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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 [1,61.

This report describes a digital computer program, WIRE, which is

designed to calculate the sinusoidal ,steady stateterminal 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.

IYPE 3 strLctures 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 re 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 incidert field can be in the form of a uniform plane wave for TYPE

I 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. These quantities will be made pre-

cise in the following chapters. For the nonuniform field, the data entries

are the values of tiie 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 if 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 iualitative fashion) that only the TO!

mode of propagation is significant, i.e., the higher order modes are non-

propagating. This requirement that the cross-sectior.al dimensions of the

-2-
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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 matries 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 III contains a derivation of the equivalent sources

induced in the structure types by uniform plane waves as well as nonuniform

Afields. 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.

-3-



II. MODEL DERIVATIONS

Cioss-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 (n+l) conductors are perpendicular to the y,z plane as indicated in

Figure 2-1. The TYPE 1 structure consists of (n+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 c and a permeability p. Throughout this report, the perme-

ability and permittivity of free space will be denoted 
by p = 47 x 10

- 7

and c Z (1/36) x 10- 9 , respectivelyand the permeability and permittivity

of the medium are related to the free space values by the relative perme-

ability, p , and relative permittivity (relative dielectric constant), r9

as P = Pr pv and c = er ev' respectively. For structure TYPE 1 and TYPE 2,

a logical choice for c r and p r would be 1 (free space). For structure TYPE 3,

a logical choise for the relative permeability, vr' would be 1 as is typical

of dielectrics. The program, however, allows for any er and Pr for all

etructure types.

The n wires are labeled from 1 to n and the radius of the i-th wire is

denoted by r . The reference conductor is designated as the zero-th con-

ductor. For TYPE I structures, the reference wire has radius rwO and the

'7 -4-
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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 h. about the ground
1

plane with a center-to-center separation between the i-th and j-th wires of

dij. For TYPE 3 structures, the interior radius of the cylindrical shield

is designated by rs, the i-th wire is at a distance ri from the shield center

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

0ij"

Implicit in the following iz 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.

2.1 Derivation of the Multiconductor Transmission Line Equations

The distributed parameter transmission line equations for multiconductor

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 u=27f,

the electric field intensity vector,e (x,y,z,t), and the magnetic field

intensity vector,j6.(x,y,z,t), are written as (x,y,z,t) = E(x,y,z)e and

(x,y,z,t) = H(x,y,z)e . The complex vectors E(x,y,z) and H(x,y,z) are

the phasor quantities. Line voltages,1i (x,t) =Vi Weiut, of the ith

conductor with respect to the zeroth conductor (the reference conductor) are

defined as the line integral ofi between the two conductors along a path in

the y,z plane. V i(x) is the complex phasor voltage. The line currentAi(xt)-

I (x)eJt associated with the i-th conductor and directed in the x direction

is defined as the line integral of4 along a closed contour in the y,z planE

encircling only the i-th conductor and Ii(x) is the complex phasor current.

-6-



The current in the reference conductor, (X,t) = 0et satisfies 10
j n

(-I (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(x) + JwLI(x) = Vs(x) (2-1a)

l(x) + JWCV(x) = I (x) (2-1b)-S

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

in the i-th row and J-th column is denoted by [M]ij. V(x) and I(x) are

nxl vectors of the line voltages and currents, respectively. The elements in

the i-th rows are IV(x)]i = V i(x) and [I(x)] i = li W)and [.=] i =

(d/dx)Vi(x). The nxn rep.l, symmetric, constant matri'es L 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]

[L]ii = + k - 2mfo (2-2a)

[L]i 0 + m - mi0 -m0 (2-2b)
.ii 0 ij 1
i~i

and

n
[C]ii Co + Z ci1  (2-3a)

i~i

Ci j  - -cij (2-3b)

-7-
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The entries in V (x) and I (x) are the per-unit-length distributed sources-s -s

along the line induced by the incident field, i.e., [V sx)] = Vsi(X) and

[ (X)I = 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 lengtht, the equations for

the termination networks at x = 0 and x = are

V(0) = V - Z01(0) (2-4a)

VW() = V + Z I(;) (2-4b)

where V0 and Vf are nXl vectors of equivalent open circuit port excitation

voltages, [V0] = V0i and [V]i V and Z and Zt are nxn symmetric im-

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 Lermination equations can be easily determined for a

given network by considering Vi(0) and Vi(1) (the termination port voltages)

as independent sources, and writing the loop current equations for each

network where I (0) and Ii (t) are subsets of the loop currents in each

network. (See Section 2.6.)

With the line immersed in a homogeneous medium with permittivity

e and permeability p, the product of L and C becomes [1]

LC - CL - liel (2-5)

where 1 is the nxn identity matrix with ones on the main diagonal and zeros
-n

elsewhere, i.e., -ii and []ij = 0, i~j. Fcr this case, the

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

-9-
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[cos(k)iZ0 + Z + j sin(kt) Z' + Z-Z z (0)

-V+ [j sin(kj) z ~1 + cos(kf)l ] V

+ V s() - Z I ( ) (2-6a)

I(;) =-j sin(tct)Z - Y
+ (cos(kX)l_ + j ] I(0) + I ( ) (2-6b)

where the wavenumber is k = 27/A, A = v/f, v = i/lv$ = vo//1--, v0 =i/yVp

and the nxn characteristic impedance matrix, ZC, is [1]

= v L (2-7)

The inverse of an nxn matrix M is denoted by M and V (e) and I (k) in
-, -S -S

(2-6) are given by [11

A

() {cos(k(&- x)) V (x) (2-8a)

-j sin(k(X - x)) ZC (x)} dx

1,00 = {cos(k(/- x)) I s x-
0

-J sin(k(X - x)) Zc-V s(x)} dx.

Solution of (2-6a) for the current vector, 1(0), requires the solution of n

complex equations in n unknowns (lI(0)). Once (2-6a) is solved, (2-6b)

yields the currents I(X) directly.

In this report, no independent excitation sources in the termination

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

-1i-



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., V0 = VO0where

the rtyp zero matrix, 0 , has zeros in every position, i.e., [m = 0 for

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

representation becomes

V(0) = -Z 0 1(0) (2-9a)

V(1) = ZtI(;) (2-9b)

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

[cos(kt) {Z + Z I + j sin(k;) IZ + Z Z -l 1(0)
~0 tc C f C -0

(2-10a)A A

V (z) - Z WI( )

1(t) = [cos(kt)l + j sin(kX) Z Z 1(0) + Is(C) (2-10b)n C -

As an alternatc formulation, a generalized Norton equivalent represent-

ation may be usei to (Itaracterize the termination networks. It we define

YO = Z and Y- Zi "he generalized Norton equivalent representation

becomes

10) = -Y0 V(O) (2-11a)

I(f) = Y; V(Y) (2-11b)

Equations (2-10) can then be written as

[cos(k4) {Yo + Y }+ j sin(kt) " z Y " Z ] V(O)
- r. . C (2-12a)S(x) - Y

I(X) = -[COS(L, Y0 + j sin(kZ) Z I +

12I V(G) + () (2-12b)
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where 1(0) can be recovered from V(O) via (2-11a).

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, V (X) and I (C), which are induced by the-S -S

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, Vs (X) and Is (X), are determined for

the TYPE 1 structure, they can be immediately obtained for the TIPE 2 and

TYPE 3 structures with a parellel 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, V1 (;) and

for TYPE 1 Structures

In order to determine the equivalent induced sources, V i(x) and I si(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

E • dCi = -JwHi H • n dSi (2-13)

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

4 4 4 4
il is n . z where z is the unit vector in the z direction, dSi 

= dx dy and

C1 is a contour encircling Si in the proper direction (counter-clockwise

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

integration
1

In integrating from y=O to y=d , 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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rd

0d i 0 [Eti(YX + Ax) - Eti(x,y) ] dy

S- X+Ax [ELU(dio,x) - E9i(O,x)) dx

x

ii
W 4 x Jd Hni(y,x) dy dx (2-14)

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

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

joining the two conductors i.e., E = E ; E is the component of the total
ti y Ri

electric field along the longitudinal axis of the line, i.e., E.i E x;

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

dio

Vi(x) = -f Eti(y,x) dy (2-15)

0

then

dVi(x) -lim I d [Eti(y,x + Ax) - E (y,x)] dy (2-16)

dx Ax'+O x ti

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 0
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dV. (x) d(2
dx J io H (y,x) dy. (2-17)

0

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

H. (y,x) = H (y,x)

(2-18)(scat) (inc) (-8

H H ( y , x ) + H (j , x )

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) (i0 (scat)

i(x) =- i Hni(y,x) dy

0

(X)  (2-19)

2Wx
= [ ii,£i2,..., in]

In(

where Z9j. [L]Ij. Substituting (2-19) and (2-18) into (2-17) and arranging

for i 1, .. o n yields

iO (Inc)
V(x) + jwLIl(x) = jwi H(y,x) dy (2-20)

0

-16-



and the source vector V (x) in (2-1) is easily identified by comparing-s

(2-20) and (2-1).

For transmission line theory to apoly, 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, V si, 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

E = i [ ~Xy j -H (2-21)

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

as

Fti (y,x) E y(y,x)

(scat) (inc) (2-22)

E (y,x) + E (y,x).

scattered incident

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

Vi(x) f dio Ey (y,x) dy

0

( (scat) (inc)
1 io x + -(yx) (y(2-23)

-W j Jax ax (-3

(sca?) (inc)
3H x(Y,X) aH x(Y,X)

z z dy.
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Utilizing (2-19) we obtain

x) 1 d {..., in] Ix)Vix dx [ii' **2([, 2 i2' in -

(scat)

1 aHx(yx) di 0 (inc)f dy - Eti(y,x) dy. (2-24)

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

I d

Vi(x) -_ d {[i' z2i] I(x)}
i jW11 dx ill 12'"' in -

(2-25)

- fio E (yx) dy.

0

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

line equation

W(x) + Jij e L 1 V(x)

(2-26)
d 1i0 (inc;

-jwijc L-  f i (y,x) dy

Utilizing (2-5) in (2-26) (C = P L- ) "e obtain by comparing (2-20) and

(2-26) to (2-1)

d i nc)

-s(x) = j W i (y,x) dy (2-27a)

-18-



d (mc) 7
W(x) - jWC i0 Et (y,x) dy (2-27b)

The shunt current sources in I (x) are therefore a result of the line-S

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 V and
A-S

I in (2-8) to be directly used in (2-10) and (2-12). First consider the

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

Ax X
-s GO = j W1f j cos (k(X- x))

Y I 1! dinc)(y dy~ dx

(2-28)

k i (k(;e- x))

X o (inc) :
E (yx) dy dx.

From Faraday's law we obtain

[ (inc) (inc)
(inc) Ei - M(229)

-19-
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Substituting this into (2-28) yields

(inc) (inc)
V s) = cos(k(X- x)) IF idio,X) EZi(O,x) dx

- cos (k( - x))

(inc) :

Erd 
-E (YX) dy dx

0. (2-30)

- k f sin (k(Z- x))

x~ [ fdo Eti (y, X) dj dx.

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

V(U) = cos (k(X- x))
-S

4(mnc) (mnc)
E[i(dio,X) E i(0,X dx

i (2-31)

- 2 cos(k(- x))0 TX

X [fodi Ei Eti (Y[X) dy dx

-20-



and this may be written as

v JW cos (k(C- x))

(inc) : (inc)!

E[i(d o, x)*- E 1 (OX)j dx

dio (inc) i (2-32)

- Et( dy]* :

+ cos(kf) E ti(Y,O) dy.

Similarly 1 (X) may be obtained as

-s-•
A -1l

4 (nc) (m c) (2-33)
Eku(dio,x) - E (0,x dx* I~ I

di nc

Jzc-1  sin (kX) f Eti(Y,0) dy

The important quantity in (2-10a) is V () - fI (t). Combining (2-32) and

(2-33), this becomes

-21-



Ys ox) - ( fs )

zz-11

[cos (k(e- x)) 1 + j sin (k(X- x)) Z.n

X nc) : (inc)
[XEi(dio,X; - gi(O,x) dx

0 E (2-34)

+ [cos(kX) 1 + j sin (kf)Z..Z ]
-n

X f E ti(Y,O) dy.

