value of 1. 1In fact, K for values of

X from 10_8 to 10_78 the result was '22——\,-—— ]
15 digits

1 Note that these integrals can be analogously viewed as Fourier Transforms.

Although this concept is interesting, it provides no significant help since
the evaluation of these integrals can be easily obtained in a straightforward
manner without resorting to a table of transforms.
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Tiv function E2 is computed in the function subprogram E2 with

argument list

E2 (A, B, X)

. . ; X
The quantity DIF=B-A is computed as well as the quantities FA=§ DIF and

X
FB=§ (B+A). If FA=0, the program evaluates E2=DIF since sin(FA)/FA = 1.
If not, the program evaluates E2=DIF {sin(FA)/FA} eJFB.

Finding a more suitable computational form for El is considerably more

complicated. El can be evaluated as
b

El (a,b,k) = JA xed ¥ gx (4-8)

a

jkb aejka eka _ eJka

be
- ik 2

This result can be separated into i real and imaginary part, i.e.,

El(a, b, k) = RE+ j IM (4-9)

wheve
+ . _ _ .
RE = cos (kb) kb s1n(kg) cos (ka) ka sin(ka) (4-10a)
k
M = sin(kb) - kb cos(kg) - sin(ka) + ka cos(ka) (4-10b)
k

The real part can be written as
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RE = 5 (2 sin{ KOy g4 ¢ KED)y (4-11)
K 2 2

b sin(kb) - a sin(ka)

k
) k (b+a) , k(b-a)
sin{ —7—=-} sin{ —=4—*}

=_(bz_azl[ 2 2

2 k (b+a) k (b-a)

2 2
2 sin(kb) _ .2 sin(ka)

th g 3 e

Note that this form of the real part of El contains only sin(X)/X expressions
and can be computed very accurately for small X. Notice that as k>0, the real

part becomes

RE = ——— (4-12)

which is precisely the value of El(a, b, k) when k=0. Therefore the
imaginary part of El must go to zero as k goes to zero.

The imaginary part of El can be written as

_ sin(kb) - kb cos(kb) - sin(ka) + ka cos(ka)

K2 (4-13)

sin(ka)}

sin(kb) }
ka

af{ cos(ka) - b

- b { cos(kb) -
k

Note that as k»0 there is a distinct possibility of roundoff error in

computing the function

sin (0)

cos(0) - 5

(4-14)
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which is involved in (4-13).

stable form of (4-14) for small O,

expansions into (4-14) we obtain
sin(0) 0 0 0 0

cos (@) - 5 = 1 - ET.+ T + a7

2,11 6.1 1, 6,1
=0T -3 e gy - S 0 (g
2,2 4 6,6
075 + 0 (5 - 0 (5
8.8, _ 40,10 12, 12
+ 0 C“;T (=7 ll') 0 (—IgT) ceens
R S R
3 10 * 280 ~ T5120 ' 1330560

172972800 et

Therefore our primary task is to find a more

Substituting the appropriate series

(4-15)

For |O]<'I, one can show by using the alternating series test (see [10],

page 317) that this series (obviously) converges.

portion of (4-15)

o* 0* e°

Notice that as 0,

e8

1-70 v280 "~ 15100 F

-83-
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converges tc 1. <(learly, as k>0, the imaginary part of El, IM, conves_. .
to zero, as expected.

We will select a value of [©] = .01 = .573° as the point below which
we evaluate a truncated portion of (4-16)., The tradeoff here is to select
a value of |0| small enough so that a truncated portion of (4-16) will not
require many terms for sufficient accuracy yet l@l is not too small to re~
sult in round off error when evaluating (4-13) directly. We have selected

the value to be |®| = ,01 and will truncate the series in (4-16) to

a “'%6 (4-17)

sin ©
0

For |©] = .01, the cos ©and terms in (4-14) are identical to only

4 digits, This should provide sufficient accuracy tc prevent any significant
roundoff error in (4-14), In evaluating (4-16), we will obtain accuracy

to 10 digits by using the truncation in (4-17). (Note, for © = ,01, @2/10=10_
0%/280 =3.57 x 1071, ¢®/15120 = 6.61 x 1077, and terms with higher

powers of © affect only those digits well to the right of 16 places.) Thus

this criterion seems to provide sufficient accuracy while limiting the

roundoff error in evaluating IM. Therefore, our result is
IM = IMA - IMB (4-18)

where

sin(ka) }

o |ka| >.01 (4-19a)

MA

%{ dos (ka) -

3 2
_ ka’ . (ka) .
=- 3 11 - o } |ka| < .01

~84—-
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B = B { cos(ib) - SBED) 3 L op (4~19b)
K kb '
3 2
kb k '
T I
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V. USER'S MANUAL

This section will serve as a user's manual for the program. All input
data are punched on cards which must follow the main program (and any
subroutines). The format of the data input cards as well as suggestions
for program useage are included. All of the programs require three groups

of data input:

Transmission Line g
Group I . .
P Structure Characteristics Cards

Termination Network
Group II
Characterization Cards

Group II(a)
Group II(b)

Group III {.Field Specification Cards }

These card groups must follow the main program (and any required subroutines)
in the above order. The data entries are either in Integer (I) format,
e.g., 35, or in Exponential (E) format, e.g., 12.6E~3, All data entries
must be right-justified in the assigned card column block. These data
entries are printed out by the program. It is highly recommended that
the user check the printout to insure that the input data are as intended.

In the program, the user must appropriately dimension all arrays for
each problem, Comment cards are provided at the beginning of the program
to assist the user in providing proper dimensions. All arrays must be
properly dimensioned by repunching the dimension statement cards in the

program before using the program.
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5.1 Transmission Line Structure Characteristics Cards, Group T

WIRE considers (n+l) conductor transmission lines consisting of n
wires in a lossless, homogeneous surrounding medium and a reference con-
ductor for the line voltages. The n wires and the reference conductor
are considered to be perfect (lossless) conductors, There are three

choices for the reference conductor type:

it
=

TYPE The reference conductor is a wire,

1l
N

TYPE The reference conductor is an infinite
ground plane,

TYPE = 3: The reference conductor is an overall,

cylindrical shield,

Cross-sectional views of each of these three structure types are shown in
Figure 5-1, 5-2 and 5-3, respectively,

For the TYPE 1 structure shown in Figure 5-1, an arbitrary rectangular
coordinate system is established with the center of the coordinate system
at the center of the reference conductor. The radii of all (n+l) wires,
rwi’ as well as the Z and Y coordinates of each of the n wires serve to
completely describe the structure., Negative coordinate values must be
input as negative data items. For example, Zi and Yj in Figure 5-1 would
be negative numbers.

For the TYPE 2 structure shown in Figure 5-2, an arbitrary coordinate
system is established with the ground plane as the Z axis. The coordinates
Yi and Yj ( positive quantities) define the heights of the i-th and j-th

wires, respectively, above the ground plane. The necessary data are the
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1

v
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z
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Reference Wire

(Z;,Y;)

The TYPE 1 structure.

Figure 5-1.
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TYPE =2
"
| (Z, V1)
| €y Hr
YI )
i (Z;,Yy)
| @ _~ Al J
I

|
|
| |
I |
| |
| |
/ ,Z? / / Z; /Ground/ Plc&)ge

Figure 5-2. The TYPE 2 structure.
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TYPE =3

Figure 5-3. The TYPE 3 structure.
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Z and Y coordinates and the radius, rwi’ of each wire.

For the TYPE 3 structure shown in Figure 5-3, an arbitrary cylindrical
coordinate system is established with the center of the coordinate system
at the center of the shield. The necessary parameters are the radii of the
wires, LI the angular position, Oi, the radial position, Tis of each
wire and the interior radius of the shield, L

The format of the structural characteristics cards, Group I, is
shown in TABLE 1. The first card contains the structure TYPE number
(1, 2, or 3), the load structure option number, LSO, (11, 12, 21, or 22),
the field specification option number, FSO, (1 or 2), the number of wires,
n, the relative dielectric constant of the surrounding medium (homogeneous),
€ the relative permeability of the surrounding medium (homogeneous), Mos
and the total length of the transmission 1ine,i, (meters). If TYPE 1 or 3
is selected, a second card is required which contains the radius of the

reference wire, r (mils) for TYPE 1 structures or the interior radius

w0’
of the shield, L (meters) for TYPE 3 structures. For TYPE 2 structures,
this card is absent. These cards are followed by n cards each of which

contain the radii of the n wires, LI (mils) and the Zi

of each wire (meters) for TYPE 1 and 2 structures or the angular coordinates

and Yi coordinates

r, (meters) and Oi (degrees) of the i-th wire for TYPE 3 structures. These

n cards must be arranged in the order i = 1, 1 = 2, ===, 1 = n,

5.2 The Termination Network Characterization Cards, Group II

This group of cards conveys the terminal characteristics of the term~
ination networks at the ends of the line, x = 0 and x =I. The termina “on

networks are characterized by either the Thevenin Equivalent or the Norton
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TABLE 1

Format of the Structure Characteristics Cards, Group I

Card Group #1 (total = 1): . card column format

(a) TYPE (1,2,3) 10 I

(b) LOAD STRUCTURE OPTION,LSO, 19 - 20 I
(11,12,21, or 22)

(c) FIELD SPECIFICATION OPTION, FSO, 30 I
(1 or 2)

(d) n (number of wires) ‘39 - 40 I

relative dielectric
(e) r ‘constant of the surrounding medium 41 =50 E
relative permeability of the _
(£) r (surrounding medium) 51 60 E
(g) I (1ine length in meters) 61 - 70 E

total = 1 if TYPE
total = 0 if TYPE

1lor 3
9 )

Card Group #2 (

a1, radius of reference _
(a) TYPE = 1: ) (wire in mils ) 6 15 E

(b) TYPE = 2: absent

(interior radius of)

(c) TYPE = 3: s 'shield in meters 6 - 15 E

Card Group #3 (total. = n)

(a) rwi(wire radius in mils) 6 - 15 E

(b) Zi for TYPE 1 or 2 in meters 21 - 30 E
ri for TYPE 3 in meters

(c) Yi for TYPE 1 or 2 in meters 36 - 45 E

Oi for TYPE 3 in degrees

Note: Cards in Group #3 must be arranged in the order:

wire 1, wire 2, ,,., wire n
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Equivalent characterization. These characterizations are of the form

Y(O) = - %0 I(O) Thevenin

(5-1a)
V(@) = % 21 ) Equivalent
I(0) = - go v(0) Norton

(5-1b)
I(@) = Y,oV(D) Equivalent

(See Volume VII or.Chapter IT for a more complete discussion of determining
the entries in %0’ %i . XO and ?1 [2].) The transmission line consists of
n wires which are numbered from 1 to n and a reference conductor for the
line voltages. The reference conductor is numbered as the zero (0) con~

ductor., Thus Z are nyn matrices which are assumed to be

Zo» 22> Yoo Iz
symmetric. The n entries in each of the nxn vectors, V(0) and V(£), are
the line voltages with respect to the reference conductor at x=0 and x= X,
respectively. The n entries in each of the nxn vectors, I(0) and I(#£),
are the line currents at x=0 and x=Z, respectively, The currents at x=0
are directed out of the termination networks whereas the currents at x= &
are directed into the termination networks. The entries in
these four vectors are arranged in the order wire 1, wire 2, ---, wire n.
The impedance or admittance matrices, % and Eior 'f

0 0

respectively, may either be "full" in which all entries are not necessarily

and Y't,

zero or may be diagonal in which only the entries on the main diagonals are
not necessarily zero and the off-diagonal entries are zero. The user may

select one of four LOAD STRUCTURE OPTIONS (LSO) for communicating the
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entries in the vectors and matrices in (5-1). These are:

1S0 = 11 Thevenin Equivalent representation;
diagonal impedance matrices, Z0 and Zi'
Thevenin Equivalent representation;
LSO = 12 . .
full impedance matrices, ZO and ZIu
LSO = 21 Norton Equivalent representation;
diagonal admittance matrices, YO and YI. }
LSO = 22 g Norton Equivalent representation;
full admittance matrices, YO and Y1°

The structure and ordering of the data in Group II are given in Table
2 and can be summarized in the following manner. The first group of cards
in Group II, Group II(a), will describe the entries on the main diagonal
in ZO(%O)’ YOii(ZOii)’ and g;f(%I)’ Yiii(zfii)' These cards must be in
the order from 1 = 1 to i = n. Each of these entries is in general, com-
plex. Therefore two card blocks are assigned for each entry; one for the
real part and one for the imaginary part. For example, consider a 4 con-
ductor line (3 wires and a reference conductor). Here n would be 3.
Suppose the Thevenin Equivalent characterization is selected, with the

following entries in the characterization matrices:

7 + i8 0 0
7 o 39 0
0 0 10 + 411
16 0 0
Zp =1 O

17 + j18 0
0 0 319 J

-9



. A T

P

3T e T

.