0

Note that the equivalent forcing f-nction on the right-hand side of (2-10a),

A

V (;)-ZjIs( ), given in (2-34) is simply determined as a convolution of

differences of the incident electric field vector along the wire axes,
(inc) (inc)
Efi (diox) - E i(O,x), and a linear combination of integrals of components

of the electric field vectors at the endpoints of the line which are trans-
(imc) .nc)

verse to the line, Fti (y,) 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 Z^,Z'Z become

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

one unknown 1(0).

-22-



The final equations for the line currents then become (substituting

(2-34) into (2-10)

[cos(ki) {Z0 + Z} + j sin (kr) {Z + ZZ -1 z}3 1(0)0 ~C ~t~C u-0

fj { [cos(k(,'- x)) 1 (2-35a)

0
1 (nc) (inc)

+j sin (k(,e-x)) Zz- I E }dx E U).2fc -- t

(inc)
+ f[cos(kt)l + j sin(kX)Z j E ()1.n YC IE t(0)}

1(t) =[cos(kzel + J sin(k?) Z 1Z1 10)

I (inc)
-i ZIsin(k(- x)) Ez(x)} dx (2-35b)

(inc)
- JZc {sin(ke) E t(0))}

(inc) (inc) (nc)where Ez (x), E t (Z), and E t (0) are nXl column vectors with the entries in

the i-th rows given by

(nc) (nc) (nc)
[E k(x)]i = E1 (diox) - Eki (O,x) (2 -36a)

(ine) od O (inc)
tEt(z)]E = Eti(Pi') dp i  (2-36b)

(inc) f di (nc)
[E t(0)] Eti(01,0) dpi (2-36c)

0
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fori=, ... , 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-
(nc)

theless be reminded that the integration path for the component E isti

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

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

y,z plane which joins the conductor and the zeroth conductor and is per-

pendicular to these two conductors. This is designated as pi 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

quite simple.

Defining the vectors

e (inc)
f fcos (k(,- x)) Ek (x) dx (2-37a)

0

;e (inc)
Jf0 sin (k(e- x)) EZ (x) dx (2-37b)

we may write (2-35) as

[cos(kt) {Z0 + Z) + j sin(kt) {ZC + Z 1- )1I(0)

-(inc) (2-38a)
M + ZZ - E -X

(inc)

+ [cos(kX) 1 + j sin(ke) Z Z -  E (0)
.n ~X ~C -

I(X) [cos(kX) 1 + j sin(k:) Zc-IzA] 1(0)

Zc-IC, .n(2-38b)

-1 -1 (Inc).0 Z { sin (k:)E()
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For the generalized Norton equivalent representation, equations

(2-38) can be written as

[cos(k;){Y0 + !I + j sin(kt) {Y Z Y + Zc-1 }[-V(O)] =

Z - y E(inc)
Y M + j ~C N - Y [-t c (4)] (239a)

-- t

+ [cos(kt) Y + j sin(kX) Zl][E inc)(0)]

-X- C

I(-) [cos(k) Y + j sin(k4) Z 1[-V(O)]

(2-39b)
-JC 1 N - j -l {sin(kt) Enc(0)}

zc

and 1(0) is obtained from 1(0) = -Yo V(O) = Yo[-V(0)].

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, ZC, via (2-7). Ordinarily this is a difficult

calculation [i]. 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 I structures are given by [1,9]

LCn( ) (2-40a)
- 2 r wirw
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d d
TI= ["e £n (ri0 iO0  (2-40b)

ioj iji~j

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).

The matrix L relates the scattered flux(scat) passing between the

wires to the wire currents as

scat).

(scat) s[ " "

(scat) L£ nL n k £nl k " nn j In

The respective entries are determined as
(scat)

ii = I (2-42a)

(scat)

iij (2-42b)

ij ll'''''lj +l" ''n

and £ a £ji" 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 [i].

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

-26-
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vector due to I. on wire i at a distance r>r away from wire i is1 wi

Ii.

Hr (2-43)r 27Tr

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

is

(scat) ji0 io d i O

= { f dr + i dr}
r wi r A

(2-44)

d2
i dio

2r rwi rw

Thus Z is easily identified as in (2-40a).
ii (scat)

Consider Figure 2-5(b). The portion of the flux i passing between

wire i end wire 0 due to -I in the reference conductor is as above

(scat) PiI. di
s -alj £n (- ) (2-45)

iO 21 rwo

and the portion of the flux passing between wire i and wire 0 due tc I. in
J

the jth conductor can be found to be

(scat) diO
dij H n dP (2-46)

0
P=diO (P - P0)

2r f 2 + 2]d }P=0 [0 +  0o- o

2 2
JL I n 2 2"I

2 i j 2 0 + (d io 0
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Combining (2-45) and (2-46) we obtain

(scat) (scat) (scat) pII diodio

i =i0 + ij =211 dijr wo (2-47)

since

d 2 2 2 2ij 0 (io PO(-4a

d JO 2 0 2 (2-48b)

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

2.4 Determination if 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 shown 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,(x)I = U i(hix) - Eti(O,x) (2-49a)

(inc) ai (in)[EtZ] = . Etjpi.;) dc i  (2-49b)
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(inc) hi (inc)[E t(0)]i = E Eti (PI,0) dp i (2-4c

0

where pi is a straight-line contur in the y,z plane between the position

of the ground plane, y=O, and the i-th wire, and is perpendicular to the

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

(nc)
Eui (hix) is the component of the incident electric field parallel

(nc)

to the axis of the i-th wire at y=hi and Eui (0,:) is the component of

the incident field parallel to the ground plane directly beneath the i-th

wire. In the program, it assumed that the net incident electric flelr

(the vector sum of the incident field in the absence of the ground plant

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

obtained. Therefore Fi (0) = 0. E(in c ) is the component of theobtind.Threor Fi (0,x) =  . ti

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

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]

2h
i )

[LI = n (r-) (2-50a)

[ n (L _ ) (2-50b)

i~j

for i, j=l, --- , n where

dij* = ij 2 + 4hi h (2-51)
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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 r 2ri from the shield center as

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

(inc) (inc) (inc)
[E = (x)]i E9i (rs-ri'x) - Eti(O,x) (2-52a)

(inc) rs -ri (nc)
[E t()]i = f Et(pi) dpi (2-52b)

(inc) rs-ri (inc)
[E t(0)]i f Eti(p,,O) dpi (2-52c)

0

where pi 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 1-th wire and its image.
(inc)
Ftk(r s - ritx) is fIie component of the incident electric field parallel

(inc)
to the axis of the i-th wire at y=rs-ri and E i(0,x) is the component

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

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

field is obtained so that E i (0,x) w 0. Eti is the component of the

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

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

-32-

L



rs

eA

*4

0

r4

r rwi l

45D

\ /

Figure 2-7.

-33-



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 [1,91

2 2
r -r 1

[LI k - n (s ) (2-53a)
ii 27r r sr w" s rwi

L r./ rir)2 + rs4 _ 2rirjr s cos Oi.
ILI ij =2iT Z (r' 2 4 3
[Liij 2 s f (rirj) + r - 2rir 3 cos Oij

(2-53b)

where 0ij 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 nxn terminal impedance (adm.ittance) matrices, Z0 and Zt

(Yo and Y which characterize the termination networks at the two ends

of the line as:

vWo) = -70 _(0)

-O ) Thevenin Equivalent (2-54a)

Y('r) = Zt I(

1(0) = zYV(O)
(I Norton Equivalent (2-54b)

I(t) = Yt V(r)

In these matrix equations, the entries in the i-th rows of the nXl vectors
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V(O) and V() are the line voltages of the i-th wire (with respect to the

reference conductor) at x=O and xmX, respectively. The entries in the i-th 5
rows of the nXl vectors 1() and I(Q) are the line currents in the i-th
wire (directed in the +x direction) at x-O and x-=, 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. In this case we may write

v (0)  -Z (0) (2-55a)

vi)- zz zI z  (2-55b) !

for i-l,---,n

and may easily identify the entries in Z and Ztas

Z 0 (2-56a)

S - - 0n

0 -
Ft,**' Z 

(2-56b)

0 . .. 0
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Clearly, the entries in Y and Y4for this case become

0

0 1 NIo, . (i/Zo2)

.0 (2-57a)
I - -

0-- -0 "(i/on)

(l/ztl) 0 -0
S.

o (i/z2)
Is.. X2. I (2-57b)

0 "0 (i1/ Z= )
I n

Note that YO ZO- and Y 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 11(0)

and I 2(0). Writing the required three loop equations we obtain
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V 2 (0) -Z1 1b - Z3(Ib - IC) - Z4 (Ib + I - C )

Vl(O) = -Z2 1 a Z4(1a + Ib c

0 -- Z5 1c + Z3(1c - Ib) + Z4 (I - a -b

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

Ia = 1i(0) and Ib = 12(0) as a function of V1 (0) and V2 (0). The third

equation yields

(Z3 + Z4) Ib + Z4 1a

c (Z3 + Z4 + Z 5)

Substituting this result for I into the first two equations eliminates

the current I from these equations and leaves

V1 (0) Za 11(0) + Zb 12(0)

V2(0) = c 11(0) + Zd '2(0)

where Za, Zb, Zc, Zd are the resulting combinations of Zl, Z2, Z3, Z4, Z5

and we have substituted 1(0) = Ia, 12(0) = Ib"

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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Vl(O) I (0)

A B

Vn (0) nXn nXm 1(0)
0 1I- -- (2-58)

C D

L0 Jmxn IMXM Im

II

!A "

In (2-58) we may eliminate the extraneous loop currents 1 I-- 1 by

solving the second set of equations to yield

Ii 1(0)

•-D- C (2-59)

m I n(0)
m n

Substituting this result into the first set of equations we obtain

V1 (0) 1I (0)

(A B C) (2-60)

V(O) 
- (0)

n n
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Clearly, then we may identify

-l
Z0  (A- B D 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=t)

• A B

I (V nxn nxm V n  -)

... .. _-- (2-62)

0 VI*I
A I

* C D

0 mXn mxm V
mm

Eliminating the extraneous node vo!tages VI,-.--,V we obtain

rV1 V 1 04)
• - C "(2.-63)

IV V (-LVm jLn

Substituting we obtain
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IV 00
A A A

(A-B D C) (2-64)

* I.

(A - AB A

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

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

I(l/Z) V (;e)

I2 Q (liz) v2 (4) 1

1 1 (1IZ2) [V2 (ii- V2(t)]

Thus we may identify Yf by writing

(- /2  lZ
Ii )i/ 2  -/ 2  01(

2() -lz 2  i 0 IV2( )
13 (X) 0 0 l/Z i  jV3( )

Y

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

characterization, Zv, since Y is an obviously singular matrix.
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III. DERIVATION OF THE EXCITATION SOURCES FOR UNIFORM PLANE

WAVE AND NONUNIFOIM FIELD EXCITATIONS

In the previous Chapter, equations for the terminal currents of the

line were derived for general forms of the excitation field. In this Chapter,

we will derive explicit formulas for the equivalent induced source vectors

for uniform plane wave excitation of TYPE land TYPE 2structures. The co-

ordinate system and reference directions for the incidti-t 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(O) = -Z0 1(0) (3-1a)

V (4) = Z (X) (3-1b)

then the equations for the terminal currents are
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[cos(k) {z o + + j sin(kf) {Z + Z Z - z 1(0)
(inc) ~C -1 (inc) (3-2a)

= M t Z N - Et ( t) + [cos(k;r) 1n + j sin(kt) ZZc-I iE()

(inc)
I(X) = -j ZC {N + sin(kf) Et(0) (3-2b)

+ [cos(kt) 1 + j sin(kt) -i Z 01 1(0)-n ~C-

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

1(0) = -Y0 V(0) (3-3a)

I(t) = YfV(x) (3-3b)

then the equations for the terminal currents are

(cos(k~c) {Z+ Y + Z-1] [-V(O)]
- -1 kj;c)uYxM+j zc  N Yf E (t) (3-4a)
~ . .. t - (inc)

+ [cos(kf) Y + j sin(kt) I (0)

(inc)
- -j c- {N + sin(kf) Et(O) (3-4b)

+ [cos (kX) Y + j sin(kt) ZI [-V(O)]

(inc) (inc)
The nXl induced source vectors M, N, E (0), E (g), in these equations

-t -t

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 pirpi., if

this Chapter to derive the entries in these vectors for uniform plane wave

illumination of TYPE land TYPE2 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 (0), Et ('),in (3-2) and

(3-4) all involve integrals of components of the incident electric field
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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) andi are given by

b e~jkx

El(a,b,k) f x e dx (3-5a)

a

b Jkx
E2(a,b,k) =J e di: (3-5b)

a

The straightforwa.rI solutions of these ini.-grals are

jkb - jka ejkb ka
El(a,h,k) =( b  jk ) + k  (3-6a)

(e kjka

E2(a,b,k) e jk- ) (3-6b)jk

Note th it rhen k=O, evaluation of the solutions in (3-6) will result in

obvious problems. Of course, the iintegrals in (3-5) have well defined

solutions for k=O and these are quite obviously
b2 2

El(a,b,O) = b a (3-7a)
2

E2(a,b,O) = 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, E t(O), Et () 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

TYPE 1 Structures

(inc) (inc)
The basic source vector quantities, M, N, E t(0), Et(.), 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)
tE2 (x)]i = E i (dio,x) - E i (Ox) (3-8a)

(inc) d i0 (Inc)

[E=t( f ( Eti(Pi,4) d p i  (3-8b)

(inc) di10 (inc)

[Et(0)], f Eti(i,O) d p, (3-8c)

t(inc)
M f os(k(;C- x)) E z(x) dx (3-8d)

0
f~s (inc)

Sfsin(k(e- x)) E (x) dx (3-8e)

(inc) (inc)

L where E U(dio,x) and Ezi(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 E (Pi,) and Et (p,0)

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)

trauisverse or perpendicular to the line axis at x= Xand x=0, respectively.