T s

RV —

R s e

N

TABLE 2 (continued)

Format of the Termination Network Characterization Cards, Group II

Group II(a) (total = n)

card column format
real part 1 -10 E
Yoii %011 {
imaginary part 11 - 20 E
real part 41 - 50 E
Y211 %)
imaginary part 51 - 60 E

Note: A total of n cards must be present for an n wire line and must be

arranged in the order:

wire 1
wire 2
.

L ]
wire n
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Group II(b) (

total 0 if OPTION

TABLE 2

total = n(n-1)/2 if OPTION = 12 or 22,

real part
Y013 %o13? {

imaginary part

- real part
Yri5 ¥4 {

imaginary part

= 11 or 21 /
card column format
1 -10 E
11 - 20 E
41 - 50 E
51 - 60 E

Note: If LSO = 12 or 22, a total of n(n-1)/2 cards must be present and

must follow Group II(a). If LSO

= 11 or 21, this card group is omitted.

The cards must be arranged so as to describe the entries in the upper

triangle portion of go(go) and Y’i(gi) by rows,i.e., the cards must

contain the 12 entries, the 13 entries, -——, the 1ln entries, the 23
entries, —--, the 2n entries, --- etc. The ordering of the cards is
therefore:

wires 1,2

wires 1,3

wires 1,n

wires 2,3

wires 2,4
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Dhe wouid have selected LSO=11,

order)

Group
TI(a) ¢

Card
column

7.E0
0.EO

10.E0
;f‘
10

8.EU
9.E0

11.EO
+
20

The n=3

16,E0

17.E0

0.F0

0.E0
18.EQ

" 19.E0

4
60

cards would be arranged (in this

If the terminal impedance matrices were not diagonal, e.g., LSO=12 is

selected, then n(n-1)/2 additional cards, Group II(b), would follow the

above n cards comprising Group II(a).

These cards describe the entries in

the upper triangle portion of the termination impedance or admittance

matrices by rows,

matrices:

Suppose the networks are characterized by the Z@nd Z£

7 + 38
= +4 42
%0 20 + j21
22 + j23
16
,Z,1= 26 + j27
28

20 + j21
i9

24 + 3§25

26 + 27
17 + §18

329

22 + j§23
24 + 725

10 + j11

28
j29

j19

The following n(n-1)/2 = 3 cards must follow the above 3 cards in the

order of the 12 entries first, the 13 entries next and then the 23 entries:
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20.E0 21.E0 26.E0 27.E0

Group

. 28.E 0.EO
II1(b) 22.E0 23,E0 0

24 .E0 25.E0 0.EO0 29.E0
Card + + + +
column 10 20 50 60

5.3 The Field Specification Cards, Group III

There are two Field Specification Options (FSO) for specifying the form

of the excitation field:

FSO = 1 Uniform plane wave illumination
of the line(TYPEl or TYPE 2 structures
only)

FSO = 2 . ) Nonuniform field illumination of
the line (all structure types)

5.3.1 Uniform Plane Wave Illumination, FSO=1

For uniform plane wave illumination of the line, FSO=1, the format of
the data cards is shown in Table 3 and consists of two card groups. Card
Group #1 consists of one card containing the magnitude of the electric
field intensity vector, Em’ the angle between this vector and the projection
of the y axis on the plane containing E (this plane is perpendicular to the
propagation direction), the angle between the y axis and the direction of
propagation, and the angle between the z axis and the projection of the
propagation vector onto the x,z plane. (See Figure 5-4.) The x coordinate is
parallel to the n wires and reference conductor, and the y,z plane forms

the cross-section of the line, The origin of the coordinate system,
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TABLE 3

Format of the Field Specification Cards, Group III, for Uniform Plane Wave

Illumination, FSO=1, (See Figure 5-4)

Card Group #1 (total = 1): card column format

(a) Em (nagnitudz of the electric field 1 -10 E
intensity vector in volts/meter)

(b) OE (angle of electric field intensity 16 - 25 E
vector in degrees)

(c) ©_ (angle of propagation direction 31 - 40 E
from y axis in degrees)

(d) ¢ _(angle of projection of propagation 46 - 55 E
direction on the x,z plane from z
axis in degrees)

Card Group #2 (total = unlimited)

(a) Frequency of incident wave in Hertz 1 -10 E
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x=0,y=0,2z=0, is fixed by the user according to the specification on Card
Group I. (See Figure 5-1 and 5-2.) The zero phase of the incident
wave is taken at the origin of this coordinate system,

Card Group #2 for FSO=1 consists of an unlimited number of cards with
each frequency of the incident wave on each card. More than one frequency
card may be included in this frequency card group. The program will
process the data provided by Groups I and IT and the wave orientation data
in Group #1 in Table 3 and compute the response at the frequency on the
first frequency card. It will then recompute the response at each
frequency on the remaining frequency cards. The program assumes that the data
on card Groups I and II and the wave orientation data in Greoup #1 in Table
3 are to be used for all the remaining frequencies. If this is not intended
by the user, then one may only run the program for one frequency at a time.
This feature, however, can be quite useful. If the termination networks
are purely resistive, i.e., frequency independent, then one may use as many
frequency cards as desired in Group #2 and the program will compute the
response of the line at each frequency without the necessity for the user
to input the data in Groups I and II and the wave orientation data for each
additional frequency. Many of the time~consuming calculations which are
independent of frequency need to be computed only once so that this mode
of useage will save considerable computation time when the response at many
frequencies is desired. If, however, the termination network characteristics
(in Group II) are complex-valued (which implies frequency dependent), one

must run the program for only one frequency at a time.

5.3 .2 Nonuniform Field Illumination, FSO=2

The format of the Field Specification Cards, Group III, for nonuniform

-101-



field illumination, FSO=2, is shown in Table 4., The first card group,
Group #1, consists of one and only one card which contains the frequency
of the field.

The remaining cards contain the values of the longitudinal electric
field (magnitude and phase) along the n wires (and reference wire for TYPE
1 structures) which are directed in the +x direction, and the transverse
electric field along straight line contours joining the i-th wire and the
reference conductor at x=0 and x=J . The directions of the transverse
field at these specification points are tangent to the contours and directed
from the reference conductor to the i-th wire. For TYPE 1 structures, the
precise location and orientation of the transverse field specification
contours should be clear. For TYPE 2 structures, the transverse field spec-
ification contours should comprise the shortest path in the y,z plane between
the ground plane and the i-th wire, i.e., it should be perpendicular to
the ground plane or directly beneath the i-th wire., For TYPE 3 structures,
the transverse field specification contours should comprise the shortest
path in the y,z plane between the interior wall of the cylindrical shield
and the i-th wire, (See Figure 5-5.)

The ordering of the card Groups #2-#9 is quite logical but somewhat
involved to describe. The philosophy of the ordering is as follows. If
TYPE 1 structures are selected, we first describe the longitudinal electric
field (magnitude and phase) along the reference wire at (NEO+1) specification
points. This is donme in Groups #2 and #3. (If TYPE = 2 or 3, Groups #2
and #3 are omitted and it is assumed that the net incident electric field
is obtained, i.e., the electric field tangent to the ground plane (TYPE=2)

and the interior of the cylindrical shield (TYPE=3) is zero.) 1In Group #2,
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we communicate the nymber N2 and the magnitude and phase of the field at

0
the first specification point at x=0. 1In Group #3, we compute the locations

of the remaining N specification points and the magnitude and phase of the

20
field at each of ithese specification points. The cards in this group must be
arranged sequentially so that each specification point is located to the right
of the previous point. In addition, the last (N20+1) specification point
must be equal to the line length,f, i.e., located at x=Z.

The remaining card groups (#4-#9) use the same philosophy as Group

#2 and #3 and describe, for each wire from 1 to n, the quantities (in this

order):

(1) longitudinal field on i-th wire,

(2) transverse field at x=0 between the reference conductor and i-th
wire, and

(3) transverse field at x=I between the reference conductor and i-th

wire.

For example, after Group #3 we must have Gréups #4-#9 for wire 1, Groups
#4=#9 for wire 2, ---, Groups #4-#9 for wire n. This 1s illustrated in
Figure 5-6.

It should be noted that the incident electric field which one specifies
in Card Groups #2-#9 is the incident field with the n wires (and the
reference wire for TYPE 1 structures) removed., This is inherent in the
derivations of Chapter II. Thus one specifies the longitudinal electric

field at points along the positions of each wire.
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#1
#2
#3
#4

#9
#4

#9

#a4

#9

} Absent if TYPE = 2 or 3

for wire {1

for wire {2

for wire #n

Figure 5-6. Ordering of Card Groups in
Group III for FSO = 2,
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TABLE 4 (continued)

Format of the Field Specification Cards, Group III, for Nonuniform Fields,

FSO = 2 (see Figure 5-5)

Card Group #1 (total = 1): card column format
(a) Frequency of incident field in 1-10 E
Hertz

total = 1 if TYPE = 1

Card Group #2 (absent if TYPE = 2 or 3)

(a) N 0 (number of field specification 1-10 I
points along reference wire
N .+1)
20
(0)
(b) IEEOI (magnitude of electric field 21 - 30 E

along reference wire in +x
direction at x=0 in volts/meter)

(0)

(c) EERO (phase of electric field along 41 - 50 E
reference wire at x=0 in
degrees)
total = if TYPE=1
Card Group #3 (absent 1f QYPE 2 or 3)
(a) éO) (electric field specification 1-10 E
point along reference wire in
meters)
(m)
(®) |E; | (magnitude of electric field 21 - 30 E
at x(m) in +x direction in
volts9meter)
(m)
(c) lO (phase of electric field at 41 - 50 E

xém) in degrees)

(N, )
Note: m = 1’2’___’N10 and X0 (the last specification point) must equal
the line length,f . The cards in Group #3 must be arranged such that
« (@) x (m+1)
*0 °F °20
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TABLE 4 (continued)

Card Group #4 (total = 1) card column format
(a) N (number of field specification 1-10 I
* points along i-th wire =
N£i+l)
(b) |E§g} (magnitude of electric field 21 - 30 E

in +x direction along i-th
wire at x=0 in volts/meter)

(0)

() /By

(phase of electric field along 41 - 50 E
i-th wire at x=0 in degrees)

Card Group #5 (total = Nli)
(a) xé?) (electric field specification 1-10 E
' point along i-th wire in

meters)

(b) IEET)|(magnitgde of electric field 21 - 30 E
* at Xém in +x direction in

volts}meter)

(c) Eé?) (phase of electric field at 41 - 50 E
X ? in degrees)
W, )

Note: m = 1’2’___’NZi and X4 (the last specification point) must

equal the line length{I. The cards in Group #5 must be arranged such

that
(m) (m+1)
X1 < Fpq

Card Group #6 (total = 1)
(a) NtOi (number of field specification 1-10 I

points at x=0 on straight line

contour between reference con-

ductor and i-th wire = N__.,+1)

t0i

(b) ,Eégi, (magnitude of electric field

on contour at x=0 in volts/meter) 21 - 30 E
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TABLE 4 (continued)

Card Group #6 (total = 1) continued

(0)

©) /Eo1

(phase of electric field on
contour at x=0 in degrees)

Card Group #7 (total = NtOi)

(m) . e ,

(a) p_ .. (electric field specification

t0i
point on contour between re-
ference conductor and i-th wire
at x=0 in meters)

(b) lEégi| (magnitude of electric field on
contour at x=0 at pégi in
volts/meter)

(c) Eégi (phase of ele%tgic field on

m »
contour at ptOi in degrees)
mw_..)
= t0i
Note: m = 1,2, ,NtOi and ptOi

located at the center of the i-th wire at x=0.
be arranged such that

(m) (m+1)
Peoi < Proi

Card Group #8 (total = 1)

(a) Ntii (number of field specification
points on straight line contour
at x=Z between reference conductor

and i-th wire = Ntii + 1)

(b) IEégi| (magnitude of electric field
on contour at x=< in volts/meter)

(c) Eégi (phase of electric field on contour
at x=f in degrees)

-110-

card column format
41 - 50 E
1-10 E
21 - 30 E
41 - 50 E

(the last specification point) must be

The cards in Group #7 must

1-10 I
21 - 30 E
41 - 50 E
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TABLE 4 (continued)

Card Group #9 (total = Ntii) card column format
(a) pgini (electric field specification point 1-10 E

on contour between reference con-
ductor and i-th wire at x=X in meters)

(b) |E£21| (magnitude of electric field on 21 - 30 E
contour at x=X at pé}l% in
volts/meter)
(c) Egg_ (phase of ele(ci):ric field on contour 41 - 50 E
- m
at x=2%2 at pt:ci in degrees)
(NtZi)
Note: m=1,2,--——,Nt1i and ptii (the last specification point) must be

located at the center of the i-th wire at x=Z . The cards in Group #9

must be arranged such that

(m) (ut1)
P tii < f tZ1i

Note: Card Groups #4 — 9 must be repeated for wires 1 to n and arranged

sequentially for wire 1, wire 2, ---, wire n.
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V1. EXAMPLES OF PROGRAM USAGE

Several examples of program usage will be described in this Chapter.
These examples will serve to illustrate preparation of the data input cards
as well as provide partial checks on the proper functioning of the program.
The data input cards as well as the computed results will be shown for each

example,

6.1 Example T

In_this Chapter we will show an example of a two wire line above a
ground plane (TYPE=2) illuminated by a uniform plane wave (FSO=1). The
solution for the terminal currents for a 1 volt/meter field with several
angles of incidence will be shown. The image problem will also be con-
sidered by replacing the ground plane with the images of the wires resulting
in a four wire line (N=3,TYPE=1). The corresponding currents in the wires
for the problem of two wires above a ground plane should be twice those for

the image problem.