This contour is denoted by p i

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

-46-

Rk



4and polarization of the incident electric field intensity vector. In de-

fining the wire positions for TYPE 1 structures, an arbitrary rectangular

coordinate system is established with the reference wire at the center

(y=O, z=O) of this coordinate system as shown in Figure 3-1. The i-th wire

has coordinates y=yi, z=zi, relative to this coordinate system. The

direction of propagation of the incident wave is defined in Figure 3-2 by

the angles 0p and 4p . The angle 0 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=O, y=O, z=O.

The electric field intensity vector can be written in terms of

components as [12]

I(inc) E + E -j(k x + y + k z)
xm ym zm (3-9)

-(ic)The items E E are the magnitudes of the projections of E inxm' ym'zm

the x,y and z directions, respectively and x,y,z are unit vectors in the

x,y, and z directions, respectively. The quantities kx, k y, and k 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,O, as shown in Figure 3-2. In this

sphe rical coordinate system, we may write [12]

-*+ .- jk.R
E= (Erm + E O + E e (3-10)
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TYPE I

(Z,,i

ii

I(0,0)

zj
z© Reference Wire

(Z ,Yj

y. L

Figure 3-1. The TYPE 1 structure.
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Projection ofAxis OntoJ,4

Plane ContainingE

&0

8E
\-8

- Transmission

I Line Axis x

Note- Zero Phase Reference Taken at x=O, y=O, z 0.

Figure 3-2. Definition of the uniform plane wave parameters.
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where from Figure 3-2

E = 0 (3-11a)rm

EOm = -Em cos ® E  (3-11b)

Eom = -Em sin OE  (3-1ic)

k Er

R =r r x x + y y + z z (3-11d)

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

electric field intensity. To determine the components E xm, y Ezm kx ,

k and k in (3-9) we simply need the transformation from a spherical co-y z

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

Employing this conversion of coordinate systems, we find

E = cos Cos sin p -E sin 0E cos p (3-12a):Exm -m co E co p p m E p

E = E cos ®E sin ® (3-12b)ym m E p

Ezm =-E m cos Cos p cos 0p + E sin ®E sin 0p (3-12c)

kx = k sin ®p sin p (3-12d)

k = k cos C (3-12e)Y P

kz = k sin Cp cos p (3-12f)

Calculation of the quantities in (3-8) proceeds as follows. The i-th

entry in the nxl vector M is

f (inc) (inc)
[ f]i = f cos(k(t- x)){Ei(dio,x) - Eii(O,x)} dx (3-13)

0
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where

(inc) (inc)
E (d x)- Ei(O,x) = E Ex

z=z. (3-14)

- E e-Jkxx {e- j (ky y, + kz zi) }
xm

and the i-th wire has y and z coordinates of yi and zi, respectively. Sub-

stituting (3-14) into (3-13) one can obtain

[M = E {e- j (ky Yi zi) - i} cos(k(4- x)) e-jkxx dx

0

=E {e- j (ky Yi + k ze _}4 ik fZ ejI ( + k )x dx (3-15)

0

+j f J(k - k ) x dx

0

This result can be written in terms of the basic intergral E2 in Section

3.3 as

(M] = E= te-j(k Yi + k zi) -1}{e j k t E2(0,f,-(k + kx))i 2 { ' zx
(3-16)

+ e- j k ( E2(O,At(k - k x )) }

Similarly the entries in the nXl vector N become

(inc) (inc)
[N]i =f sin(k(@- x)) (Eui(dio,x) - Ei(O,x)} dx

0

= -j Ex e-j ( k yyi + kzzi) -1) {e j  E2(0,;,-(k k (3-17)

- jkt E2(0,t,(k-k)) }
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(inc) (inc)
The calculation of the entries in the vectors E (f) and E (0)

(m)-t -t(inc)

proceeds as follows. The i-th entry in Et () is given by

(inc) iO (inc)

[E(()] i =f Eti (pi ,z) dp i  (3-18)

0

where p is a straight-line contour in the y,z plane (at x=.) joining the

reference wire and the i-th wire. The i-th wire is located at Y=Yi' z=zi

and the reference wire is located at y=O, z=O. The center-to-center

v 2+z 2.
separation between the reference wire and the i-th wire is di0 = y1  z.

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

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

becomes

(ie) di °  jkX
[Et (4) = (Eym cos 0 + Ezra sin 0) e-x

0 (3-19)
0

{e- j (ky cos 0 + k sin 0) p }dpi

where

cos 0 = -- (3-20a)
io

zi
sin 0 = - (3-20b)d io

Therefore, we obtain

(inc) eJk I (e-j (k yYi + k z z i) ) (-
[E t.f)li= (Eym Yi + Ezr z i) e x -J(ky Y + kzz z 1) (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) k

[E t()]i= [Eym yi + E z.]i e x E2(O,1-(ky Yi + kz zi)) (3-22)

(inc)

The I-th entry in the vector Et (0) is given by (3-22) withe = 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, E (0), Et (X), 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 aetermine E(1nc) as

the net electric field which is the vector sum of the incident wave and

the wave reflected by the perfectly conducting ground plane. in this case,

the net electric field tangent to the ground plane will be zero. Therefore
(inc)
E i(0,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=O) as shown in Figure 3-4. The zero

phase reference for the incident field wiil be taken to be at the origin of

this coordinate system, i.e., x=O, y=O, 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 I 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.
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TYPE :2

Y1

I (Z I vy1)

YjF--(Zj ,Y,

00

Figure 3-4. The TYPE 2 structure.
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We may write the incident electric field

S e-j(k x + k y + k z)
E =(E x x+ E yy+ E z ) e X 3' Z (3-23)xm ym zm (-3

The angle oF reflection between the reflected wave and the ground plane is

equal to the augle of incidence by Snell's Law [12]. Therefore we may im-

mediately write the form of the reflected wave asI= r - E r  - r e-j(k x - k y + k z)
=(E x + y + z) x y z (3-24)

xm ym zm

At y=O, coutinuity of the tangential components of the electric field re-

quire thi.t

Er = i - (3-25a)
E xm xm xm

Er E -E (3-25b)
zm zm zm

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

Ei e-j(kx x+ k y + k z) Er e-j(k x - k y + k z)E ota ex x y z +Exem y z
xTtl Xan xm

=E eJ(kx x + k z Z) e-JkyY - ejkyy y (3-26)

= -2j Exm sin(k y) e-j(kx x+ k z)

where Exm is the magnitude c: the x comnonent of the incident electric

field, i.e., E = Ei . Similarly, one may show that the net y componentxm xin

of the eectric field is given by [12]
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E Y~tl=2 E ycos (k yy) e-j(k x x+ k zz) (3-27)

The components of the nXl vector M become

(inc)
[M~i f cos(k(;(- x)) [E (x)]i dx

0

X (3-28)

f cos(k(/ - x)) E fxToa dx

-2jE Me-j k z z i sin(k y yif- o~('-x) -jk x x

0

-E jik z1  x~ j k -j k -jkx
JExu1 e sny Yi )ff

+ e-j kee jkx e- x}d

-j 1ek z J i~k~ ~ kZ

-j me"z i i 1 e E2(0, -(k + k ))

+ eJk E2(0,;e, (k -k))}

Similarly calculation of the entries in N yields

[N]. f fsin(k(zr- x)) [E xcW dx

0

= f sin(k(Z'- x)) E xTotal dx (3-29)
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-j kZ
-e E2(OS, (k - k x))1 (3-29)

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

(inc) Yi
[E t()I = f E Y dy-t iTotal

Z=Zi
X=.z (3-30)

fYi 2Eym cos(ky y) e-j(k x X+ kz zi) dy

0

-2Yi eJk y e-jkyy

e-Jkx zi y + dyM 2Ey 2

0

,E e-kxeJkzZi { Yieikyy dy + - dy}

0 0

Ey eJkxe-Jk~zi { ey y dy + eikyy dy}

0 -Yi

E e-JkxX e-jk zzi {E2(-Yi, y,, k,}

(inc)

The entries in Et (0) 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
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of the i-th wire as the "reference" for the i-th wire as

x (ine) (inc)
[Ml. cos(k(Ze- x)) {E x -y E } y dx (3-31a)

=fcos(k(-/- x)) {E xme-(k x x + k y Y + k z z)

0

- E xeji(k xx - k y Y + kzz d)} d

xme

= Exm -j z i(e-j y Yi -e jkyyi) Icos(k(Z- x) -kx dx

0

=-2j E Jjke z i si(k y ifcsk;-x)) ejkx dx

0

-~E me-jk z zi sin(k y Y1) {e~ jkXE2(0,;e,-(k + k ))

+ e-jk E2 (0,;f, (k - k ))}

(inc) (ine)
(N)1  sin(k(X - x)) RE -= E x I- dx (3-31b)

=fsin(k(Z- x)) {E x eij(k x x +k y 1 + k z) -

0
E x -j(k xx k yY 1 + k zziJ

=-E xme jk z z sin(k y Y) fe jk~ E2(O,1,-(k + k ))

-e -jZE2(,C,(Ik - k )f
-60x



(inc) Yi (inc) dy (3-31c)

-Yi z=zi

=f Eym e-j(k x X + k y + k z i )

-Yi

- Eym e-Jkx e-jkz 1 i e- jkyY dy

-Y,

E Eym e-J k x e-J k zzi ({r e-3 ky Y dy + f Yte-j k yY dy}

Yi ~.0

= Ey m e -kx iki ejky dy + f ek dy}
ym fJ Jy

0 0

1 ~ym ~xe~z f~i k-Y j

E ym ejkxX e,-jkzzi {E2(-yiyi,ky)}

which are precisely the results obtained previously.

3.4 Calculation of the Source Vectors for Nonuniform Fields

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.

For TYPE 1 strucutres, the values of E, Eto, along the reference wires

(in the +x direction)at N + 1 points will specified as shown in Figure

3-6(a). The values E,(miE along the i-th wire at N + 1 points will
(i ) () Ni

be specified. The values of E, Eto and Et , at x=O and x=/along a straight-

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

Nto + 1 and Ntf+ 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

by 1'I and the angle is denoted by/I . Thus the problem is the determination

of quantities of the form in (3-8) for this piecewise-linear variation of the

field. The technique is to write linear equations representing the piece-

wise-linear variation of the magnitude and phase of the field between suc-

cessive specification points and add the appropriite 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 1 1 which specify the magnitude of the

electric field, E and Eml, and phase, Sm and 0m+l, respectively. Knowing

the end points, one can write linear equations characterizing the linear
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Figure 3-6. Nonuniform field specificatior for TYPE 2

Structures.
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behavior between these successive points as

IE(x)j = am x + bm (3-32a)

0m W c x + d (3-32b)

a {E m  - E m

a } m+l m (3-33a)
m Xm+l- Xm

cm ={0m 0M 33c
E x - x

d={m m+l Em+l m. (3-33b)m xm+ - x

Cm ={m+l - m }(3-33c)

xm+l m

o Xm+l -O

d ={ m Xl- m+1 x } (3-33d)

m Xm I - x

The electric field is then characterized by

Em (x) = JEm(x)l e Jm(x) (3-34)

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

form in (3-8d) which can be evaluated as

-67-



rm~ cos(k(X - x)) fa mx + b m I e j(cm Mx+ dm) dx (3-35)

x
m

x M+l

ejd ma fa cos(k(; - x)) x ecmN dx

x
m

+ bm cskt-x)) e l mx x

xm

e id m { am U j k El(x ,x 1 ,c-k)

am k Ei(x x +1 1,c +k)

+ b me JkX E2(x X +1 c -k)

+bm ej"E2(x mx +1 1,c +k))

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

f I sin(k(;e- x)) fa m x+bmeJcmx+dm dx (3-36)

x
m

e jd m {a Ine JkZ El(xx +i c -k)
2j

a am e-j kt El(xxm+isc +k)
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+ bm ej k E2(x mxm+l ,cm-k)

- bm e - jke E2(xmxm+l,cm+k)}

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

Xm+ l  (a m x + bm) ej m din dx (3-37)

x
m

= eJdm {am El(xm'xm+i'c)

+ bm E2(Xm'Xm+l cm)}

The program compu tes 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

x < Xm+l"
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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. In 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 1V G-Level

compiler.