6.1.1 Two Wires Above a Ground Plane

The problem considered here is shown in Figure 6-1. Wire #1 has a
radius of 30 mils and is 5 cm above the ground plane. Wire #2 has a
radius of 10 mils and is 2 cm above the ground plane. The two wires are
separated horizontally by 4 cm. The cross-section of wire #1 is located
at y=5 cm, z=0. The cross-section of wire #2 is located at y=2 cm, z=4 cm,
The line length is 5m and ur=l, er=l (a logical choice although any €.
and W may be used in the program). Each wire is terminated with a single
impedance (in this case purely resistive) between the wire and the ground

plane. Clearly one may chose the load structure option of LS0=11 with the
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terminal impedance matrices

100 0 500 o0

0 500 0 1000

Three orientations of the incident field will be considered:

() E =1V/m 6 =30°, 0 =150°, ¢ = 40
(®) E =1V/m, e =0°, © =90° ¢ =90
(¢) E =1V/m, 0 = 90°

= o = [¢]
- g = 0%, 0 = 180°, 4

Notice that case (b) has the wave propagating in the +x direction along the

>
line axis with E in the +y direction, i.e.,

Case (c) has the wave propagating broadside to the line (in the -y direction)

with E in the +x direction, i.e.,
B
Four frequencies of excitation will be investigated:
1 MHz, 10 MHz, 100 MHz, 1GHz
(1E6), (1E7), (1E8), (1E9)

and since the loads are resistive, the frequency iteration feature of the
program can be used by simply placing all four frequency cards as a group
at the end of the program.

The reason for using these frequencies is that for 1 MHz, the cross-
sectional dimensions of the line are electrically small. For 1 GHz, they
are not. This will serve to further illustrate why we require that the cross-
sectional dimensions of the line be electrically small. To illustrate this
let us arbitrarily select the distance between wire #1 and the image of wire

#1 to be the "largest" cross-sectional dimension of the line. This distance
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is given by

d = 10 cm
max

The quantities kdmaX (in degrees) at the above four frequencies are:

frequency kdmax (degrees) dmax/k
1 E6 .12 .000334
1 E7 1.2 .003336
1 E8 12.0 .033356
1 E9 120.0 .333564

Notice that for the frequency of 1 E9, the cross-sectional dimensions of the
line are certainly not electrically small. For the other frequencies, they
probably are,

The input data cards for the angles of incidence in (a), (b) and (c)
are shown in Figure 6~2(a), (b) and (c), respectively. The results are

shown in Figure 6-3.

6.1.2 Two Wires Above a Ground Plane by the Method of Images

Here we solve the problem considered in the previous section by the
method of images. The image problem becomes a four wire problem (N=3,
TYPE=1) as shown in Figure 6-4. Here we choose (arbitrarily) the image wire
of wire #1 in the previous problem as the reference wire. The various

wire radii, and coordinates are:
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Figure 6-2(a). Data cards for the problem in Flgure 6 -1
with Em 1V/m, @ =30° 6 =150° ¢ =40°
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Figure 6-2(b). Data cards for the prgblem in Figure 6-1
with £ = 1 V/m, OE=0 R ep:go , ¢p=90 .
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Figure 6-1
i 6-2(c). Data cards for the problem in
Figure G- with E = 1V/m, © —o , © —180°, ¢ =90°
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(a) Em =

f =

1 V/m, 6, = 30, 0, = 150, ¢_

1 MHz

L

L

f =

£= 10 MHz

L
Iy
f =
5
I

f =

(0) = 3.298E-6 [89.41 I, (D)
0) = 7.336E—7[_§§LEE I,
(0) = 3.3158-5 [84.07 I, (2)
0) = 7.191E—6! 76.96  I,(2)
100 MHz

(0) = 2.495E-4 [-1.650 I, @)
(0) = 3.4508-5 [ 4.802 I,()
1 GHz

(0) = 2.0898-4 [3.521 1,(0)

L

I

Figure 6-3.

(0) = 3.317E—5Z-10.474 Iz(zQ

The problem in Figure 6-1.

~-119-

40

2.837E-7 [86.22

1.782E—7{-91.58

3.116E-6 {53.64
1.732E—6Z—105.55

1.024E—4Z—142.78
l.lOlE—S!—177.51

9.315E—5Z—139.76
1.089E-5 {172.48



(b) Em=lV/m,O=0,®p=90,¢>=9O

E p 1
f =1 MHz ‘
Il(O) = 9,294E-6 (89.09 Il(X) = 2.333E-6 Z87.87 .
12(0) = 1.963E-6 188.44 12(‘[) = 1,432E-7/-93.46

e Oy N e —

f = 10 MHz
!
1,(0) = 9.316E-5 [80.85 I, @) = 2.336E-5 Zes.es |
I,(0) = 1.920E-5 Z74.56 I,(2) = 1.383E-6/-124.51
£ = 100 MHz (
11(0) = 4.638}:-4{-37.08 L@ = 1.150E—4Z—156.86 |
12(0) = 6.602E-5Z—24.28 Iz(z) = 3,021E-6 [ 70.15 :
f =1 GHz ‘
{
1,(0) = 4.587E-4[—37.91 L@ = 1.138E—4Z-158.43 ‘
1,(0) = 6.567}3-5[-24.92 | I, (%) = 3.054E-6 [68.47 ]

Figure 6~3., The problem in Figure 6-1.
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f = 1 MHz

Il(O) = 3,494E-6 Z90.08 Il(i) = 3,493E-6 Z89.27

12(0) = 5,590E-7 Z89.95 12(1) = 5.589E—7Z 89.44
f = 10 MHz

11(0) = 3,553E-5 [90.71 Il(t) = 3,500E-5 Z82.65

IZ(O) = 5.656E-6 Z89.41 Iz(z) = 5,581E-6 »84.45
f = 100 MHz

Il(O) = 5,316E-4 [33.83 Il(t) = 1,988E-4 [—6.817

12(0) = 8.392E-5 [52.80 Iz(t) = 4.634E—5Z 35,77
f = 1 GHz

Il(O) = 4,402E-4 133.09 Il(Z) = 1.632E-4 [—7.429

- p— = — I
IZ(O) = 8,585E-5 Z52.98 Iz(x) 4,664E-5 l37'48
Figure 6-3. The problem in Figure 6-1.
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7y
N\ I,(1)
(:) -
g
I,(0) | I,(1)
——)_ @ I ) e
2008 =~ i 2K = K}
- ]
- I
IK £) l
I
—e—) &) D
I5(0) { I3(d)
|
© D
Reference Wire :
X=0 1=5m x=1
/ y 4cm ’i
(O |
rw|=3OMiIs |
| Fw2 =10 Mils ¥
I0cm €r=lipp=l |
rw3=10Mils@“‘f rem
. | 3cm
'w o = 30 Mils : J
i__GIA | R .
"wo z

Figure 6-4. ELxample I, the image problem for
Figure 6-1.
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Wire Radius z y.

= i
0 30 mils 0 0
1 30 mils 0 10 cm
2 10 mils 4 cm 7 cm
3 10 mils 4 cm 3 cm

The four frequencies of excitation for the ground plane problem in
the previous section (1MHz, 10MHz, 100MHz, 1GHz) as well as the three
orientations of the plane wave will be considered here. Note here that the
zero phase reference for the plane wave is not the same as for the ground
plane problem. Here the zero phase reference is displaced downward (in
the -y direction) from the zero phase reference for the ground plane problem
in the previous section by 5 cm. This means that the phase angles of the
currents in this problem will differ from the phase angles of the corresponding

currents in the ground plane example by k(5 cm) degrees or

frequency k(5 cm) (degrees)
1 MHz .0600

10 MHz .6004

100 MHz 6.0042
1 GHz 60.0415

The next problem remaining is to determine the appropriate representation
of the terminal networks. This type of situation was considered in Section
2.6 of Chapter II. From Figure 6-4 we may write (note that the line

voltages are with respect to the reference wire here)
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Il(O) —(1/200) Vl(O)

12(0) = (l/lK)(V3(0) - V2(0))
13(0) = (1/1K)(V2(0) - V3(0))
Il(r) = (1/1K) Vl(:t)

IZ(I) = (1/2K)(v2(x) - V3(x))
13(13 = (1/2K)(V3(x) - V2(23)

Thus we select the load structure option LSO = 22 and the terminal admittance

matrices become

563 0 0 1E-3 0 0
v, = [0 1B-3 -1E-3 Y.=| 0 5BE-4 -5B-4
~ 0 -1E-3 1E-3 -4 0 —5B-4 S5E-4

The input data cards are shown in Figure 6-5. The results are shown in
Figure 6-6.

Note that for all angles of incidence the magnitudes of 12(0) and I3(0)
for each frequency are equal as are the magnitudes of 12(1) and I3(z).
Further note that IZ(O) and I3(0) are precisely 180° out of phase as are

IZ(X) and 13(13. Therefore we have

I
o

12(0) + 13(0)

|
(=]

Iz(z') + 13(7:) =

for all frequencies as they should be.
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Figure 6-5(a). Data cards for the problem 1n0F1gure 8 -4
with E =1 V/m, @ =30° O =150 d) =40
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Figure 6-5(b). Data cards for the problem in Figurg 6-4
with E =1 V/m, 0=0", 0 =90", ¢ =90 .
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=1 V/m, OE = 30, Op = 15
= 1 MHz

Il(O) = 1,649E-6 189.46
IZ(O) = 3.668E—7{ 88.79
13(0) = 3.668E—7!—9l.21
= 10 MHz

Il(O) = 1.658E-5 184.57
12(0) = 3.597E—6Z 78.11
I3(0) = 3.597E-6!—101.89
= 100 MHz

Il(O) = 1,247E-4 Z 3.519
IZ(O) = 1,763E-5 l15.05
I3(O) = l.76eE—5Z—164.95
= 1 GHz

Il(O) = 1.037E-4 Z55.36
12(0) = 2.,591E-5 !74.23
13(0) = 2.591E—5!—105.77

Figure 6-6.

1, () = 1.4198-7 [86.28

1,() = 8.912E-8 [-91.43
1,(2) = 8.912E-8 Z88.57

I,(2) = 1.558E-6 Z 54.19
L) = 8.661E-7{—104.07

I,(2) = 8.661E-7 [ 75.93

I,(2) = 5.118E-5[-137.55

Iz(f) = 5.657E-6/-165.87

ElEk

1,(2) = 5.657E-6 [ 14.13

'Il(z) = 4.631E-5 [ -87.41
I,(@) = 1.024E-5 [ -93.50

I3(I) = 1.024E-5 86.50

Hi

The problem in Figure 6-4,
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= 1 MHz

Il(O) = 4,647E-6 {89.09 Il(Z) = 1.166E-6 Z87.87
12(0) = 9,813E-7 Z88.44 1261) = 7.158E-8f -93,46
13(0) = 9.813E—7Z—91.56 I3cz) = 7.158E-8 !86.54
= 10 MHz

Il(O) = 4,658E-5 !80.85 Il(zj = 1.168E-5 [ 68.63
12(0) = 9.599E—6{ 74,56 IZCZ) = 6.,913E-7[{-124.,51
13(0) = 9.599E—6Z—105.44 13(1) = 6.913E—7! 55.49
= 100 MHz

Il(O) = 2.319E—4!—37.08 Ilﬁt) = 5.751E—5{ -156.86
12(0) = 3.301E—5Z-24.28 Izcz) = 1.510E-6 { 70.15
13(0) = 3.301E—5Z155.72 13(z) = 1.510E—6{-109.85

- = 1 GHz

Il(D) = 2.294E—4Z-37.91 11(1) = 5.689E—5{-158.43
12(0) = 3.284E—5!—24.92 IZCZ) = 1.527E-6 { 68.47
I3(O) = 3.284E-51155.08 I3(t) = 1.527E—6{-111.53

Figure 6-6. The problem in Figure 6-4,
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(c)

E
m

£

=1 V/m,

= 1 MHz

I, (0)

1,(0)

1,(0)

= 10 MHz

1,(0)

1,0

1,(0)

= 100 MHz

L, O

1,00

1,(0)

= 1 GHz

1, (0)

1,(0)

1,(0)

1.

2.

2.

1.

2.

2.

2.

4.

4.

2.

4.

4.