The program requires two function subprograms, El and E2, and one sub-

routine, LEQTIC, 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). lf the

IMSL package is not available on the t er'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 10- 5

MUO2PI -I/27

ONE - 1.

P5 = .5

FOUR = 4.

ONE80 - 180.

-0.

n 2.

ONEC - 1. + jO.

ZEROC - 0. + JO.

XJ -0. + J1.

V(velocity of light in 'ee space) - 2.997925 x 108 m/sec

PI 0 7

RADEG(conversion from radians to 180./v
degrees)

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

relationship

tan Or/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-l,2,or3), the load specification option (LSO=11,12,21,or22),

the field specification option (FSO=l,or2), 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, rwi, and the z, and y, coordinates

(ri and 0 for TYPE 3) for the N wires and compute the entries in the

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

real, nx. vectors V3 and V4, respectively:

fz: fr TYPE 1,2 I V3()

r i for TYPE 3

YC for TYPE 1,2 V4(1)

0, for TYPE 3

In addition, the entries in the nxn, real characteristic impedance matrix,

are temporarily stored in the real parts of the nxn complex matrix

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

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

Matrix Array

!C Ml (real part)
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Cards 0202 through 0211 compute the inverse of Z CZ -1

_C C, which is

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

LEQTIC computes this inverse by solving the system of equations AX 1 1

where I is the nxn identity matrix. The solution X is therefore A

(See Section 4.2 for a more complete discussion of subroutine LEQT1C.)

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

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

Therefore

Matrix Array

Z -1  M2 (real part)

Z M3 (real part)

Cards 0222 through 0254 read and print the entries in the terminal

impedance (admittance) matrices at x - 0, Z (YO), and at x 4, t( .

These are stored in the nxn, complex arrays as

Thevenin Equivalent Norton Equivalent Array

z y

!0 !0 YO

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

if the Thevenin equivalent characterization is chosen. Thus

Thevenin Equivalent Norton Equivalent AraI

Z-I Mfc c
!C !c - I  M2

- 1 , -1 M3
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Cards 0273 through 0292 compute the quantities:

Thevenin Equivalent Norton Equivalent Array

+ --1 Yz + z - M2,c ! c 0 -c0 .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

k1 Hertz 21- BB
(v //F7 )

kI 1 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, E' , 0p, 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, kt, sin(kX), cos(kt):
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quantity Variable

k BETA

k jf BETAL

sin(kt) DS

cos (k;O DC

If uniform plane wave field specification is selected (FSO 1 1), cards

0342 through 0351 compute certain preliminary quantities to be used in
(inc) (inc)

computing the induced source vectors M, N, E (0), E (C), If TYPE 1

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

these induced source vectors as:

Vector Array

M (3-16) VI

N (3-17) V2
(inc)
E (0) (3-22,;C 0) ETO

-(nc)
E (t) (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 Arra

M (3-28) Vl

N (3-29) V2
(inc)
E (0) (3-30,;= 0) ETO
(Inc)
E (X) (3-30) ETL
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If nonuniform field excitation (FSO=2) is selected, cards 0399 through
(nc) (nc)

0542 compute the entries in the induced source vectors M, N, E (0), E (a).

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 Vl 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

y, z plane between the reference conductor and the L-th wire at x0O and
(inc)

compute the entries in E (0) which are stored in array ETO. (The electric

field is tangent to these contours.) Cards 0515 through 0542 repeat this
(inc)

calculation for x-1 and compute the entries in E (X) which are stored in
-t

array ETL.

Cards 0548 through 0592 form the equations

[cos(kt) { 0 j sin(k) 1 C Z01 1 1(0)
(inc) (inc)
E )+ j z E Z + [cos(k ) Z -  E(0)-- ~ C It n + -sn;- Z t(O

for the Thevenin Equivalent specification (LSO=ll,12) or
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[cos(kt){ Y + Y4 + j sin(k)fYZcYO +z }] [-V(O)f Y=

(inc) (inc)U - YE() + [cskoY+j sin (kt) Z - 1  Et (0 )

Y -C - +[cos(k*) Y+ -

for the Norton Equivalent specification (LSO=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 Vl, V2, ETO, ETL contain

Vector Array

(inc)
M-E () VI

(inc)
Z Et(0) ETL
-C

(inc)
Et (0) ETO

N V2

Z-l
The main diagonal entries in the array M1 contain ZC N

Vector Array

Z-l
ZC N M1 (cn main diagonal)

Subroutine LEQT1C is called for the solution of these equations in card

0596 and the solution vector (1(0) for LSOl11,12 or -V(O) for LSO21,22)

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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Theveain Equivalent Norton Equivalent Arra

zo 1(0) T(o) Y [-V(o)I WA

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

Thevenin Equivalent from

(Unc)
I() = -J Z N + sin(kf) E (0)} ' [cos(kt) 1 n + j sin(ke) Z - z 011(0)

and for the Norton Equivalent from

-1 (nc)
I() -j Zc {N + sin(kt) E (0) 1+ [cos(kf) Y0 + j sin(ki) Zc - I [-V(0)]

4.2 Subroutine LEQTIC

Subroutine LEQTIC 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

A X B (4-1)

where A is an nxn complex matrix, B is an nxm complex matrix and X is an

nxm complex matrix whose columns, Xi, are solutions to

A X =B (/4-2)

where B is the 1-th column of B.

The calling statement is

CALL LEQTIC(A,N,N,B,N,M,WA,IER)
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where

A A

B B

N n

M -m

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

which is returned as

IER = 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 LEQTIC can be used to find the inverse of an nxn matrix by

computing

A X 1 (4-3)

where 1 is the nxn idertity matrix. Thus the solution is X A -1. LEQTIC

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, i

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

r 4.3 Function Subprograms El and E2

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

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

error is IER-128 so that the solution error will be l'when A is singular.
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comnlyII

connonly occurring integrals:1

b/(
El (a,b,k) J x dx (4-4)

a

E2 (a,b,k) ej k x dx (4-5)
a

Function E2 can be evaluated as

jkb jka

E2 (a,b,k) = e (4-6)
jk

which can be written in an alternate form as

jk(b+a) jk(b-a) -jk(b-a)
2 2

E2 (ab,k) e 2 (e -e (4-7)
jk

jk b+a) jk(b-a) -jk(b-a)
2 2i.2 (e -e

ee) (b-a)
(b-a) 2jk - -

k(b-a)
sin f 2 1 jk'b+a)

= (b-a) k(b-a) e 2

2

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 facta test was conducted on the IBM

370/165 in double precision by computing the function sin(X)/X for values

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

The results converged to the expected value of 1. In factfor values of

-8 - 78 .9) ------- 9X from 10 to 10 the result was * .*- 9
15 digits

14
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 i
manner without resorting to a table of transforms.
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The 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=2 (B+A). If FA=O, the program evaluates E2-DIF since sin(FA)/FA - 1.

2

If not, the program evaluates E2-DIFtsin(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) = f xeJkx dx (4-8)

a

jkb jka jkb j kabe a e +e -e
jk + k2

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

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

where

RE = cos(kb) + kb sin(kb) - cos(ka) - ka sin(ka) (410)
k2

Th ra -- sin(kb) - kb cos(kb) - sin(ka) + ka cos(ka) (4-10b)k2

The real part can be written as
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RE [ 2 sint sin { ~b 1  ~(4-11)
k 2 2 2

+b sin(kb) - a sin(ka)

k (b+a) k sk-b 4(b1a)
2 2 sn2 2

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

2+ b sin(kb) 2 sin(ka)
kb ka

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-*O, the real

* part becomes

(h 2 ~ _ 22

RE 2  2 (4-12)

k-*3

which is precisely the value of El(a, b, k) when k=O. Therefore the

imaginary part of El must go to zero as k goes to zero.

The imaginary part of El can be written as

IM=sin(kb) - kb cos(kb) -sin(ka) + ka cos(ka)

RE (4-13)

af cos(ka) -sin(ka) - b f cos(kb) -sin(kb)

ka kb
k

Note that as k-O there is a distinct possibility of roundoff error in

computing the function

cos() sin() (4-14)
0
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|I

I k(b+a) k(a-b)RE = -. [2 sin( 1 sin { k a(b-11)

k2[ r 2 2 (4-11)

+ b sinkb) - a sin(ka)

sin (b+a) sin k(b-a)}
(b2 a 2 2 2

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

+ b 2 sin(kb) a 2  sin(ka)
kb ka

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 k4O, the real

part becomes

b2 2
RE = -a (4-12)

k-*O 2

which is precisely the value of El(a, b, k) when k=O. Therefore the
I

imaginary part of 11 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)

k 2  (4-13)
si~a)jsin(kb)

af cos(ka) - sin(ka) - b f cos(kb) ikbka kb

k

Note that as k-*O there is a distinct possibility of roundoff error in

computing the function

cos(O) sin(O) (4-14)
0
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I

converges to 1. Clearly, as k-O, the imaginary part of El, IM, converges

to zero, as expected.

We will select a value of 101 = .01 .5730 as the point below which

we evaluate a truncated portion of (4-16). The tradeoff here is to select

a value of 101 small enough so that a truncated portion of (4-16) will not

require many terms for sufficient accuracy yet 101 is not too small to re-

sult in round off error when evaluating (4-13) directly. We have selected

the value to be 101 = .01 and will truncate the series in (4-16) to

02A
(l - ) (4-17)

ForI~ - 01 te cs~ndsin O
For 1 - .01, the cos and - erms in (4-14) are identical to only

4 digits. This should provide sufficient accuracy to 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 0 = .01, 02 /0 -5,

4 -11 6 -1704/280 -3.57 x 10-I , 06/15120 = 6.61 x 10-1 , and terms with higher

powers of 0 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

I a ds(a sin(ka) }Ikal >.01 (4-19a)I= af ds(ka) - snka) .

k ka ~ >0

ka3  (ka) 2

103 I0 Ikal < .01
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4 1MB= b cos~b) -sin(kb) 1kM kb (b I lkbj > .01 (4-19b)

kb3  1 (ka) 2  kI~ 0---3- 10
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.,- ; ~ ~ ~ 7 1- t" Vr,, .- , .:- .- . . , , , .. . - , 11,, . , I .,: . .. . .. ."., -,7 _•

I1MB -- k. { cos(kb) -sin(kb) 1
k - kb ) Ikbl > .01 (4-19b)

kb3  (ka) } IkbJ < .01
1 10

VI
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5.1 Transmission Line Structure Characteristics Cards, Group I

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:

TYPE - 1: The reference conductor is a wire.

TYPE - 2: 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 typas 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 Y in Figure 5-1 would

be negative numbers.

For the TYPE 2 struc re 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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TYPE I

I 4I

000

(O~O)

------------------------------
zj (5) Reference Wire z

(Z i Y1

Figure 5-1. The IYPE I1 structure.
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-TYPE 2

(Z i Y )
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-' , / / /,Z/ G r o u n d ,'O l o n e Zg©

I
I

I 
Figure 5-2, The TYPE 2 structure.
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TYPE 3

rwj rjShield

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, ri, the angular position, 0i, the radial position, ri, of each

wire and the interior radius of the shield, rs.