0. =0, Op = 180, ¢

747E-6 [90.14

795E-7 {90.01

795E-7/ -89.99

776E-5 !91.31
828E-6Z 90.01
828E—6z—89.99

658E-4 [39.83

[39:8°
196E-5 /58.80
196E-5/-121.20

201E-4 (93.14
293E—5le3.03

293E-5/-66.97

I, @)
I,@)

13&)

Il(f)
Iz(i)

13(1)

Il(z)
IZ(Z)

I,.(D

L@
Iz(z)

13(1)

4

1.747E~6 [89.33

2.794E-7 [ 89.50

2.794E~-7/-90.50

:

1.750E-5 [83.25

>

2.791E-6 /85.05

2.791E-6/-94.95

9.938E-5

2.317E-5

2.317E-5

8.161E-5

2.332E-5

2.332E-5

Figure 6~6. The problem in Figure 6-4.
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6.1.3 Comparison of the Two Solutions

The terminal currents (Il, 12) in Figure 6~1 (the ground plane problem)
should be exactly twice the magnitude of the corresponding currents (Il,Iz)
in Figure 6-4 (the image problem). For the case of propagation in the +x

>
direction with E in the +y direction:

~
o
~
@
I
o
-
@
1l
O
o
-
-©-
]

90

3o oty

+
and the case of propagation in the -y direction with E in the +x direction:

() 05 =0, 0 =180, ¢ = 90

x ¥

this is precisely the case for all frequencies. (Although not shown here,
the results were printed out to 16 digits and agreed to 15 digits.)

However, consider the case of

(a) OE = 30, ep = 150, ¢p = 40
Note that the corresponding currents for the ground plane problem in
Figure 6-1 are precisely twice those for the image problem in Figure 6-4
for 1 MHz and 10 MHz. For 100 MHz, Il(O) and Il(z) correspond exactly and
IZ(O) and 12(1) correspond very closely. However, for 1 GHz, only currents
Il(O) and Il(Z) correspond whereas 12(0) and Iz(i), although within a factor
of two, do not correspond. The reason for this becomes clear when we con-

sider the definition of line voltages used for the two problems.
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Consider Figure 6-7. We have shown the cross—-section of particular wire
above a ground plane in Figure 6-7(a), the wire voltage, V, is shown and the
potential difference between the wire and its image is 2V. In Figure 6-7(b),
we have shown the corresponding image problem and the voltage of each wire is

defined with respect to the reference wire, i.e., V1 and V2. For the two

representations to yield corresponding results, one would expect that

2
2V = (V1 - V2)

2>(inc)

These voltages are related to the integral of E in the transverse (y,z)

plane along the contours shown in Figure 6-7 and are included in the vectors

(inc)
E

(inc) »>(inc) is

(0) and Et (2). Clearly these will correspond only if E

curl free in the transverse (y,z) plane, i.e., only if there is no component
*(inc) . . .
of H in the x direction which penetrates a transverse contour. For
angles of incidence @E =0, Gp = 90, ¢p = 90 and @E = 0, @p = 180, ¢ = 90,
this is clearly the case and the results show this. However, for @E = 30,

(inc)

Op = 150, ¢p = 40, there is a component of ﬁ in the x direction. How-

ever, for £ = 1MHz, 10 MHz 100 MHz, the cross-sectional dimensions of the

line are electrically small and the fact that E(lnc)

is not curl free in the
¥,z plane does not matter. For 1 GHz, the cross-sectional dimensions of the

line are not electrically small and it does matter as is evidenced in the

computed results,

6.2 Example II

In this Section we will consider a problem which was investigated by
Harrison using an alternate formulation [5,8]. The problem consists of
three wires in free space all of radius lO—BUlwhich lie in the x,y plane with
adjacent wire separations of lO-zm.as shown in Figure 6-8. The line is 10 m

-132-



) by
— O (v,Z)
Vv
.
SIS S SSSS S S
lvrlnlcrlge o /-‘\) (-¥.2)
\_/
(a)
i Py C)7 (Yo+2Y,2)
: Vi 2v ?
. . N S
, O ) (Yo.2)
Yo< / /
Va
e — :
l; (b)
Figure 6-7.
~

=133~



- R U B S N,
d - 2] ” - J
Y 4
“‘ EO_HN
|
_ ﬁ aam aduasasay ©
< €
sn-o_xN“;&J w o_a.u c0
T _\_ﬂN i T o "z [ o
M'T wg_oixz=Mz! 1 (0)'T <
NwNLI\ * Em-o_Hu © <207 %
- N
(B®1 e oixz=Miz! (0)21 :
5



e >

© e

— . — -~

long and various loads connect each wire to a central point.

The termination impedances are

201

1

50 - j 25 Z

100 + j 100  Z

02 25 + j 25

50 + j 25 %12 = 100 - j 50

%13 150 - j 50

Obviously we should select LSO = 12 and the termination impedance matrices

become

_ (ZOl + 203) 203 ) 75 + jO 25 + j 25

EO - =
Zy3 (z02 + 203) 25 + j 25 125 + j 125
(ZZl + Zz3) Zz3 200 - j 25 150 - j 50

Zyz =

+ s _ s

ZiB (Z‘{2 %13 ) 150 - j 50 250 j 100

N
AlV/m uniform plane wave is propagating in the +y direction with E in

3ine) _ -iky 2

the +x direction, i.e., E Therefore E, = 1, 6_ = 180,

E

Op = 0, ¢p = 90, Harrison showed the result for the terminal currents com-
puted by his method for k;( = 1.5. The line is 10 m long. Therefore the
frequency is 7157018.74 Hz. The input da;a cards are shown in Figure 6-9.
The computed results are shown in Figure 6-10 and compared with those
obtained by Harrison. Note that the results computed. by this method agree
with those computed by Harrison to within three digits. The main reason that
the results do not agree precisely is that the ratio of line length to wave-

length at this frequency is .239. Thus we are entering a frequency range

where the variation of line responses with frequency is generally quite rapid
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Figure 6-9. Data cards for the problem %n Flvure 6-8 "
with E =1 V/m, @ 180 s Op—O ’ ¢ "90 FSO=1.
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= = = = 0
Em 1 V/m, @E 180, QE 0, ?p 9

f = 7157018.74 Hz (kX

R
=
L]
w

h~

Computed with WIRE:

Il(O) = 1.066E-5 1—99.83 Il(i) = 1,221E-5 1158.65
12(0) = 5.647E—5Z—159.07 1261) = 2.784E-5Z—148.26

Computed by Harrison:

|11(0)| = 1.065E-5 |Il(1)| = 1,220E-5

|12(0)| = 5.644E-5 |1, | = 2.784E-5

Figure 6-10. The problem in Figure 6-8 with FSO = 1.
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and any seemingly insignificant approximations in the input data

(ki > 1.5) can cause significant changes in the result. In fact the program
was internally modified (temporarily) such that kZ was precisely 1.5 and
the results agreed exactly.

» 0 =90,

P
in the plane

One additional case will be computed in which Em =1, OE =

0
¢p = 90, i.e., the wave is propagating in the fx direction with E

of the wires, i.e., the +y direction,

E(lnc) i e—ka ;

The input data cards are shown (for kZ = 1.5) in Figure 6-11 and the computed

results are shown in Figure 6-12,

6.2.1 Use of the Jdonuniform Field Specification Option, FSO = 2

In this Section we will solve the two problems considered in the
previous Section by using the nonuniform field specification option.
For the first example we consider the problem in Figure 6-8 with

Em =1V/m, O

E = 180, GP = 0, ¢p = 90, To use the nonuniform field

specification option, we must describe the magnitude and phase of the
incident electric field along the three wires and along straight line
contours (the y axis in this case) between each of the two wires and the
reference wire at x = 0 and x =X. Because of this particular field orienta-
tion, the specification of these quantities is quite simple. Clearly, the
transverse fields are zero. The longitudinal field at all points along the

. . 2 _ ./
reference wire are 1[93 along wire 1 are 1/k x 10 " = 1/ = 8.5944E-2

and along wire 2 are 1/k x 2 x lO_2 = ]_Zﬁ 1,7189E-1, Although redundant, 11

specification points for the longitudinal fields and 6 specification points
for the transverse fields will be used. The data cards are shown in Figure
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Figure 6-11. Data cards for the problem 1n Figure
with E =1 V/m, O 0B @ =90° ¢ =90°, FSO=1,
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E =1V/m 0, =0, 0 =90, ¢ =90

f = 7157018.74 Hz (ki = 1.5)

Il(O) 1.216E-5 ll7.18 Il(i) 1.572E-5 1—49.19
12(0) = 6.708E—5!—l3.76 Iz(z) = 2.849E—5!-129.84

Figure 6-12. The problem of Figure 6-5 with FSO = 1.
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6-13 and the computed results are shown in Figure 6~14. These results com-
pare (and should compare): zvactly to those in Figure 6-10 where the uniform
plane wave option was used.
The next problem is to use the field orientation of OE =0, 6, = 90,

¢p = 90, In this case, the longitudinal fields along all wires will be

zero whereas the transverse fields at all points along the contours at x = 0
will be 1Z§_whereas those of x = X will be l[kz-= 1/= 43669. The data
cards are shown in Figure 6-15 and the computed results are shown in Figure

6-16. These results compare (and should compare) exactly to those in

Figure 6-12 where the uniform plane wave option was used.
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Figure 6-13. Data cards for the problem in Figure 6 8
with E = 1 V/m, OE 180° E)p ¢ =90°
FS0=2 Tcontinued)
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Figure 6-13. Data cards for the prgblem in Figure 6-8

with E =1 V/m, eE—180°, 0= =0°, ¢, =90°, FSO=2 (cont.)
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Figure 6-13. Data cards for the prgblem ipn Figure
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f = 7157018.74 Hz (kZ = 1.5)

11(0) = 1.066E-5 Z-99.83 11(1) = 1.221E-5 Z158.65
12(0) = 5.647E—5Z-159.07 12(:0 = 2.784E—5Z-148.26

Figure 6-14., The problem of Figure 6-8 using
the nonuniform field specification option.
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Figure 6~15. Data cards for the Broblem in Figure 6-8
with E =1 V/m, O =0 O =90° ¢ =90° , FS0=2 (cont.)
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Figure 6-15. Data cards for the problem in Figure 6-8 with
E =1 V/m, © —0 O =90° ¢ =90°, Fs0=2.
m
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f = 7157018.74 Hz (kZ = 1.5)

Il(O) = 1.216E-5 Zl7.18 IlCi) = 1,572E=5 z—49.19
12(0) = 6.708E—5{-13.76 IZ(ZD = 2.849E—5Z-129.84

Figure 6-16. The problem of Figure 6-8 using the nonuniform
field specification option.
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VII. SUMMARY

A digital computer program, WIRE, which is designed to compute the
terminal currents induced in a multiconductor transmission line by a
single frequency, incident électromagnetic field has been described. The
transmission line consists of n wires (cylindrical conductors) and a
reference conductor. The reference conductor may be a wire (TYPE=1), ap
infinite ground plane (TYPE=2) or an overall, cylindrical shield (TYPE=3).
All (n+1l) conductors are assumed to be perfect conductors and the surrounding
medium is assumed to be linear, isotropic, homogeneous and lossless. The
line is assumed to be uniform in that all (n+l) conductors have no variation
in their cross—-sections along the line length and are parallel to each
other.

Two types of incident field specification are provided for. Uniform
plane wave excitation can be specified for TYPE 1 and TYPE 2 structures
whereas nonuniform field excitation can be specified for all structure
types.

The primary restrictions on the program validity is that the cross-
sectional dimensions of the line, e.g., wire spacings, must be electrically
small and the smallest ratio of wire separation to wire radius must be
15rger than approximately 5.

General linear termination networks are provided for at the two ends

of the 1line.
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APPENDIX A

A Note on Common Mode and Differential Mode

Currents

An important assumption in this method is that the sum of the currents
in all (n+l) conductors at a particular x along the line is equal to zero.
This is the conventional notion of transmission line currents, The purpose
of this Appendix is to provide some justification for the assumption.

As a prelude, consider the two conductor line (n=1) shown in Figure A-1(a).
At a particular longitudinal coordinate, x, we have separated the total
current into a common mode component, IC’ and a differential mode component,

I This is purely a mathematical operation and given the currents Il(x)

D.
and Io(x), one can always resolve them into these components as shown by

the following., We are simply looking for a unique transformation which

performs this separation. If we write
Il(x) = IC(x) + ID(x) (A-1a)

I,(x) = I.(x) - I,(x) (A-1b)

then in matrix form the equations become

I.(x) 1 1 I (%) .
1 _ D (A-2)
Iz(x) -1 1 IC(x)
A
T

The essential question here is whether T is nonsingular which would represent

a unique transformation between the two sets of currents., Clearly T is
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I,(0)=I,(0)

I|=IC+ID L(I)‘Io(i)

Zo

-

D 24

IO=IC-ID

1,0 =-1,(0) (0 To(f)=-Ip (1)

-k
L

X=0

.‘ e

X

(@) n=|

<t

X=0

Figure A-1.