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 stiucture option number, LSO, (11, 3., 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),

e r, the relative permeability of the surrounding medium (homogeneous), v r'

and the total length of the transmission line, f, (meters). If TYPE 1 or 3

is selected, a second card is required which contains the radius of the

reference wire, rw0 , (mils) for TYPE 1 structures or the interior radius

of the shield, r., (meters) for TYPE 3 struttures. 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, rwi, (mils) and the Zi and Yi coordinates

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

ri (meters) and 0 (degrees) of the i-th wire for TYPE 3 structures. These

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

5.2 The Termination Network Characterization Cards, Group II

This group of cards conveys the terminal characteristlics of the term-

ination networks at the ends of the line, x - 0 and x -4. The termina 'on

networks are characterized by either the Thevenin Equivalent or the Norton
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T4IILE 1

Format of the Structure Chrncteristic s CnrdF. Group I

Card Group #1 (total - 1): card column formnt

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

(b) LOAD STRUCTURE OPTION,LSO, 19 - 20 1
(11,12,21, or 22)

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

(d) n (number of wires) 39 - 40 1

(e) C ( relative dielectric 41 - 50 E
r constant of the surrounding medium 4

Mrelative permeability of the
(f) r "surrounding medium) 51-60 E

(g) f (line length in meters) 61 - 70 F

Card Group #2 total -I if TYPE- 1 or 3
'total - 0 if TYPE - 2

(a) TIPE - 1: r ( radius of reference) 6 - .5E
w0 wire in mils

(b) TYPE - 2: absent

(c) TYPE - 3: r5 (interior radius of E
s shield in meters 6- 15

Card Group #3 (total - n)

(a) r wi(wire radius in mils) 6 - 15 E

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

r for TYPE 3 in meters

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

0 for TYPE 3 in degrees

Notei Cards in Group (/3 must be arranged in the order:

wire 1, wire 2, ..s, wire n
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I
Equivalent character.ization. These characterizations are of the form

V(O) = - Z (0) Thevenin
• (5-1a)

V(1) = Z I) Equivalent

1(0) = - YV(O) Norton

(5-lb)

(f) = Y V(r) Equivalent

(See Volume VII or Chapter II for a more complete discussion of determining

the entries in Z0, Z , Y and Yj (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. Thos Z01 ZZ, , . are nxn matrices which are assumed to be

symmetric. The n entries in each of the nxn vectors, V(0) and V(s), are

the line voltages with respect to the reference conductor at x=0 and x-u

respectively. The n entries in each of the nxn vectors, 1(0) and I(s),

are the line currents at x=0 and x=?, respectively. The currents at xwO

are directed out of the termination networks whereas the currents at x t

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, Z0 and Z,or Y and Y p,

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

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 tht?

I* -93-



entries in the vectors and matrices in (5-1). These are:

LSO 11i fIThevenin Equivalent representation;
idiagonal impedance matrices, 0 and Z .

LSO - 12 Thevenin Equivalent representation;
full impedance matrices, Z0 and Z .I diagonal admittance matrices, Y and Y.

LSO21Norton Equivalent representation;

LSO -22 NotnEuvln rersnai;
L full admittarce matrices, Y- and Y.

The structure and ordering o! 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 I(a), will describe the entries on the main diagonal

in Y(Z ), Y (Z0), and Y (Z ), Y ii(Ztii). These cards must be in

the order from i - 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 '.-racterization is selected, with the

following entries in the charazterization mattila~r

[7+ J8 0 0 1

0 0 0 0 + jll

Z 0 17 + J18 1
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TABLE 2 (cdntinued)

Il :
tI

Format of the Termination Network Characterization Cards, Group II

Group 11(a) (total u n)

card column format

i ) real part I - 10 E

imaginary part 11 - 20 E

yciZ~i) ~ real part 41 - 50 E

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

wire n

'-5
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TABLE 2

ototal = n(n-l)/2 if OPTION = 12 or 22
o ')total - 0 if OPTION =11 or 21

card column format

{rea± part 1 - 10 EYoi (ZoJ

imaginary part 11 - 20 E

YtiJ(Z~ij) s real part 41 -50 E

imaginary part 51 -60 E

Note: If LSO = 12 or 22, a total of n(n-1)/2 cards must be present andi4

F! must follow Group 11(a). If LSO w 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 Y0(Zo ) and Y %(Zt) by rows,i.e., the cards must

contain the 12 entries, the 13 entries, ---, the In entries, the 23

entries, ---, the 2n entries, --- etc. The ordering of the cards is

therefore:

wires 1,2

wires 1,3

wires l,n

wires 2,3

wires 2,4

-- 96-



One would have selected LSO=ll. The n-3 cards would be arranged (in this

order)

7.EO 8.E0 16.EO O.EO

Group
ll(a) O.EO 9.EO 17.EO 18.EO

lO.EO Il.EO O.EO 19.EO

+ +Card o 1050 60
column

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

selected, then n(n-l)/2 additional cards, Group IT(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. Suppose the networks are characterized by the Z nd ZJ

matrices:

7 + J8 20+ J21 22+ J23

S0 20 + J2. j9 24 + J25

22 + J23 24 + J25 10 + Jll

[ 16 26+ J27 28

Z - 26 + J27 17 + j18 J29

- 28 J29 j19J

The following n(n-l)/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.EO 21.EO 26.EO 27.EO

Iroup 22.EO 23.EO 28.EO 0.EO

24.EO 25.EO O.EO 29.EOCard + + +

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 fi-ld:

FSO * 1 Uniform plane wave illumination
of the line(TYPE1 or TYPE 2 structures
only)

5Nonuniform field illumination of 2
FSO .2 the line (all structure types)

5.3.1 Uniform Plane Wave Illumination FSO=1

For uniform plane wave illumination of the line, FSO-l, the format of

the data cards is shown in Table 3 and consists of Lwo 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 (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 thb' coordinate system,
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1' I Transmission
JI Line Axis

Note: Zero P hase Ref erence Taken at x 0, y 0, 1 0.

VR Figure 5-4. Definition of the unifuru plane
wave parameters.
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TABLE 3

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

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

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

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

(b) 0E (angle of electric field intensity 16 - 25 E
vector in degrees)

W(c) (angle of propagation direction 31 - 40 E
P' from y axis in degrees)

(d) p (angle of projection of propagation 46 - 55 E
P 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

--- -- ---o - -- ----



5I

x=O,y=O,z=O, 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=l consists of au, 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 II 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 Group #1 in Table

3 are to be used for all the remaining frequencies. If this ia not intended j
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
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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 xwO and x-ot. 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 structureg, 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 (Nto+1) specification

points. This is done 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.) In Group #2,
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we communicate the n~mber N o and the magnitude and phase of the field at

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

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

field at each of these 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 (No+1) specification point

must be equal to the line length, t, i.e., located at x=.

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-O between the reference conductor and i-th

wire, and

(3) transverse field at x-1 between the reference conductor and i-th

wire.

For example, after Group #3 we must have Groups #4-#9 for wire 1, Groups

#4=#9 for wire 2, ---, Groups #4-49 for wire n. This is 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. This vne specifies the longitudinal electric

field at points along the positions of each wire.
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Group #21
Gru13 Absent if TYPE 2 or 3i Group #13
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Group #9
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I

Group #4 1

for wire #n

Group #9

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 1): card column format

(a) Frequency of incident field in 1 - 10 E
Hertz

Card Group #2 total - 1 if TYPE- 1Cd o # absent if TYPE - 2 or 3)

(a) N (number of field specification 1 -10
points along reference wire

( N10+l)
(b) 1JE0  (magnitude of electric field 21 - 30 E

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

(c) /E'0 (phase of electric field along 41 - 50 E
reference wire at x=O in
degrees)

total - N if TYPE-1Card Group #3 ( . . 3)
absent if zPE 2 or

(a) x ) (eiec':ric field specification 1 10 E
poini: along reference wire in

(b) I (metaiude of electric field 21 - 30 E( 0 o at I,(, .n +x direction in

voltsi;j!,4Wter
i (m)

(c) E (phase of electric field at 41 - 50 E

L~gO )

Note: m = 1,2,---,N t d X to (the last specification point) must equal

the line length,f. The c rds in Group #3 must be arranged such that

(!t) (u+l)
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TABLE 4 (continued)
Card Group #4 (total - 1) card column format

(a) Ni (number of field specification 1 - 10
points along i-th wire -N~i+l) I

(b)"E0 (magnitude of electric field 21 - 30 E
in +x direction along i-th
wire at x-0 in volts/meter.)

(c) /E() (phase of electric field along 41 - 50 E
L i-th wire at x-O in degrees)

Card Group #5 (total - NI 

•(a) x~im (electric field specification 1 -10 Epoint along i-th wire in

meters)

(b) jElT J(magntyde of electric field 21 - 30 E
at x m in +x direction in
voltimtr

(c) /EJ (phase of electric field at 41 -50 B
x ) in degrees)

(N~i
Note: m 192,---,N and (the last specification point) must

equal the line length,%. The cards in Group #5 must be arranged such

that

Card Group #6 (total - 1)

(a) Ntoi (number of field specification 1 - 10
points at x-O on straight line
contour between reference con-
ductor and i-th wire - Ntoi+l) I

(b) JE(O)I (magnitude ot electric field
~ on contour at x-O in volts/meter) 21 -30 E
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TABLE 4 (continued)
card column formatCard Group #6 (total = 1)"continued -

(c) /E (phase of electric field on 41 - 50 E
contour at x-O in degrees)

Card Group #7 (total -Ntoi )

W~

(a) Ptoi (electric field specification 1 - 10 E
point on contour between re-
ference conductor and i-th wire
at x-O in meters)

(b) JE(m)l (magnitude of electric field on 21 - 30 Et0i contour at x-0 at 0 (in) in
volts/meter)

S(c) E (phase of electric field on 41 - 50 E
z contour at po(m) in degrees)

toi
(Ntoi)

Note: m a 1,2,---,Nt0 i and t (the last specification point) must be

located at the center of the i-th wire at xO. The cards in Group #7 must

be arranged such that

(i) (m+l)
t0i t0i

Card Group #8 (total = 1)

(a) N ti (number of field specification 1 -10
points on straight line contour
at x- between reference conductor
and i-th wire - Ntt i + 1)

(b) IJEOI (magnitude of electric field 21 - 30 E
on contour at x-in volts/meter)

(c) E( ) (phase of electric field on contour 41 - 50 E
• . at x-= in degrees)

010
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TABLE 4 (continued)__rd
Card Group #9 (total N card column format

(a) p (i) (electric field specification point 1 - 10 E
tgi on contour between reference con-

ductor and i-th wire at x-X in meters)

(b) E( tlI (magnitude of electric field on 21 - 30 E

contour at x-at P(1l in

volts /meter)

(c) / (phase of electric field on contour 41 - 50 E

at x-X at P~)in degrees)

Note: m-l,2,---,Ntti and (N) (the last specification point) must be

located at the center of the i-th wire at x-. The cards in Group 49

must be arranged such that

(m) < (r+l)

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

sequentially for wire 1, wire 2, --- , wire n,t-

I Ii



VI. 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 I

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-I). 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, zw4 cm.

The line length is 5m and v -1, r 1 (a logical choice although any r
nr r r

and Ur 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 LSO-ll with the
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terminal impedance matrices

iZ

Z 5 10001
[100 5000O00J

Three orientations of the incident field will be considered:

(a) E -1 V/m, 0 = 30, 0= -1500,. = 400
E pp

(b) Em - l V/ m, OE - 0, p- 90, p - 900

(c) m 1 V/m, GE - 00, 0p a 1800, *p = 900

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

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

- yx
E ejky

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

with E in the +x direction, i.e.,

jky+
E e X

Four frequencies of excitation will be investigated:

1 MHz, 10 laiz, 100 RIz, 1GHz

(1E6), (E7), (IE), (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 itot. 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

-14-
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.......

is given Ly

d 10 cm
max

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

frequency kd (degrees) d /X
max______ max

1 E6 .12 .000334

1 E7 1,2 .003336

I 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)

shown in Figure6-2(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) tb image wire

of wire #1 in the previous problem as the reference wire. The various

wire radii, and coordinates are:

l
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II
(a) E 1 V/m, eE -30, 0 150,~ O-40 Q

f 1lMHz

1 (0) - 3.298E-6 /8.1 I()- 2.837E-7 /62

1 (0) - 7.336E7/ 1z(00 1. 782E-1-.5

f - 10MHz

1 (0) - 3.315E-5 / T Ii)- 3.116E-6 /36

12(0) - 7.191E-6/ L 12I) 1.732E-6L-0555

f *100 MHz

1 (0) -2.495E-4 I-.5 6t(~) -1.024E-4/127

1 0 3,.450E-5 I 1 2 r~ .101E-5

f 1 GHz

1I (0) -2.089E-4 135 1 1 (YD 9.315E-5 /197

1 (0) - 3.317E-5~ Ai I (Y) *1.089E-5/124

Figure 6-3. The problem in Figure 6-1.
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(b) E - 1 V/m, 00E O, 0 - 90, ,p 90
m E pp

f 1 MHz

1 ( 0 ) - 9.294E-6 I 1 ( ) , 2.333E-6 87.87

12(0) - 1.963E-6 8I2( - 1.432E-7/-9_o

f 1 0 MHz
1 (0) - 9.316E-5 - 2.336E-5

1A

12 (0) w 1.920E-5 I2 E) 1.383E-6/4

f -00 MHz

ti -1(0) 4.638E-4-.91 I1 (t) - 1.150E-4-18

1 (0) 6.56E-5/-2492 I200 = 3,054E-6;68,47

2 2

Figure 6-3. The problem in Figure 6-1.
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(c) Em IV/I,EO, lO* 90

f-i1 MHz

1I1(0) - 3.494E-6 I9.0 W 3.493E-6 / 2

12(0) - 5,590E-7 /I.9 a21 5.589E-7/94

f 1.0 MHz

1 (0) *3.553E-5 /9.1I(1 3.500E-5 /26

1 (0) 5,65E-6- 5.381E-6/45

f - 100 MHz

1 (0) -5,316E-4 /38 1~t 1.9882-4/-.1
:2:::) 8.392E-5 /5.8 12 ( W 4.634E-/3.7

I (0) - 4.402E-4 /3.91 1%1) a1.632Fe-./4 2
12(0) - 8.585E-5 /5I9 I(t) *4.664E-5 /74

Figure 6-3. The problem in Figure 6-1.
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Figure 6-4. Example I, the image problem for
Figure 6-1.
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Wire Radius zi  Yi

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 (lMHz, 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 plan,! 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)

-123-
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11 (o) - -(1/200) V (0)
1 VA0)

1 2(0) =(1/10)(V3(0) -V(O))-

13(0). (1/lK)(V2 (0) - v3 (0))

! i(. .,(1/1K) V (It'

12(4 - (1/2K)(V 2 (() - V300)

13(-) * (1/2K)(V 3( ) - v')

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

matrices become

r-3 -3I0-0
-3 -0 - 0 5E-4 -5E-4

-lE-3 1E-3 0 -5E-4 5E-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 13(0)

for each frequency are equal as are the magnitudez of I2(%) and I3(t).

Further note that 12(0) and 13(0) are precisely 180* out of phase as are

12 () and 13 (0. Therefore we have

12(0) + 13(0) - 0

12(4 + 1 (.4) -0

fot all frequencies as they should be.
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4 1 4 1I 1'1AIS6IP.14 a939141Apa *an0MMM 0040 li %4995691I~W*9~up a Nam maguNapguI4 a4 a a a W in

S j I WI 1 )1 1 1 a Nam leJ is M40411 nummon 11111) IIS I 11111110 NowS

2 1 6 1 1 M I It? 21 1' 4MXPO XX*0I 4 4 4 1 01VO 1111tl 4N04N04

1 4 4 1 1.0 4N 00 1 -61 Ma " a ON R 0 MINSal Itts st~ s INam ith la 0*614 1a 06% o W4 N
~ 5555555455555554 ssissssu

Big 6IIS4 333331 33I333I66I14~p 3 .133333336SgEM3333333361,eeaggeggagg,33g3333384444 444 4444 444 444 4444 44f4 4 4 t 4 444 4444 444 444 4444 444 444
g.~I aua gg~ se~amjee~eep ~a~~eegegegaeggg aaggeg$

Figure 6-5(a). Data cards for the p~oblemin Figure 8-4
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4 1114 I0tl II II11 I IIItI II 0 1 49 2"n am"SI|Im0111NU0111111 oil1'Iai s a "nip

3 4 1 1 1 4) 3 A1 59 I P, *nx Ma "a . 1 1 k lX-1, | 1 ] I I] ] ) I I ] I I I l I

4 1 1 1,44 444444444444444444444444IX *HANN4VA 4444 , 4144 '444 444 4444 444 4444 444

1 1 1 1 2 1 1 1 11 11 1 11 1 11 11 11 1 , l 0 11 1 2 1, 2 11111 1 1 1111 1111111111 11

Ii ur IIIiII16111161111116-( D 6t 6a d 1 o6 the 11o6e 1n 1i ur1 6 6111161 6111666 66

with E -1 V/m, O00 Op-90- p=9-
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*3 4* i 1 Q1 44 0 elaoII mI "maNw a a oan

34 1 ~ 3 1&AIaa M Nma"omU36N?@* "R NNW

* I

19l o P~i

11111 othl ii iii 0O I "24hilil1 N SIJ AX141.1 - .1 vIII X~w* colooopolltlI al*INlIlonal

!?o itaa Ii a

IS~~~~T 76161 -41811661158k I 46694*ti61ri "I1114 *1I16 I. of ,, "I *I

II13 13 31113 331 331333 133J~3)33 3 3 33 33 3 3 33 33 3 3 3 33 3 3 3 3 3 33133

4 4,J 
I) 14 I

Figure 6-5(c). Data cards for thie groblem ie Figure0 6-
4

with El-1V/,.-SP10 OM I
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(a) Em 1 V/m, OE 30, = 150,p = 40

f = 1MHz

1 (0) = 1.649E-6 I (Qj = 1.419E-7 /86.28

12(0) 3.668E-7L 88.79 I2(;) 8.912E-8-93
2=

13(0) 3.668E-71 -91.21 8.912E-8
3 3(

f -10 MHz

I1 ( 0 )  1.658E-5 / 11(;e) = 1.558E-6 54.19

12(0) * 3.597E-6/78.11 12(x) 8.661E-7L-0.7

13(0) " 3.597E-6/-101.89 I3(2) 8.661E-7 / 75.93

f i00 MHz

I1 (0) 1.247E-4 / 3.519 I 1(') 5.118E-5I-137.5

12(0) m 1.763E-5/. 12(t) = 5.657E-6/65.87

13(0) 1.76eE-51 1
3(X) 5.657E-6

fu -IGHz

1 (0) - 1.037E-4 1 0!() - 4.631E-5 1

12(0) - 2.591E-5 /I.2 Of() * 1.024E-5L2~

13(0) - 2.591E51-0. 7  I3 (Z) - 1.024E-5

Figure 6-6. The problem in Figure 6-4.
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(b) E =1 V/m, 0 0, 0 90, p= 90

flIMHz

11(0) = 4.647E-6 L.0 11 r) = 1.166E-6 187.8

12(0) = 9.813E-7 /88.44 12() = 7.158E-8-93.46

13 (0) = 9.813E-/I (e) - 7.158E-8 .

f = 10 MHz

II(0) = 4.658E-5L80.85 11(Z) a 1.168E-5683

1 (0) = 9.599E- 674 12') . 6.013E-71-124 51

I3(0) - 9.599E-6/105.44 13 (:e) 6.913E-7/5.9

f - 100 MHz

1 (0) - 2.319E-4- Il (t) - 5.751E-5

12(0) - 3.301E-5 -2.28 12(() = 1.510E-6

13(0) = 3.301E-5L5.7. 13 (X) - 1.510E--09.85

f = I GHz

I1 (0 ) - 2.294E-4/-37.91 I1 (Y ) - 5.689E-5/5.4

1,(0) = 3.284E-5/-24.92 I(V) - 1.527E-6 168.47

WV * 2

13(0) - 3.284E-5/155.08 I3( ) - 1.527E-6 .

Figure 6-6. The problem in Figure 6-4.
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(c) E 1 V/M, 0E = 0, 0 = 180, p = 90

f = I MHz

1i(0) = 1. 74 7E-6 I() 1.747E-6 8L_ 3

12 (0) = 2.795E-7 /90.01 12(e) - 2.794E-7/89.50

13 (0) = 2.795E-7/-89.99 13 () = 2.794E-7/-90.50

f - 10 MHz

11(0) - 1.776E-5 /91.31 II(') 1.750E-5

12(0) - 2.828E-65 12(;C) = 2.791E-6

13(0) = 2.828E-16/ 9 3() = 2.791E-6L-15

f =100 MHz

1I (0 ) - 2.658E-4 /39.83 1I (Z ) = 9.938E-5/-12

12(0) = 4.196E-5 I1 ) = 2.317E-5

13(0) = 4.196E-5/-'121.20 13( ) = 2.317E-5/32

f = 1 GHz

II(0) = 2.201E-4 /93.14 Il ( ) = 8.161E-5 52.61

1 (0) = 4.293E-5/113.03 I (e) = 2.332E-5I97.52
2 12

13(0) = 4.293E-5/-66.97 13( t) 2.332E-5/-82.48

Figure 6-6. The proolem in Figure 6-',
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6.1.3 Comparison of the Two Solutions

The terminal currents (I, 12) in Figure 6-1 (the ground, plane problem)

should be exactly twice the magnitude of the corresponding currents (1I,12)

in Figure 6-4 (the image problem). For the case of propagation in the +x

4.

direction with E in the +y direction:

(b) 0E 0 , Op =90, *p 90
Ep) -k

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

(c) 0 E 0  0 180, = 90
E pp

-' = jky
E e X

this is precisely the case for all frequencies. (Although not shown here,

thn results were printed out to 16 digits and agreed to 15 digits.)

However, consider the case of

(a) 0 E 30, 0 - 150, Op 40
p

Note that the corresponding currents for the ground plane problem in

Figure 6-1 are precisely twice those for the image proolem in Figure 6-4

for 1 MHz and 10 MHz. For 100 MHz, Ii(0) and Il(C) correspond exactly and

12(0) and I(j) correspond very closely. However, for 1 GHz, only currents

I1 (0) and II (t) correspond whereas 12(0) and 12(t), although within a factor

of two, do not correspond. The reason for this becomes clear when we con-

sider the definition of line voltages uqed 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

?A
2V (V1 - V2)

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

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

z(inc) (inc)
E tc(0) and E ()). Clearly these will correspond only if E(inc) is

curl free ia the transverse (y,z) plane, i.e., only if there is no component

of R(inc) in the x direction which penetrates a transverse contour. For

angles of incidence 0 0, 0 - 90, p U 90 and 0 0, Ep - '80, p -90,
p p

this is clearly the case and the results show this. However, for 0E *30,

0 = 150, O 40, there is a component of H(ilc) in the x direction. How-

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

line are electrically small and the fact that E(inc) is not curl free in the

y,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 ExamRle I

In this Section we will consider a problem which was investigated by

Harrison using an alternate formulativn [5,8]. The problem consists of

three wires in free space all of radius 10-3 Mwhich lie in the x,y plane with

adjacent wire separations of 102m as shown in Figure 6-8. The line is 10 m

-132-



A c ~(YtZ)

- lv
Image of (-Y Z)
Wire

(a)

y 0 (Y0 +Z)

Yo V2

(b)

Figure 6-7.
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long and various loads connect each wire to a central point.

The termination impedances are

zol-50-1 5 Z02 -100+j 100 25

l o50 + J 25 02= lO- j 50 Z#3  -- j 50

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

become

[(Z01+Z ) 1 z 75+ JO 25 +j 251
z 03 (Z02 

+ Z0 3). 25 + j 25 125 + j 125

(Z 1 200 -1j25 150 -ij50

L 3  (Zf2 + ZX3  150- j 50 250 -j 100J

AIV/m uniform plane wave is propagating in the +y direction with E in
the +x direction, i.e., (c) e-ky . Therefore Em - 1, 180,

EthE

0 0, p = 91. Harrison showed the result for the terminal currents com-
pp
puted by his method for k' - 1.5. The line is 10 m long. Therefcre the

frequency is 7157018.74 Hz. The input data 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

1



I S M R 1t InPVnll oe000VOI 0S AS I N SO nee

1 1' IMR91"*..