(b) n

Illustration of common mode and differential
mode currents.
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nonsingular and we may write (multiplying (A-2) on the left by Tfl)

I_(%) 1 =1 I. (%)
D - 2 ! (a-3)
IC(X) ‘ 1 1 Iz(x)

Therefore, given Il(x) and Iz(x) for a particular x, one can uniquely
determine ID(x) and IC(x).

The question of physical significance of ID and IC is essentially ir-
relevant since this is merely a transformation of wvariables. - The essential
point is that as far as the terminal responses are concerned, we need only
consider the differential mode (transmission line type) current, ID’
since the common mode current (commonly called antenna type current) has
essentially no effect on the terminal'résponses. “The justification for this
statement lies in our fundamental assumption that the cross-sectional
dimensions (wire separation) of the line are much less than a wavelength.
Therefore we may consider the terminal impedances (ZO and Zy) as lumped and

if we apply Kirchoff's current law to the "nodes" containing the impedance

we can only conclude that the common mode current is zero at the endpoints

of the line, i.e., IC(O) = IC(Z) = 0. At points along the line, this is
not generally true and the line currents will not be simply due to the
differential mode current but will be a combination:of IDGC) and ICGC) as

shown in Figure A-1(a). ' The essential point here is that if we are only

interested in computing the terminal response of the line (as we are in this
report), we may disregard or omit consideration of the common mode current.
The extension of this result to multiconductor lines is quite similar.

Consider Figure A-1(b) where we have decomposed. each line current into a
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differential mode current, IDi’ and a common mode current, IC. Note that

we have taken the common mode currents to be the same at corresponding points
(values of the x coordinate) along the line in all line conductors. The
justification for this is our primary assumption that the maximum cross-
sectional dimension of the line is "electrically small", i.e., much less

than a wavelength. The essential quesﬁion here is whether we can define

a unique (nonsingular) transformation between the actual line currents,

IO’ Il’ —-— In, and the decomposition components, IDl’ ID2’ — IDn’ IC.

This is easily found from Figure A-1(b) from

In(x) = IC(x) + IDn(x)
Ii(x) = IC(X) + IDi(x)
(A-4)
(0 = I(o + IDl(x)
n
I (x) =1 (x) - I I_.(x)
0 C i=1 Di
which becomes in matrix notation
I ] g e e m - T [~ ’
n(") 1 0 0 1 I, )
. 0 1 0 0 1 .
. by oo S .
. N N s Co) .
= I ~ . \\ ) : (A—S)
I, (x) | SN 1), &)
. | SNOON 0 1 .
N .
. | A Y
Il(x) : 01 1 I 1(x)
1,(x) " 4 Lliw
) - [ -
W— >
T



One can easilv show (use elementary row operations to reduce T to echelon
or upper diagonal form) that T is nonsingular and therefore represents a
unique transformation. Thus for a particular x, given the actual line

currents, In(x), ey Il(x), Io(x), one can obtain the components,

IDn(x), cees IDl(x), Ic(x) from

FIDH (x) I (x)
TR -1 L& (A-6)
Ipp & I, ()

L1, Gx) [ 1,0

Again, assuming the line cross-sectional dimensions to be electrically small,
we may conclude that the common mode currents at the endpoints of the line,
IC(O) and IC(ZD, are essegtially zero and have no effect on the terminal
networks. Therefore it suffices to consider only the differential mode
(transmission line mode) currents when computing only the terminal responses
of the line.

For a parallel discussion of this problem see [14].
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APPENDIX B

WIRE

Program Listing

Flowchart

-158-



p— - T ——— s> WA LTI

A o O m—Ry. Sy oA

e

T S,

CREARARERARKERRR AR AR AR R RR KRR R KR AR R R KA RR AR KR RA AR KR ERRRRRER R S xRk xxYIREQ00

c WIRE0002
C PROGRAM WIRE WIRR0003
C (PORTRAN IV, DOUBLE PRECISION) WIREOO0O4
c WRITTEN BY WIREO000S
c CLAYTON R. PAUL WIRE0006
C DEPARTMENT OF ELFCTRICAL ENGINEERING WIRE00O07
c UNIVERSITY OF KENTUCKY WIRE0008
c LEXINGTON, KENTUCKY 40506 WIRE0009
c WIRE0010
C A DIGITAL COMPUTER PROGRAM TO COMPUTE THE TERMINAL CURRENTS WIREOO11
c AT THE ENDS OF A MULTICONDUCTOR TRANSMISSION LINE WHICH IS WIRE0012
c EXCITED BY AN INCIDENT ELECTROMAGNETIC FIELD. WIRE0013
c WIREOO 14
c THE DISTRIBUTED PARAMETER, MULTICONDUCTOR TRANSMISSION LINE WIRE0O01S
c EQUATIONS ARE SOLVED FOR STEADY STATE, SINUSOIDAL EXCITATION WIRE0016
c OF THE LINE, WIRE0017
c WIRE0018
c THE LINE CONSISTS OF N WIRES (CYLINDRICAL CONDUCTORS) AND A WIRE0019
c REFERENCE CONDUCTOR, THE REFERENCE CONDUCTOR MAY BE A WIRE WIRE0020
C (TYPE=1), AN INPINITE GROUND PLANE (TYPE=2), OR AN OVERALL WIRE0021
c CYLINDRIGAL SHIELD (TYPE=3). WIRE0022
c WIRE0023
c THE INCIDENT FIELD MAY BE IN THE FORN OF A UNIFORM PLANE WAVE WIRE0024
c POR TYPE 1 AND TYPE 2 STRUCTURES OR A NONUNIFORM FIELD FOR ALL WIRE002S
c STRUCTURE TYPES, WIRE0026
o WIRE0027
c THE N WIRES ARE ASSUMED TO BE PARALLEL TO EACH OTHER AND THE WIRE0028
c REFERENCE CONDUCTOR. WIRE0029
c WIRE0030
c THE N WIRES AND THE REFERENCE CONDUCTOR ARE ASSUMED TO BE WIRE0031
c PERFECT CONDUCTORS. WIRE0032
C WIRE0033
o THE LINE IS IMMERSED IN A LINEAR, ISOTROPIC, AND HOMOGENEOUS WIREOO34
c MEDIUMN WITH A RELATIVE PERMEABILITY OF MOR AND A RELATIVE WIRE0035
c DIELECTRIC CONSTANT OF ER. THE MEDIUM IS ASSUNED TO BE LOSSLESS, WIRE0036
c WIRE0037
c LOAD STRUCTURE OPTION (LSO) DEFINITIONS: WIRE0038
C LSO=11,THEVENIN EQUIVALENT LOAD STRUCTURES WITH DIAGONAL WIRE0039
c IMPEDANCE MATRICES WIRE0040
c LSO=12,THEVENIN BQUIVALENT LOAD STROUOCTURES WITH FULL WIREQOU41
c IMPEDANCE MATRICES WIRE0OU42
c LS0=21,NORTON EQUIVALENT LOAD STRUCTURES WITH DIAGONAL WIREOO43
c ADAITTANCE MATRICES ‘ WIREOOUY
c LS0=22,NORTON EQUIVALENT LOAD STRUCTURES WITH FULL WIREOOUS
c ADMITTANCE MATRICES WIRE0046
c WIREOOU47
c FIELD SPECIFICATION OPTION (FSO) DEFINITIONS: WIRE0048
c PSO=1,UNIFORM PLANE WAVE (TYPE=1,2) WIREOOU9
c FSO=2,NONUNIPORM FIELD (TYPE=1,2,3) WIRE0050
c WIREQOS51
c FUNCTION SUBPROGRAMS USED: E1,E2 WIRE0052
c SUBRONMTINES USED: LEQTIC WIRE00S53
C ) WIREOOSu4
C*lttttttttttttttttttt##ttttttttttttttt*ttttttttttttttttttt#ttttttttttttHIREOOSS
C ‘WIRER00S6
c ALI. VECTORS AND MATRICES IN THE POLLOWING DIMENSION STATEMENTS WIRE0057
c SHOULD BE OF SIZE N WHERE N IS THE NUMBER OF WIRES (EXCLUSIVE OF WIRE00S8
c THE REFERENCE CONDUCTOR), I.E., V1(N),V2(N),YO(N,N),YL(N,N),B(N), WIREO0S9
c A{N,N) ,WA(N) ,M1(N,N) M2 (N,N),ETL (N) ,ETO(N) ,M3(N,N),V3(N),V4(N) WIRE0060
o WIRE0061
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INPLICIT REAL®8 (A-H,0-Z)

WIRE0062

INTEGER TYPE,FSO WIRE0063
REAL*8 L,V3( 2),V4( 2) ,I08,ILM,I0R,I0I,ILR,ILT,I0OA,ILA,NUR, NUO2PT WIREOO6®
1,M1,NI,NH, NP WIRE0065
COMPLEX®16 XJ,V1( 2),¥2( 2),Y0( 2, 2),YL( 2, 2),A( 2, 2),B( 2), VWIRE0066
1SUR0,SOAL,I0,IL,ZEROC, WA ( 2) ,M1( 2, 2) ,M2( 2, 2) ,EPL( 2) ,ETO( 2), WIRE0067
2C,A1,A2,0NEC,N3( 2, 2),EBXL,EBL,ViH,V2H,EP, EN, EJBZ,EBYPBZ,EPBL, WIRE0068
3ENBL,EJCI, SUAC,SUNS, ELOC,ELOS, E1,E2, BJBY WIRR0069
CONMON XJ,ZERO,THO,0NE,ONEC ¥IRE0070
DATA CMTM/2.5%D-5/,M002P1/2.D~7/,25/.5D0/,POUR/8.D0/, WIREO071
10NE80/180.D0/,V¥/2.997925D8/ WIRE0072
ZERO=0,.D0 WIRR0073
ONE=1.D0 WIRE0074
T#O=2. DO WIRE0075
ONEC=DCHNPLIX(1.D0,0.D0) WIRE0076
ZEROC=DCMPLYX (0.DO, 0. DO) ¥IRE0077
XJ=DCAPLX (0. DO, 1.D0) WIRE0078
PI=POUR®DATAN (ONR) WIRE0079
RADEG=0MEB0/PI WIRE0080

c ¥IRE0081
C##+*¢PREQUENCY INDEPENDENT CALCULATIONS*$S%%s o862 s8 ot Rssesessssess¢JIRE00S2
c WIRE0083
c READ AND PRINT INPUT DATA WIREO0SY
c WIRE0085
READ(5,1) TYPR,LSO,FSO,N,ER,NUR,L WIRE0086

1 PORNAT (9X,I1,8X,12,9X,I1,8X,I2,3(E10.3)) ¥IRE0087
IP (TYPE.GE.1.AND.TYPE.LE.3) GO TO 3 WIRE0088
WRITE (6, 2) WIRE0089

2 PORNAT (* STROCTURE TYPE ERROR'//°' TYPE NUST BQUAL 1,2,0R 3'///) WIRE0090
GO0 TO 121 WIRR0091

3 IF(LSO.EQ.11,0B.LS0.EQ.12) GO TO 5 WIRE0092
IP (LSO.BQ.21.0R. LSO, EQ.22) GO TO 5 WIRE0093
WRITE (6,4) ¥IRB009%

4 PORAAT(' LOAD STRUCTURE OPTION ERROR'//® LSO MUST EQUAL 11,12,2¥IRE0095
11,0R 22°//)) WIRE0096
GO TO 121 WIRE0097

S IP (FSO.EQ.1.0R.PFSO.EQ.2) GO TO 7 WIRE0098
WRITE (6, 6) WIRE0099

6 PORNAT(* FIELD SPECIPICATION OPTION ERROR'//" PSO MUST EQUAL 1,¥IRE0100
1 0R 2'//7) WIRE0101
GO TO 121 WIRE0102

7 IF(TYPE.BQ.3.AND.PSO.EQ.1) 6O TO 8 WIRE0103
GO TO 10 : WIREO0104

8 WRITE(6,9) WIRE0105
9 PORNAT(* UNIFORM PLANE WAVE EXCITATION CANNOT BE SPECIPIED FOR THEWIRE0106
1 TYPE 3 STRUCTURE'///) WIRE0107
GO TO 121 WIRE0108

10 WRITE(6,11) N,TYPE,LSO,FSO,L,ER,MUR WIRE0109
11 FPORMAT (1H1,51X,'WHIRE'/// WIRE0110
145x,12,' PARALLEL WIRES'/// WIREO111
243X,' TYPE OF STRUCTURE= *,I1/// WIRE0112
341X,' LOAD STRUCTURE OPTION= ',I2/// WIRB0113
440X,' PIELD SPECIFICATION OPTION= ',I1/// WIREO114
539X,* LINE LENGTH= *,1PE13.6,' NETERS'/// WIRBO115
633X, DIELECTRIC CONSTANT OF THE MEDIUM= !, 1PE10.3/// VIREO116
733X,*RELATIVE PERNEABILITY OF THE MEDIUN= ', 1PE10.3///) WIREO117
60 TO (12,20,16) ,TYPE WIREO0118