14 J)'10AlOltlItI IlIlIlIlItIlI IlI I IlI I I ItIllI I I III lllllla11

-II 1,,1,, ,, , , , , , ,, , , , , 7 11, ,, , 11 1111111 111 ,111 ,,1,1,1,11 ,1

is, II G

Figure 6-9. Data cards for the problem in figure 6-8
with E '=1 V/M,EE180 u , OpO u , t p'9 FSOI i
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Em -- V/m,eE 180, ,P= 90

f - 715701:8.74 11z (kt a 1.5)

Computed with WIRE:

1 (0) - 1.066E-5/-98 1 1(X .221E.515.6

1(0) - 5.647E-5/-159.07 I2( ) -. 784E-5/426

Computed by Harrison:

IISli(o) I " 1.O65E-5 I 11(V)I - 1.22OR-5

1 2(O) I - 5.644E-5 112()I - 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 F

(kl 1.5) can cause significant changes in the result. In fact the program

was internally modified (temporarily) such that k(was precisely1.5 and

the results agreed exactly. i
One additional case will be computed in which Em , 0E = O, Op 90,

fp = 90, i.e., the wave is propagaing in the +x direction with E in the plane

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

-(inc) -jkx -E - y

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

results are shown in Figure 6-12.

6.2.1 Use of the Nionuniform Field Specificati, n Option, FSO =2

In this Section we will solve the two problems considered in the

previous Section by using the nonuniform field specification oltion.

For the first example we consider the problem in Figure 6-8 w~th

E = 1 V/m, A - 180, 0 - 0, fp - 90. To use the nonuniform field
mi p p

specification option, we must describe the magnitude and phase of th

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 = . ecause 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

reference wire are l. along wi'e 1 are 1 1 -- 8,5944E-2

and aling wire 2 are 1 k x 2 x 10- = I - 1.7189E--l. 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

-138-
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ll111111A9. 11111 a O % a" a 1 mom m1ALllamRossl all II ''IIII °I II I na all a NoI

II I I I ' III I'IIIIII I 1001I a"" anll llA**ll llal"llat lom l o

I II lI I Z Z 'ZII66 f 6 11 66 1111 1I s I q alt 1 1 1 11 1 1 111 111 111 11 111 11 1 1 6 411

111 1113 11 11111 1 1

4 1, 1 I ]] 13 .11116nX.7 IlI1II A ION $US* III424 lA l 041 011% UllNSW l4 1111111111101

Figure 6-11. Datla cards for the poblem in Figure 6-8

with E -1 Vim, 0,70° , Op=0 , p9 ° , FOI
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E- 1 V/m, -O, - 90, =90

m 0E 02 p1

L 7157018.74 Hz (kt.I 1.5)

I(0) - 1.216E-5 I it)- 1.572E-5-

12(0) " 6.708E-5/-!3.76 I2(1) - 2.849E-5L-284

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 coa-1' pare (and should compare) .::actly to those in Figure 6-10 where the uniform

plane wave option was used.

The next problem is to use the field orientation of 0E - 0, O - 90t

Op 90. In this case, the Jongitudinal fields along all wires will be

zero whereas the transverse fields at all points along the contours at x - 0

will be l/Owhereas those of x - will be 1L4- 1i/- §5.943669. 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.

IJ

ki
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1 1 4

.., ++!+.V.X.,. ,,.li,,.......,)udlsu,,2,,,,,,,-, ,,-.,,,1$4 Sil.t "0u2 al Q I** N I) NON" I no a" a Wa lo

I 14 AI 22$"3223m"an

I2I24 SI'3% 13 3 flo a is a 0 MUNN"322K

2 2 I4

333333 33332333312333 233 23 33 3 4)424422 I3222 3 1333333333'312236232422)2 3223313133332

332 11412 s 51333K 61233222222222222

2,,.,2I3 I ,....22@q ,,224 h232 ,22,K,222M,3* I~b3 I23,K242 ,,,...2UK ,,.,,US ,,3 ,,22 .,22 ,,,,, fl

IIII I II III II'IIIII I II II 21 IIIIII'II111111111 I11I111111111

41+44144414441444 . 1144 4+ I1 444444 4444444444444444444

Il ll ll119l9l Ail i llil v i si$ of is

IIIIII 6 16 IIIIIIItIIISSGSI IIIISI I ~lBSll lt't¢,-e. 11166t6 I I I I t t I I ltSIII I I IiII l

I1t 11I I1o11 221222222I121 P 2II1 IIIII IIII 2,2IP 1) 11 21112 ill 1 1I I1221IIIIII2III11II

Figure 6-13. Data cards for the problem in Figure 6-8

with E - 1 V/m, 0 - 1 80o, E -0 °, 0 _90 ° ,

FSO=2 'continued). p
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.4' - *4., r o ! nu,o~ n141l
2

HH Il auN,14. G.. *9tt S4WM14MnMuI01gul6umuulUBUNlNuWIIm

1 . 0 $1 IIN o H TAIN UNN XXX b 44 004111AIN MaUIUugg.UguuUnx all aill

2 3 4 if

IIIIIIIII IIIII IIIIIIIII 343II I I U)3IIIIUNS IIIIIIIIIIIluII.IIIIIIIIIIIIIIIIhIuIIII

iI iiI 1' Ii I IaIIIa* III SX r V 1 IM3I2 S334 xII I bI II I IR asIII one
I 4 T

I III m. aI**III * II12 IIN a-ON ma as*3 t A II IIIMIIIIIpb IIIIIIIIIIIIIIIbmImw

*i) 1 017"1I,17 PIT mi'i i ll i ii )i i NIS- I Uill N1 4 l +i ES1 Ii IIt I i i i i i iI I II I iIiII II II

I i III I! W g I I Ili I II Il II 111111111 1 t11 tt.11111/11111111111111111111111111111US

3333333333133333333n33331 ~3313333ai5)ji- 3 3333133333333333$jag4~~uu4ulWhI33131313383i

334A 4 44 44 4 44 44 4i ,5,l4 4 4 4 4 4 4 4 4 4 0:14 4,(4 44 4444444444444444 WlISWIS@NlS

-¢Ok PUanon*": (" N

iii~i IIII U S 1s5SIII NIIIIIII )4III'I, I I 1 I t III UI IIIIIIUuS 4IIIIIIIII IIIIIIII

134 ur 6-13 Data card fo te r1

with E =1i V/m, 0 -180, Op-O- yp90°, FSO0,,2 (coat;.)
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Ua a". U. a t a nnaaw*a i

,IP ,.o , ......... . n aIi h aeuU1lluaoSav*t . all pe.a..a............"a..

4MUM X P NI 4 43444914IAI f13MSS4SW"UUWS NOON anti mass

I 1)34 SM 11 1 O29 010* %ll1 n

*- I IIS I I , PINAI 1h11IItN SN SPISSNII P IOShN OU OSUII UN ISIINIUSI II95 N555555W

...

3)4 *,ManllSSS ~555555

I I$ J1 Al II ON US ON It assayN aN 40 1II M I INNN N

I44I 444 44I4%I" 44Its44044 $a a sap no." sup44 "**ON44 044 4144404 "4444 ""No4

sesssshsssssssssssshssssue siisssssssaa'sesssssssssssss

tlliii liil S55 iiiiS6SsllilI'iS I IE8) Ill diiSl. i Sq 6 CS 18656
1 13 1 4 $11 3 11171041 N5I 1 i ?3*OR AnO7 ?"a7"1111*RXX1 , P 1P1IS# 3?? 11 11113

I I 1 4 Ai %211 Oil NNNitCM*5415P4 Una sop31 .Ira MOV o na a"2i1o4n

, I I ~~~~~~I I SIM "I I a it I6. aI 4II if id i st an MR 11 II x a~~'fll .mo W i K4 111IIII!IkIII IlI

Figure 6-1-3. Data cards for the prblem iaa Figure6-8

with Em'hI V/rn, OE-180 , Qp-0-, 4 p-90 , FSO02 ,

Ii

I- "a ,,ll % I * sxpA yMW I V".S RX 0.11 1... . .. "' + " 1
4 1%110 414 APt NMSK PIS3MMAVP tAtlft ou. m NvF -1I4vnPI4-asa"

1 11 1 1 xpnWAW IJ-If O No" * ew sOUPW I NllR fnal %n



iI
E 1, 0 180, 0 =0, =90
m p

f = 7157018.74 Hz (kX A 1.5)

T1 (0) f 1.066E-5/-99.83 I1(-) - 1.221E-5 /.65

1 2(0) - 5.647E-5/-159.07 12(1J - 2.784E-5/-148.26

I

Figure 6-14. The problem of Figure 6-8 using
the nonuniform field specification option.
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*,,.00 %o 4
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. .. W~ I n ~Ift onm UNI 4,94 nxge v. t Iuuwamteuw w Au is MNN of nn

'1,0 120. aI at "I441 "I I WU IuIN 1'0U * I*Ia 1"1"uu1 * 1'1' 11

11161 gis, 1 vt6 156 S166 SI is6 S610 II S 5 :1 1 6 . S 5111 ., S I I 15111 11
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4. E-3 10C 19§6

4.*E-3

2.E390MVa1 "lUnN l e gnu ismS)SUSo
4 .AM M 29 Nano a MQ*MU4 ma45n a a ma

'?' E -2 *u a a W.5 6 9'l is2 np. A UR "no an)) *a-$ mogSuusu~~uu n sooU~n a ammn a

6.E * A%2p lunhhS
0~ 1~ 1 J ja h to is IN ou US,* 21U U U I4 ~ u u nI1noUI

6.E 3 11 "s- 0a?." oii*ni ansms OQUlfl waow o a of a 'm~a a as

4. E-3U

2 4 16 IsI I. on"1 606* ~ lKI u a * a n

2.~ E- Its 'Quma.,2 2imo~n

sassMMo itgggggg na loangag~gg tium"ssmggsgagg*5 *

GIST 18 G65 I ra n"nl6mm n a no

TII I a a -TTIs TTTTT .6 .i 4i~ 4I IT n13.2MU1 4hX 14 1Q0" f U N11 T 206 6 I V N I T0 l IT N I T1T11a114AN

113,511.0 8855 c?~ la 20 1J881S a1 
mammaa 11111

1.0E05~~I55558S5~g~gggggg
5gg 1 5 1

figr 645 Dat cad for the~l prble inFgr-ih
P~~ ~ ~ 0 o ipulo v mJ M vw ms ii e;G mlou m? Ima N

Il V/rn 0 E0IV VI141 777777 7171717171n
1%p 

p ,
2 22 22 222 22 22 22 1 27 22 -- 14 ,7,



ii h~ l~llf~h~~ll.h 11. mIs 11 1 31

sj%. VU941,5 Uhl P~ iUh C 106MS5UG10 hn 1111 MM MIS

1M 3I # 31 1621s SIHMI " 7 13% MR "Almm19

2 345 g n1e.., #*"a *n a unpin14S~ "lhl r~f fil

2 3 . Sq4 -1l1 0 pIpla a 1IM

Iss 1 teecce un~tiIn S1Me0nl4I
2

I~eI MISSMISH4 iMCnx 1n Isl "Ina

II 451 P 1 01 .... 2 Zni1IIU5 3IMM ""us. US S4uC titl$I i ouop IS mINS I sm, UIMI v 1 ?n ,If " m R " ,4

I 'I~ Wt. IQ cc n IP, ii.i.11,Ieii.iei3, mma ll aU,KS1Ig 3%l%" soI mumUmmuess5544541 mnn a11S1 so) anm

t 1 5 S ,e~n~~.ut,~1N~~wIt~
2

e1eSlSe.3SMnli~CI4l

1el~s 4~ ~ ssa~i li 0 Isssesssesi "e essaeseeessssaee

)141515~~~~~~~~~~~~~~~~~~~~~1 ,c1ecc7~INfhn~.i,4J~jMS,~lIIMI1MIlSMl~C~il4MVINe

331232 11111 133? I ? 21111 I4j~ ~i'i 3111111 ) II)! I 1 I I 1111111

I 13 $19 . 8 06 0V 104 h""IRX I.$

I-1 I i lsa a1 11-4

66466566666556555551566 ~tj~ :i I 56 1.I~ 666566111564-16611P75X1666IM1

237311 2212?? 32222 2 P7I.? )L"2 2 22 22 1 2?? 2222 2?? 22132112

'eM ) ri c -1 " "
IIg i ll M Is 5 1 1155 1 1135595 1535 1391 7 )75 1il I11 15 w 393 1 91971 1 1 1 1133 1119

Figure 6-15. Data cards for the problem in Figure 6-8 with

E m -i V/rn, 0 0 ', 0 P90 Y ) 90 ,FS0=2.
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E 1, 0 0, 0 =90, p =90

m E pp

f = 7157018.74 Hz (1d - 1.5)

i (0) = 1.216E-5 /17.18 I1 () = 1.572E-5 //-49.19

12(0) = 6.708E-5-37 I2(t) = 2.849E-

Figure 6-16. The problem of Figure 6-8 using the nonuniform

field specification option.
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VII. SUM.tARY

A digital computer program, WIRE, which fs designed to compute the

terminal currents induced in a multiconductor transmission line by a

single frequency, incident electromagnetic 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=l), an

infinite ground plane (TYPE=2) or an overall, cylindrical shield (TYPE=3).