12 READ(5,13) RWO WIREO0119
13 PORMAT (5X,E10.3) WIRE0120
WRITE (6, 14) RWO WIRE0121

14 PORMAT (' REFERENCE CONDUCTOR FOR LINE VOLTAGES IS A WIRE WITH RADIWIRE(0122
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10s= *,1PE10.3,' MILS'////) WIRE0123

RE0=RWO*CHTH WIREO0124
WRITE(S6, 15) , WIRE0125

1S FOBRNAT(* VWIRE NUMBER',4X,°*WIRE RADIUS (NILS)',18X, WIRE0126
1'Z COORDINATE (METERS)®,24X,°'Y COORDINATE (METERS)',//) WIRE0127
GO TO 23 WIRE0128

16 READ(5,17) RS WIRE0129
17 PORNAT(5I,E10.3) WIRE0130
WRITE(6, 18) RS WIREO0131

18 PORNAT (* REFERENCE CONDUCTOR POR LINE VOLTAGES IS A CYLINDRICAL OVWIRE0132
1ERALL SAIELD WITH INTERIOR RADIUS= *,1PE10.3,' METERS'////) WIRE0133
RS2=RS*RS WIREO13a
WRITE (6, 19) WIRE0135

19 FORMAT(* WIRE NUNBER',2X,'WIRE RADIUS (MILS)', 2X,'SEPARATION BETWWIRE(0136
1EEN WIRE AND CENTER OF SHIELD (METERS)',6X,°*ANGULAR COORDINATE (DEWIREO137

2GREES) //) VIREO138
60 TO 23 WIRE0139

20 WRITE(6,21) ‘ WIRE0140
21 PORNAT (* REFERENCE CONDUCTOR FOR LINE VOLTAGES IS AN INPINITE GROUWIREO141
14D PLARE®////) WIREO142
¥RITE(6, 22) WIREO143

22 PORMAT (' WIRE NUMBER',4X,°WIRE RADIUS (MILS)', 18X, WIREO 148
1'HORIZONTAL COORDINATE (METERS)®,16X,'WIRE HEIGHT (METERS)'//) WIREO145
VIREO0146

READ AND PRINT LINE DIMENSIONS AND COMPUTE THE CHARACTERISTIC WIREO147
INPEDANCE MATRIX,ZC (STORE ZC IN REAL PART OF ARRAY H1) WIREO148

P ' WIREO149

23 C=NUO2PI®ONEC*V*#DSQRT (MUR/ER) WIRE0150
DO 29 I=1,X WIRE0151
READ(5,28) RW,Z,Y WIRE0152

24 PORMAT (3 (5X,E10.3)) WIREO153
WRITE(6,25) I,RN,3,Y WIREO1S58

25 PORMAT (2X,12,13x,1PB10.3,27X,1PE10.3,35X,1PE10.3/) WIREO155
V3({I)=1 WIREO156

vy (I) =Y WIRE0157
BU=RWSCNATH WIRE0158

G0 TO (26,27,28) ,TYPE WIRE0159

26 DI2=Z*T+Y*Y WIRE0160
N1(I,I)=C*DLOG (DI2/(R¥*RWO0)) WIRE0161

GO TO 29 ¥IRE0162

27 A1 (1,1)=C*DLOG (THO*Y/R¥) WIBRE0163
60 TO 29 WIREO164
28 81 (I,I)=C*DLOG ((RS2-%*Z) /(RS*RY)) WIRE0165
29 CONTINUE WIRE0166
IF (N.EQ.1) GO TO 34 WIREO167
K1=N-1 WIRE0168

po 33 I=1,K1 . WIRE0169
K2=I+1 WIRE0170

PO 33 J=K2,H WIREO171
2I=V3(I) : WIRB0172
2J=V3(J) . WIRE0O173
YI=V8 (I) WIREG178
YI=Vs (J) WIRE0175

G0 TO (30,31,32),TYPE WIREO176

30 DI2=ZI*ZI+YI*YI WIRE0177
DJI2=Z3*ZJ+ YI*YJ WIRE0178
ZD=21-2J WIREO0179
YD=YI-YJ WIREO180
DIJ2=ZD*ZD+YD*YD WIRE0181
M1(I,J)=PS5¢C*DLOG (DI2%DJ2/ (RHO*RNO*DIJ2)) WIRE0182
81{J,I)=N1(1,J) WIRE0183
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GO TO 33 WIREO184

31 zZD=2I-2J WIRE0185
YD=YI-YJ WIRE0186
DIJ2=ZD*ZD+YD*YD WIRE0187
M1(I,J)=P5#C*DLOG (ONE+FOUR*YI*YJ/DIJ?2) WIRE0188

M1 (J,I)=N1(I,d) WIRE0189

GO TO 33 WIRE0190

32 THETA=(YI-YJ)/RADEG WIRE0191
RI2=ZI*ZI WIRE0192
RJI2=2J*2J WIRE0193
M1(I,J)=P5*C*DLOG { (RI2/RS2) % (RI2*RJ2+RS2*RS2~-TWHO*Z I ¥ ZJ*RS2* WIRED194
1DCOS (THETA)) / (RI2*RJ2+RJ 2%RJI 2-TWO*ZI*#ZJ*RI2*DCOS (THETA) ) ) WIRE0195

N (J,I)=M1(1,J) WIRE0196

33 CONTINUE WIREN197
: WIRE0198

COMPUTE THE INVERSE OF THE CHARACTERISTIC IMPEDANCE MATRIX,ZCINV WIRE0199
(STORE ZCINV IN ARRAYS M2 AND N3) WIRE0200
WIRE0201

34 po 36 I=1,N WIRE0202
DO 35 J=1,N RIRFE0203
A(I,J)=M1(L,d) WIRE0204

35 W2 (I,J)=2ZEROC WIRE020"
36 M2 (I,I)=ONEC WIRE0206
CALL LEQT1C(A,N,N,M2,N,N,0,¥A,KER) WIRE0207
KER=KER~128 : WIRE0208

DO 37 I=1,H WIRE0209

Do 37 J=1,N WIRE0210

37 M3 (I,J3)=K2(I,Jd) WIRE0211
IF (KER.NE. 1) GO T0 39 WIRE0212
WVRITE(6, 38) WIRE0213

38 FOBMAT(//,' *****CHARACTERISTIC IMPEDANCE MATRIX INVERSION ERROR**WIRE0214
155510, //) ' WIRE0215
GO TO 121 WIRE0216
WIRE0217

READ AND PRINT ENTRIES IN LOAD ADMITTANCE (IMPEDANCE) MATRICES WIREO?218
(STORE ADNITTANCE(INPEDANCE) MATRICES AT X=0 IN ARRAY YO AND WIRE0219
THOSE AT X=L IN ARRAY YL) WIRE0220
WIRE0221

39 IF(LSO.EQ.11.0R.L5J.EQ.12) GO TO 42 WIRE0222
WRITE (6, 40) : WIRE0223

40 FORMAT(//, 18X,*ADNITTANCE AT X=0',43X,'ADMITTANCE AT X=L'/) WIRE0224
WRITE (6,841) WIRE0225

41 FORMAT (21X, {(STEMENS)',51X," (SIEMENS) ' /) WIRE0226
GO TO 45 WIRE0227

42 WRITE(6,43) WIRE0228
43 PORNAT(//, 18X, INPEDANCE AT X=0',44X,* IMPEDANCE AT X=L'/) WIRE0229
WRITE (6, 84) WIRE0230

44 FORMAT (23X,° (OHMS)',54X,* (OHMS)* /) WIRE0231
45 WRITE(6, 46) WIRE0232
46 PORMAT (* ENTRY®', 10X, 'REAL', 11X, IMAG®,41X,*REAL',11X,*INAG?//) WIRE0233
DO 49 I=1,N WIRE0234
READ(5,47) YOR,YOI,YLR,YLI WIREQ235

47 FORNAT (2 (E10.3),20X,2(E10.3)) WIRE0236
Y0 (I,I)=YOR¢XJ*YOI WIRE0237

YL (I,T)=YLRe¢XJ*YLI WIRE0238
WRITE(6,48) I,T,Y0(I,I),YL(I,I) WIRE0239

48 PORMAT(1X,I12,2X,12,2(5X, 1PE10.3),30X,2(5X,1PE10.3) /) WIRE0240
49 CONTINUE WIRE0241
IF (LSO.EQ. 11.0R.LSO.EQ.21) GO TO 52 WIRE0242
IP(N.2Q.1) GO TO 52 WIREO243

po 51 I=1,K1 WIREO244
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50

51

52

53

K2=I+1

po 51 J=K2,N

READ(5,50) YOR,YOI,YLR,YLI
FORMAT (2 (E10.3),20X,2(E10.3))
Y0 (I,J) =YOR+XJ*YOI

YL (I,J)=YLR+XJ*YLI

YO0 (J,I)=Y0 (I,J)

YL (J,I)=YL(I,J)

WRITE (6,48) I,J,Y0(I,J),YL(I,J)
CONTINUE

WIRE0245
WIREO0246
WIRE0247
WIRE0248
WIRE0249
WIRE0250
WIRE0251
WIRE0252
WIRE0253
WIRE0254
WIRE0255

IF THEVENIN EQUIVALENT SPECIFIED, SWAP ENTRIES IN ARRAYS M1 AND M2WIRE0256

M1 WILL CONTAIN THE INVERSE OF A2C AND M2 WILL CONTAIN ZC

IF (LSO.EQ.21.0R.LS0.EQ.22) GO TO 54
DO 53 I=1,N

DO 53 J=I,N

A1=N1(I,J)

A2=M2(I,J)

N1 (I,J)=A2

M1 (J,I)=A2

n2(1,3)=A1

N2 (J,I)=A1

COMPUTE THE MATRIX ZC¢ZL*ZCINV*Z0 FOR THE THEVENIN EQUIVALENT
OR ZCINV+YL¥*ZC*Y0 FOR NORTON BQUIVALEBNT

- STORE IN ARRAY M2

54

55

56

57

58

60
61
62

63

64

IP (LSO.EQ.12.0R,LSO. EQ.22) GO TO 57
DO 55 I=1,8

DO 55 J=1,8
A(I,J)=N1(I,J)*Y0(J,J)

DO 56 I=1,N

DO 56 J=1,N

M2 (I,J)=YL(I,I)*A(I,J)+N2(I,J)
GO TO 62

DO 59 I=1,N

DO 59 J=1,N

SUML=ZEROC

DO 58 K=1,N

SUML=SUML+N1 (I,K)*Y0 (K,J)
A(I,J)=SUML

DO 61 I=1,N

DO 61 J=1,¥

SUML=2ZEROC

DO 60 K=1,N
SUNL=SUML*YL (I,K) *A (K, J)
M2 (I,J)=SUNML+M2(I,J)
BB=TWO*PI*#DSQRT (ER*NUR) /V
BBL=BB*L

IF FIELD SPECIFICATION IS A UNIFORM PLANE WAVE, READ DATA AND
COMPUTE THE COMPONENTS OF THE ELECTRIC FPIELD INTENSITY AND THE
PHASE CONSTANT (FOR ONE HERTZ) IN THE X,Y, AND Z DIRECTIONS

IP (FSO.EQ.2) 60 TO 66

READ(S5,63) EM,THE,THP,PHP

FORMAT (4 (E10.3,5X))

HRITE(6,64)

FORMAT(///' EXCITATION SOURCE IS A UNIFORMN PLANE WAVE'//)
WRITE(6,65) EM,THE,THP,PHP
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2% PHIP = %,1PE10.3,° (DEGREES)'////) "WIRE0308
THE=THE/RADEG WIRE0309
THP=THP/RADEG WIRE0310
PHP=PHP/RADEG WIREO3 11
CTE=DCOS (THE) WIRE0312
CTP=DCOS (THP) WIRE0313
CPP=DCOS (PHP) WIRED314
STE=DSIN (THE) WIRE0315
STP=DSIN (THP) WIRE0316
SPP=DSIN (PHP) WIRE0317
EYM=EM*CTE*STP WIRF0318
EZN=-EN* (CTE#¥CTP*CPP-STE*SPP) WIRE0319
EXM=~EN® (CTE*CTP*SPP+STE*CPP) WIRE0320
BBX=BB*STP*SPP WIRE0321
BBY=BB*CTP VIRE0322
BBZ=BB¥STP*CPP WIRE0323

c WIRE0324
C."‘“PR BQUEHC! DEPENDENT CALCULATIONS $S*$¥8kskkkSkskkk sk ek ek e s kS YIRED3I2S
c WIRE0326
66 CONTINUE WIRE0327
READ(5,67,END=121) F WIRE0328

67 PORNAT (E10.3) WIRE0329
BETA=BB*F WIRE0330
BETAL=BBLSF WIRE0331
DS=DSIN (BETAL) WIRE0332
DC=DCOS(BETAL) WIRE0333

GO TO (68,74),FSO WIRE0334

c WIRE0335
c COMPUTE TRE EQUIVALENT PORCING FUNCTIONS POR UNIFORM PLANE WAVE WIRE0336
c EXCITATION WIRE0337
c , WIRE0338
c CONPUTE THE X,Y, AND Z COMPONENTS OF THE PHASE CONSTANT FOR WIRE0339
c UNIPORM PLANE WAVE EXCITATION AND A PREQUENCY OF F HERTZ WIRE0340
c WIREO341
68 BY=BBX4P WIRE0342
BY=BBYSF WIRE03U43
BZ=BBZ*F WIREO344
EBXL=CDEXP (- XJ*BX*L) WIRE0345
BP=BETA+BX WIRE0346
BN=BETA-BX WIRE0347
EPBL=CDEXP (XJ*BETAL) WIREO348
ENBL=CDEXP (~XJ*BETAL) WIRE0349
EP=EPBL*E2 (ZERO,L,-BP) WIRE0350
EN=ENBL® P2 (ZERO, L, BX) WIRE03S1

69 GO TO (70,72),TYPE WIRE0352

c WIRE0353
c COMPUTE FORCING PUNCTIONS FOR UNIFORM PLANE WAVE EXCITATION AND WIREO3S54
C TYPE 1 STRUCTURES WIRE0355
c WIRE0356
70 DO 7% I=1,N WIRE0357
YI=V4(I) WIRE0358

ZI=V3 (1) WIRE0359
BYPBZ=BY*YI+BZ*ZI WIRE0360
EBYPBZ=CDEXP (~XJ*BYPBZ) ~ONE WIRE0361
EJBZ=CDEXP (-XJ*BZ$ZI) WIRE0362
EJBY=CDEXP (~XJ$BY*YI) WIRE0363
VIN=EXN*EBYPBZ /TWO WIREO364
V2N=-XJ*VIN WIRE0365

V1 (I)=V1iN% (EP+EN) WIRF0366

65

FORMAT (* MAGNITUDE OF ELECTRIC PIELD = *,1PE10.3,* (VOLTS/METER) '/ WIRE0306
1* THETAE = ',1PE10.3,' (DEGREES) */¢ THETAP = ',1PE10.3,* (DEGREES) '/WIRE0307
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71

72

Tu

75

76
17

78

79

80

81

V2 (I) =V2#u* (EP~EN)

ETO(I) = (EYA*YI+EZN+ZI) *E2 (ZERO,ONE, - BY PBZ)

ETL (I) =ETO (I) *EBXL
GO TO 96

CONPUTE FORCING FUNCTIONS FOR UNTFORM PLANE WAVE EXCITATION AND

TYPE 2 STRUCTURES

DO 73 I=1,N

YI=V4(I)

ZI=V3I{I)

S5¥~DSTN (BY*YT)
EJBL=CDEXP {~XJ*BZ*2ZI)
¥2m=-gxnsSIBA*SBY
ViRr=x.ges 2m

V1{0) =V1n* (EP+EN)

V2 (I} =V2H* (EP-EN)

ETO{T)=PYN&EJBZ*E2(~YI,YI,BY)

ETL (I)=ETO (I) *EBIL
GO TO 9¢é

WIRE(0367
WIRE0368
WIRE0369
WIRE0370
WIREO0371
WIREO0372
WIRE0373
WIREO0374
WIREO0375
WIREO0376
WIRE0377
WIREO378
W1RE0379
WIRE0380
WIRRO381
WIREB0382
WIRED3813
WIREO3Bu
WIREDQ38S
WIREO0386
¥1RE0387

COMPUTE THE EQUIVALENRT FORCING FUNCTIONS FGR NONUNIFPORN EXCITATIONWIREO388

BPBL=CDEXP (XJ*BETAL)
ENBL=CDEXP (-XJ*BETAL)
WRITE(6,75)

PORMAT (///° EXCITATION SOURCE IS A NONUNIFORM FIELD®'//)

GO TO (76,83,83), TYPE

COMPUTE THE CONTRIBUTION DUE TO THE LONGITUDINAL ELECTRIC FIELD

FOR THE REFERENCE WIRE

READ(5,77) NLO,EO,TO
FORMAT (I10,2(10X,E10.3))
WRITE (6,78)

FORMAT (* LONGITUDINAL ELECTRIC FPIELD ON REFERENCE WIRE?!/)

@RITE(6,79)

PORMAT (5X, *SPECIFICATION POINT (METERS) ",
15X, *ELECTRIC PIELD INTENSITY (VOLTS/METER)®,5X,*PHASE(DEGREES)*//)

XL=ZERO

EL=EO

TL=TO

SUNMC=ZEROC
SUNS=ZEROC
WRITE(6,80) XL,EO0,TO

PORMAT (13X, 1PE10.3,24X,1PE10.3,25X,1PE10.3

Do 82 I=1,NLO
READ(5,81) XI,EI,TI
FORMAT (3 (E10.3,10X))
WRITB(6,80) XI,EI,TI
XP=XI

EP=EI

TP=TI

XD=XP-XL
MI=(EP-EL) /XD

BI= (EL*XP-EP*IL) /XD
NI=(TP-TL)/(RADEG*XD)
CI= (TL*XP-TP*XL) /(RADEG*XD)
NM=NI-BETA

NP=NI+BETA

EJCI=CDEXP (XJ*CT)
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82

83

88

85

86

87

88

89

SUNC=SUNC+EJCI*P5* (MI*EPBL*E1 (XL,XP,NN) +NI*ENBL*E1 (XL,XP,NP)
1+BI*EPBL*E2(XL,XP,NH) +BI*ENBL*E2 (XL,XP,NP))
SUNS=SUNS-XJ*P5%EJCI*(NI*EPBL*E1 (XL, XP,NN) ~-MI*ENBL*E1(XL,XP,NP)
1+BI*EPBL*E2 (XL, XP,NN)-BI *ENBL*E2 (XL, XP,NP))

XL=XP

EL=EP

TL=TP

ELOC=SUNC

ELOS=SUNS

GO TO 84

ELOC=ZEROC

ELOS=ZEROC

COMPUTE THE CONTRIBUTION DUE TO THE LONGITUDINAL ELECTRIC FIELD

FOR THE WIRES

DO 95 I=1,N

READ(5,85) NLO,ELO,TLO

FPORMAT (10,2 (10X,E10.3))

IL=ZERO

WRITE(6,86) I

PORMAT (//' LONGITUDINAL ELECTRIC FIELD ON WIRE ',3X,12/)
WRITE(6,79)

WRITE(6,80) XL,ELO,TLO

EL=ELO

TL=TLO

SUAC=ZEROC

SUMS=ZEROC

po 88 J=1,KLO

READ(5,87) XI,EI,TI

PORNAT (3 (E10.3,10X))

WRITE(6,80) XI,EI,TI

XP=X1I

EP=EI

TP=TI

XD=XP-XL

MI=(EP-EL) /XD

BY= (EL*X P-EP#*XL) /XD

NI= (TP-TL)/ (RADEG*XD)
CI=(TL*XP-TP*XL) / (RADEG*XD)

NM=NI-BETA

NP=NI+BETA

EJCI=CDEXP (XJ*CI)

SUNC=SUNMC+EJCI*P5* (NI*EPBL*E1(XL,XP, NM) +M[*ENBL*E! (XL,XP,NP)
1+BI*EPBL*E2(XL,XP,NN) +BI*ENBL*E2 (XL, XP,NP))
SUNS=SUN S-XJ*PS*EJCI # (NI *EPBL*E1 (XL, XP,NN) ~MI*ENBL*E1(XL,XP,NP)
1+BI*EPBL*E2 (XL, XP,NN) ~BI*ENBL*E2 (XL, XP,NP))
XL=XP

EL=EP

TL=TP

v1(I)=SUNC-ELOC

V2 (I) =SUNS-ELOS

CONPUTE TRE CONTRIBUTION DUE TO THE TRANSVERSE ELECTRIC FIELD
AT X=0 POR EACH WIRE

XL=ZERO

WRITE(6,89) I

FORNAT (//' TRANSVERSE ELECTRIC FIELD AT X=0 POR WIRE ',3X,I2/)
READ(5,85) NTO,EETO,TTO

HRITE(6,79)
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WRITE(6,80) XL,EETO,TTO
EL=EETO

TL=TT0

SUMD=Z EROC

DO 91 J=1,NT0

READ (5,90) XI,EI,TI
FORMAT (3 (E10.3,10X))
WRITE(6,80) XI,EI,TI
XP=XT

EP=EI

TP=TI

XD=XIP-XL

MI=(EP-EL) /XD

BI= (EL*XP-EP#XL) /XD
NI=(TP-TL) /(RADEG*XD)
CI= (TL*XP-TP*XL) / (RADEG*XD)
EJCI=CDEXP (XJ*CI)
SUMO=SUNO+EJCI* (MI*E1 (XL,XP,NI)+BI*E2(XL,XP,NI))
IL=XP

EL=EP

TL=TP

ETO(I) =SUNO

COMPUTE THE CONTRIBOTION DUE TO THE TRANSVERSE ELECTRIC FIELD
AT X=L FOR EACH WIRE

XL=ZERO

WRITE(6,92) I

FORNAT (//' TRANSVERSE ELECTRIC PIELD AT X=L POR WIRE ',3X,I2/)
READ(5,85) NTL,EETL,TTL
WRITE(6,79)

WRITE(6,80) XL,EETL,TTL
EL=EETL

TL=TTL

SUNL=ZEROC

DO 94 J=1,NTL

READ (5,93) XI,EI,TI
PORNAT (3 (E10.3, 10X))
WRITE(6,80) XI,EI,TI

Xp=XI

EP=EI

TP=TI

XD=XP-XL

MI= (EP-EL) /XD

BI= (EL*XP-EP*XL) /XD
NI=(TP-TL) /(RADEG*XD)

CI= (TL*XP-TP*XL) / (RA DEG*XD)
BICI=CDEXP (XJ*CI)
SUML=SUML+EJCI* (MI*E1(XL,XP, NI) +BI%E2(XL,XP,NI))
XL=XP

EL=EP

TL=TP

ETL (I) =SOUNL

CONTINUE

COMPUTE THE TERNINAL CURRENTS
FORM THE EQUATIONS

IF (LSO.EQ.12,0R.LS0. EQ.22) GO TO 100
DO 98 I=1,N
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WIRE0489
WIRE0890

“ WIREO491

WIRE0492
WIRE0493
WIREOW94

‘HIRE0495

WIRE0496
WIREO497
WIRE0G98
WIRE0399
WIRE0500
WIRE0501
WIRE0S02
WIRE0S03
WIRE0508
WIRE0505
WIRE0S506
WIRE0507
WIRE0508
WIRE0509
WIRE0S510
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WIRE0516
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WIREO0519
WIRE0S520
WIRE0S21
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"WIRE0523

WIRE0524
WIRE0525
WIRE0526
WIRE0527
WIRE0528
WIRE0529
WIREO0S530
WIRE0531

'WIRE0S532

WIRE0533
WIREOS34
WIRR0535
WIRE0536
WIRE0537
WIRE0538
WIRE0539
WIRE0S540
WIRE0S41
WIREO0542
WIRE0543
WIRE0S44
WIRE0545
WIRE0S546
WIRE0547
WIRE0548
WIRE0549



97

98

99
100

101

102

103

104

108
106

anaa

107

108

109

110
m

[g]

C

SUNO=Z BROC

SUNL=ZEROC

DO 97 J=1,¥

A(I,J) =XJ*DS*N2 (I,J)
SOMO=SONO+M3 (I,J)*V2 (J)
SUNL=SUML+ N3 (I,J) *ETO(J)
Y1(I)=V1(I)-ETL(I)
M1(I,I)=SUNO

BTL (I) =SONL
A(TI,I)=A(I,I)+DC* (YO0 (I,I)+YL(I,T))
DO 99 I=1,N

SUMO=ONEC

SUNL=0NEC

IF (LSO.EQ.21) SOMO=YL(I,I)
IP (LSO.EQ. 11) SONL=YL(I,T)

B(I)=SUMO*V1({I)+XJ*SONL®N1 (I, I)+DC*SUMO*ETO (I) +XJ*DS*SUNL*ETL (I)

GO TO 107

DO 102 I=1,X

SUNO=ZEROC

SOUML=2BROC

DO 101 J=1,N

A(I,J) =XJ*DS*N2 (I,J) +DC* (Y0 (I,J) +YL(I,J))
SUNO=SUNO+N3 (I,J) *V2 (J)
SUNL=SUNL+N3 (I,J) *ETO (J)

V1 (I)=V1(I)-ETL(I)

M1(I,I)=SuUno

ETL (I) =SUAL

DO 106 I=1,N

IP(LSO.EQ.22) GO TO 104

SUNO=ZEROC

SUNL=ZBROC

DO 103 J=1,N

SUNO=SUNO+YL (I,J) *H1(J,J)
SUNL=SONL+YL (I,J) $ETL (J)

B(I)=V1(I) ¢XJ*SUNO+DC*ETO (I) ¢XJ*DS*SUNL
G0 TO 106

SUNO=ZEROC

SUNL=ZEROC

DO 105 J=1,N

SUNO=SUNO+YL (I,J) *V1 (J)
SUML=SUNL¢YL (I,J) *ET0 (J)
B(I)=SONO¢XJ*K1(I,T) +DC*SUNL+XJI*DS*ETL (I)
CONTINUE

SOLVE THE EQUATIONS

CALL LEQTIC(A,N,N,B, 1,N,0,WA,IER)

IER=TER-128

WRITE(6,108) F

FPORBAT (1H1,* FPREQUENCY (HERTZ)= *,1PE16.9,///)
IP (IER.NE.1) GO TO 110

WRITE (6, 109)

FORNAT (///,' *#*#XSOLUTION ERROR®S*s31,///)
GO TO 121

WRITE(6,111)

POBNAT (16X, *WIRE',8X,* 10N (ANPS)* ,4X, " IOA (DEGREES) * ,8X,
1°ILN(ANPS) *,4X, ' ILA (DEGREES) *///)

COMPUTE AND PRINT THE TERMINAL CURRESTS
DO 114 I=1,N
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WIREO0550
WIRE0551
WIREO0552
WIREO0553
WIREO0SS4
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WIRE0S561
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112

113
114

115

116

117

118

119
120

21

IP (LSO.EQ. 11.0R.LSO.EQ.21) GO TO 113
SUM0=2EROC :

DO 112 J=1,¥

SUNO=SUNO+YO (I,J) *B(J)

WA (I) =SUMO

GO TO 114

WA (I) =Y0 (XI,TI) *B(I)

CONTINUE

DO 120 I=1,N

IF (LSO.EQ.21.0R.LS0. EQ.22) GO TO 116
10=8 (I)

SUMO=2EROC

DO 115 J=1,N

SUMO=SUNO0+N3 (I,J) *¥A (J)

IL=-XJ* (M1 (I,I) +DS*ETL (I)) ¢+DC*B(I) +XJ*DS*SUNO
GO TO 118

I0=WA(I)

SUM0=ZEROC

DO 117 J=1,N

SUMO=SUMO+R3 (I,J) *B(J)

IL=-XJ* (M1 (I,I) +DS*ETL (I)) +DC*WA (I) +XJ*DS*SUNO
ION=CDABS (I0)

ILN=CDABS (IL)

I0R=DREAL (I0)

I0T=DINAG (I0)

ILR=DREAL (IL)

ILI=DINAG(IL)

IF (IOR.EQ.ZERO.AND ,IO0I.EQ.ZERO) IOR=ONE
IP(ILR.EQ.ZERO.AND.ILI. EQ.ZERO) ILR=ONE
IOA=DATAN2 (I0I,IOR)*RADEG

ILA=DATAN2 (ILI,ILR) *RADEG

WRITE(6,119) I,TIOM,IOA,ILM,ILA

FORMAT (18x,12,7X,1PE10.3,4X, 1PE10.3,9X,1PE10.3,4X, 1PE10. 3/)

CONTINUE
GO TO 66
STOP

END

-169-

WIREO611
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WIREO0613
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Delete 0062
Card

0064
0066
0071-0072
0073
0074
0075
0076
0077
0078
0079
0150
0161
0163
0165
0182
0188
0194
0195
0195
0293
0312

0313

APPENDIX B-1

Conversion of WIRE to Single Precision

Double Precision

REAL *8
COMPLEX *16
Change all D's to
0.D0
1.D0
2.D0
DCMPLX (1.D0,0.D0)
DCMPLX (0.D0,0.D0)
DCMPLX(0.D0,1.D0)
DATAN
DSQRT
DLOG
DLOG
DLOG
DLOG
DLOG
DLOG
DCOS
DCOS
DSQRT
DCOS

DCOS
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Single Precision

REAL
COMPLEX

E's

CMPLX (1.£0,0.L0)
CMPLX (0.E0,0.EQ)
CMPLX (0.E0, 1.E0Q)
ATAN

SQRT

ALOG

ALOG

ALOG

ALOG

ALOG

ALOG

cos

Ccos

SQRT

cos

Cos
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APPENDIX B-1 (continued)

Card Double Precision Single Precision
0314 DCOS Ccos
0315 DSIN SIN
0316 DSIN SIN
0317 DSIN SIN
0332 DSIN SIN
0333 DCOS cos
0345 CDEXP CEXP
0348 CDEXP CEXP
0349 CDEXP CEXP
0361 CDEXP CEXP
0362 CDEXP CEXP
0363 CDEXP CEXP
0378 DSIN SIN
0379 CDEXP CEXP
0390 CDEXP CEXP
0391 CDEXP CEXP
0427 CEDXP CEXP
0470 CDEXP CEXP
0505 CDEXP CEXP
0536 CDEXP CEXP
0632 CDABS CABS
0633 CDABS CABS
0634 DREAL REAL
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card
0635
0636
0637
0640

0641

APPENDIX B~1 (continued)

Double Precision

DIMAG
DREAL
DIMAG
DATAN2

DATAN2
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Single Precision

AIMAG
REAL

AIMAG
ATANZ

ATAN2

e v .



APPENDIX B-2

Flowchart of WIRE
START

General comments concerning the

applicability of the program,

Array dimension information

Declare variable and array types,

Dimension arrays.

Define constants:

CMTM (conversion from mils to meters)

= 2.54 x 10

MUO2PI =

ONE =

P5 -

FOUR =

ONESO =

ZERO =

TWO =

ONEC =
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ZEROC
XJ

V(velocity of light in
free space)

PI

- RADEG(conversion of radians

to degrees)

0.+j0.

O.+j1.

8

2,997925 x 10

m/sec

™

180./w

Read and print:
Structure type (1,2,3)

Load Structure option
(11,12,21,22)

Field Specification
option (1,2)

Number of wires (n)

Relative permittivity of
medium (sr)

Relative permeability of
medium (ur)

Line length (f)
TYPE = 1:

Radius of reference wire,

“r
w0’

TYPE = 3:

Interior radius of cylindrical

shield

TYPE
LSO

FSO

ER

RWO

RS

T
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Read and print the wire radii and the
z, and y, (r, and ©, for TYPE = 3) co-
i i i i

ordinates. Store z; in array V3 and Y

in array V4, Compute entries in char-

acteristic impedance matrix, Z Store

Co

ZCin array Ml. : See equations (2-40),

(2-50), and (2-53). (ZC = v L)

~

Compute the inverse of ZC Zc—l, with
-~ b ] ~

LEQT1C and store in arrays M2 and M3.

Read and print entries in terminal
impedance (admi£tance) matrices at
x=0, EO('EO), and x=2, %t(gt). Store
EO(X ) in array YO0 and %I(Zi) in_array

YL.

LS0=11,12
|
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|

If Thevenin Equivalent specification of
the termination networks is used, swap
entries in arrays M1 and M2, Ml will

contain Z -1 and M2 will contain Z

~C c’

: -1
Compute the matrix %C + %x.Z.C go

for the Thevenin Equivalent or

-1
gc + fi gC 30 for the Norton Equiva-

lent, Store in array M2,

If field specification is a uniform
plane wave (FSO=1), read wave description
data and compute the components of fhe
electric field intensity vector, EXM,
EYM, EZM, and propagation constant (for
one Hertz), BBX, BBY, BBZ, in the x,y,z

directions. See equations (3-12),
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o)

Read frequency and compute:
BETA = k

BETAL = k€

sin(ki)
cos (k)

DS

DC

FsSO=1

Compute the x,y,z components of

the propagation constant, k,:

BX = k
=k

BY y

BZ = k,
TYPE=1
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Compute entries in induced source

vectors for TYPE 1 structures:

Vi=M (3-16)
V2 = N (3-17)
(inc)
ETO = E_(0) (3-22) (€= 0)
_Einc)
ETL = E (2) (3-22)

Compute entries in induced source

vectors for TYPE 2 structures:

V=M (3-28)
V2 = N (3-29)
(inc)
ETO = E_(0) (3-30) (L= 0)
: Einc)
ETL = gt (%) (3-30)

(59

?

Compute induced source vectors for

nonuniform field excitation.

1
-178-
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TYPE=2, 3

C®

TYPE=1

Compute the contributions to M and
N due to the longitudinal electric

field along the reference wire,

®

Compute the contributions to M and
N due to the longitudinal electric
field along the n wires., Store M and

N in arrays V1 and V2, respectively.

(inc)
Compute the entries in Et(O) due to

the transverse electric field at x=0,

Store in array ETO.
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(inc)
Compute the entries in Et(f) due to the

transverse electric field at x=f. Store

in array ETL.

Form the equations (3-2a) or (3-4a).

Arrays V1, V2, ETO, ETL now contain
(inc) (inc) _ (inc)
M-Et (Z) 3 ys Et (O) and %C Et (O) s

respectively. Array M1 contains on its

main diagonal the entries in ZC N.

Solve the equations with LEQTIC

Compute the terminal currents at x=0

and those at x=Z via (3-2b) or (3-4b).

Compute and print the magnitude and

phase of the terminal currents.

YES

additional

frequency
cards?
NO
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APPENDIX C

Function Subprograms

El, E2

Program Listings
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COMPLEX FUNCTION E1%#16 (A,B,X)
INPLICIT REAL*8(A-H,0-2)
COMPLEX*16 XJ,OREC

DATA THREE/3.DO/,PZ1/1.D-2/,TEN/10.DO/
CONMON XJ,ZERO,TW0,0NE,ONEC
B2=B*B

A2=A%A

XB=X*B

YA=X*A

BPA=B+A

XBPA2=X*BPA/THO

BNA=B-A

XBMA2=X*BNA/THO

IP (XBPA2.EQ. ZERO) GO TO 1
SBPA=DSIN(XBPA2) /XBPA2

GO TO 2

SBPA=ONE

IP (XBMA2.EQ.ZERO) GO TO 3
SBMA=DSIN (XBMA2) /XBNA2

GO TO 4

SBMA=ONE

1P (XB.BQ.ZERO) GO TO 5
SB=DSIN (XB) /XB

GO TO 6

SB=ONE

IF (XA. EQ.ZERO) GO TO 7
SA=DSIN(XA) /XA

GO TO 8

SA=ONE
XR=-SBPAXSBMA® (B2-A2) /THO+B2#%S B-A2#%SA
IP (X.EQ.ZERO) GO TO 13

IP (DABS (XA).LE.PZ1) GO TO 9
XIA=A* (DCOS(XA)-SA)/X

GO TO 10
XIA=-XA*A2% ( (ONE-XA*XA/TEN) /THREE)
IF (DABS (XB).LE.PZ1) 6O TO 1
XIB=B* (DCOS(XB)-SB) /X

GO TO 12

XIB=-XB*B2*( {ONE-XB*XB/TEN) /THREE)
XI=XIA-XIB

GO TO 14

XI=ZERO

E1=XR+XJ*XI

RETURN

END
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FPNE10001
FNE10002
FNE10003
FNE10004
FNE10005
FNE10006.
FNE10007
FPNE10008
FNE10009
PNE10010
PNE10011
FNE10012
FNE10013
PNE100 14
PNE100 15
PNE10016
FNE10017
FNE10018
FNE10019
FNE10020
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PNE10022
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FNE10026
FNE10027
FNE10028
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FNE10030
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FNE10035
FNE10036
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N APPENDIX C-1

Conversion of El to Single Precision

“Delete Card 0002

) 001 E1%16 E1
0003 COMPLEX*16 COMPLEX
0004 Change all D's to E's
0015 DSIN SIN
0019 DSIN SIN
0023 DSIN SIN
0027 DSIN SIN
0032 DABS ABS

‘ | 0033 DCOS CoS

E 0036 DABS ABS

{ 0037 DCOS CO0S

i

|

|

!

| ;

I

g

o

|

i

|

:
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COMPLEX FUNCTION E2*16 (A,B,X)
INPLICIT REAL®8 (A-H,0-%)
CONPLEX*16 XJ,ONEC

CONMON XJ,ZERO,TWO,0NE,ONEC
DIF=B-A

PA=X*DIP/THWO

FB=X* (B+A) /THO

IF (FA.EQ.ZERO) GO TO 1
E2=DIF* (DSIN (FA) /FA) *CDEXP (XJ*FB)
GO TO 2

E2=DIP*ONEC

CONTINUE

RETURN

END
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FNE20001
FNE20002
PNE20003
PRE20004
FPNE20005

FNE20006
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FNE20008
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5 L APPENDIX C-2

i Conversion of E2 to Single Precision
I

( Delete Card 0002

[

J 0001 E2*16 E2

0003 COMPLEX*16 COMPLEX
0009 DSIN SIN
0009 CDEXP CEXP

;

:

é

1

‘1

|

5

B

i

-

-
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