All (n+l) 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 I 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 o wire radius must be

larger than approximately 5.

General linear termination networks are provided for at the two ends

of the line.
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APPEDIX 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 d particular x along the line is equal to zero.

This i3 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 (nl) shown in Figure A-l(a).

At a particular longitudinal coordinate, x, we have separated the total

current into a common mode component, IC' and a differential mode component,

ID. This is purely a mathematical operation and given the currents 11(X)

and 10 (x), one can always resolve them into these components as shown by

the following. We are s4mply looking for a unique transformation which

performs this separation. If we write

11 (x) - Ic(x) + ID(x) (A-la)

12 (x) =-IC(X) - ID(X) (A-lb)

then in matrix form the equations become

1 (X) 1 1 ) ID(X (A-2)

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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,1 (0) = ID (0) 1 =+I IC+D Il (1) = ID (1)

°0 =o- IC - IDso®
Io(O)=:-'D (0) I1 ) -ID (1)

X:O X:I x

(a) n-I

nf 'C + 'Dfl

I~L

I f

I =I C-IDi

IOX

-I- I

X:0 X=1 X

(b) n

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

D Fl (A-3)Li(X)] 2 W 1() j

Therefore, given 11 (x) and 12 (x) for a particular x, one can uniquely

determine ID(W)and I (X).

The question of physical significance of ID and IC is essentially ir-

relevant since this is merely a transformation of variables. The essential

point is that as far as the terminal responses are concerned, we need only

consider the differential mode (transmission line type) current, ID9

since the common mode current (commonly called antenna type current) has

essentially no effect on the terminal responses. 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 (Z0 and Ze) as lumped and

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

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

of the line, i.e., IC (0) = I () = 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 I D(x) and Ic(x) as

shown in Figure A-l(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 conmmon mode current.

The extension of this result to multiconductor lines is quite similar.

Consider Figure A-l(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 question here is whether we can define

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

109 1 ... ,_ I n, and the decomposition components, ID , ID2' ---' IDn' 
IC

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

I n (x) I Cx) + IDn(x)

IW(x) = IC(x) + IDi(x)

(A-4)

II( W- IC(W + IDl(W

n
10(x) I - IDi(x)

i-I

which becomes in matrix notation

n(x) 1 o..... 0 1 IDn(x)

0 1 0 0 1

. * \ % "
- , ,(A-5)

Iix) = IDi (x)

* \ 0 1
I I 0

1 Dl (x)

-1  - 1 W (

T
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One can easily 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

curients, In (X), ... , 11 (x), 10 (x), one can obtain the components,

IDn(X), ... , IDl(X), I Cx) from

I Dn (X) I  In(X)
C

IDi(x) =T-1 Ii(x) (A-6)

IDl(x) 1(x)

I Cx) 10 (x)

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,

I c(0) and IC (), are essentially 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
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C WIREO002
C PROGRAM WIRE WIREO003
C (FORTRAN IV, DOUBLE PRECISION) WIREO004
C WRITTEN BY WIREOoo5
C CLAYTON R. PAUL wrREOO06
C DEPARTMENT OF ELECTRZCAL ENGINEERING WIREO007
C * UNIVERSITY OF KENTUCKY WIREOoo8
C LEXINGTON, KENTUCK! 40506 WIREO009
C WIREO010
C A DIGITAL COMPUTER PROGRAM TO COMPUTE THE TERMINAL CURRENTS WIREO00i
C AT THE ENDS OF A MULTICONDUCTOR TRANSMISSION LINE WHICH IS WIRE012
C EXCITED BY AN INCIDENT ELECTROMAGNETIC FIELD. WIREO013
C WTREO014
C THE DISTRIBUTED PARAMETER, MULTICONDUCTOR TRANSMISSION LINE WIREO015
C EQUATIONS ARE SOLVED FOR STEADY STATE, SINUSOIDAL EXCITATION WIREO016
C OF THE LINE. WIREO017
C WIREOO18
C THE LINE CONSISTS OF N WIRES (CYLINDRICAL CONDUCTORS) AND A WIREOO19
C REFERENCE CONDUCTOR. THE REFERENCE CONDUCTOR MAY BE A WIRE WIREO020
C (TYPE=1), AN INFINITE GROUND PLANE (TYPE=2), OR AN OVERALL WIREO021
C CYLINDRIOAL SHIELD (TYPE=3). WIREO022
C WIREO023
C THE INCIDENT FIELD MAY BE IN THE FORM OF A UNIFORM PLANE WAVE WIREO024
C FOR TYPE 1 AND TYPE 2 STRUCTURES OR A NONUNIFORM FIELD FOR ALL WIREO025
C STRUCTURE TYPES. WIREO026
C WIPEO027
C THE N WIRES ARE ASSUMED TO BE PARALLEL TO EACH OTHER AND THE WrREO028
C REFERENCE CONDUCTOR. WIREO029
C WIREO030
C THE N WIRES AND THE REFERENCE CONDUCTOR ARE ASSUMED TO BE WIREO031
C PERFECT CONDUCTORS. WIREO032
C WIRE0033
C THE LIE IS IMMERSED IN A LINEAR, ISOTROPIC, AND HOMOGENEOUS WIREO034
C MEDIUM WITH A RELATIVE PERMEADILITY OF MUR AND A RELATIVE WTRE0035
C DIELECTRIC CONSTANT OF ER. THE MEDIUM IS ASSUMED TO RE LOSSLESS. WIREOO36
c WIREOO37
C LOAD STRUCTURE OPTION (LSO) DEFINITIONS: WIREO038
C LSO=I1,THEVENIN EQUIVALENT LOAD STRUCTURES WITH DIAGONAL WIREO039
C IMPEDANCE MATRICES WIREO0O40
C LSO=12,THEVENIN EQUIVALENT LOAD STRUCTURES WITH FULL WIREO041
C IMPEDANCE MATRICES WIPEO042
C LSO=21,NORTON EQUIVALENT LOAD STRUCTURES WITH DIAGONAL WIREOOQ3
C ADMITTANCE MATRICES WIREO044
C LSOz22,NORTON EQUIVALENT LOAD STRUCTURES WITH FULL WIREO045
C ADMITTANCE MATRICES WIREOOb
C WIREO047
C FTELD SPECIFICATION OPTION (FSO) DEFINITIONS: WIREO008
C FSO=-I,UNIFORN PLANE WAVE (TYPE=1,2) WIREO009
C FSO=2,NONUNIFORM FIELD (TYPE=1,2,3) wIREO050
c vIREO051
C FUINCTION SUBPROGRAMS USED: EIE2 WIREOO52
c SJRRO'ITINES USED, LF0TlC WIREO053
C WIREO054

c WIREO056
C ALI VECTORS AND MATRICES IN THE FOLLOWING DIMENSION STATEMENTS WIREO057
C SHOULD BE OF SIZE N WHERE N IS THE NUMBER OF WIRES(EXCLUSIVE OF WIREO058
C THE REFERENCE CONDUCTOR), I.E., VI(N),V2(N),O(N,N),YL(H,N),B(N) , WIREO059
C A(,N),WA(N),M I(NN),1?(NN),FETL(N),ETO(N),93(N,N,V3(N),V (N) WIREO060
c WIREO061
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IMPLICIT DIALOB (A-H,O-Z) VI130062
INTEGER TYPl,FSO 31330063
13AL*8 L,13( 2),V4( 2) ,105,1LN,rOR,10I,ILR,ILr.IOA,ILA.MURNUO2PI 31130066
1.MI,UI.UIUP 11R30065
CORPLRI*16 IJV1( 2),V2( 2),TO( 2, 21,1L( 2, 2),A( 2, 2),8( 2), VIR30066
1Sfi0M,SUML,I0,IL,ZEOC,lA( 2),NI( 2, 2),N2( 2, 2),ETL( 2),ETO( 2), 31330067
2C,A1,A2,OXEC,83( 2, 2) ,BIL,UILIN,Y25,EP.EI,EJBZ,EBTPBZ,EPBL, V1130068
315L,EJCI,SUIC,SUNS,ELOC,ELOS,31,32,EJIT VIRE0069
COMMON IJ, ZER0,TIOOIIE,ONKC V1130070
DATA CMTR/2. SID'5/,M002P1/2. o-7/,PS/.SDO/,7003/4.DO/, 31130071
103380/180. D0/,V/2.997925D8/ 1290072
ZZl0~w *DO V1110073
ON 3= .DO R07
TVOx2.DO 31330075
0EC=DCMl (I. DO, 0. DOI 3110076
SBROC-DCNPLI (0.DO,0. DO) VIDE0077
IJ-DCNPLI (0.00,1 *DO) 31290078
PI=FOUI*DATAI (ONE) 31130079
UADEGONESO/PI 31130080

C V1220081
C*****?REQU3VCT INDEPENDET CALCULATIOUS***************L**4 ********b*****W1rRE0082
C 31330083
C READ AND PRINT INPUT DATA 31130084
C 31130085

IEAD(5,1) TTPZ,LSO,F-,O,N,92,NUE,L 31130086
I FORMAT(91,1.81,12,9X1,81B,12,3(10.3)I 31330087
rr(TYPE.GE.l.AND.TTPE.LE.3) GO TO 3 31RE0088
IRITE(6,2) 31130089

2 FORMAT($ STRUJCTURE TYPE 21101'//' TYPE MUST EQUAL 1,2,02 39///) 31130090
GO TO 121 31110091

3 IF(LSO.EQ.11.O1.LSO.3Q.12) GO TO 5 11130092
IF(LSO.RQ.21.Ol.LSO.3Q.22) GO TO 5 VIR30093
wRiTZ(6,4) V1330094

4 FORMAT(* LOAD STRUCTURE OPTION EROR*//' LSO0 MUST EQUAL 11,12,2V1330095
11,03 221///) 31130096
GO TO 121 VIR30097

5 IF(FSO.EQ.1.0R.FSO.EQ.2) GO TO 7 V1130098
WRITE (6,6) W1130099

6 FORMAT(# FIELD SPECIFICATION OPTION 812010//$ PSO MUST EQUAL 1,V1130100
1 03 20//) 31130101
GO TO 121 V1R30102

7 IF(TTPl1.EQ.3.AlD.PSO.ZQ.1) GO TO 8 V1130103
GO TO 10 31230104

8 URITE(6,9) VI 330105
9 FORMAT(# UNIFORM PLANE VAVE EICITATION CANNOT BE SPECIFIED FOR THEVIIKOIO6
I TYPE 3 STRUCTURE'///) v1130107
GO TO 121 31330108

10 iRITS(6.11) N,TYPE,LSO,FSOL,ER,RUR 31RE0109
11 FORMAT(lhl,51X,4VIREl/// 31130110

1451,12,' PARALLEL WIRESI/// 3IREL111
2431,0 TYPE OF STRUCTUJRE= *,I1/// WIRE0~112
3411,0 LOAD STRUCTURE OPTION= 1,12/// 31330113
4401,' FIELD SPECIVICATION OPTION= 0,11/// 31330114
539X,' LINE LENGTH= O,1PE13.6,0 METERS'/// 31130115
6331,'# D7SLECTRIC CONSTANT OF THE "1EDIUM ,1PEIO.3/// V1R30116
7331,IRELATIVE PERMEABILITY OF THE MEDIUJM- O.1PEIO.3///) 3113011
GO TO (12,20,16),TYPE 31130118

12 READ(S,13) R30 31130119
13 FORMAT(5X,310.3) 31130120

NRITE(6,14) 130 31830121
14 FORMAT(' REFERENCE CONDUCTOR FOR LINE VOLTAGES IS A WIRE WITH RAD1I13R0122
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IUS= ',1PE1O.3,8 UILSI///A VI330123
t3O=RVO*CNTN 3I330124
VR1ETB(6, 15) 1I13012S

15 FORMAT(' WIRE NUMBER9.41,0VIRE RADIUS (IILS)'.181, WI330126
14Z COORDINIATE (METERS)0,2'4IU'Y COORDINATE (NETEES)6,//) VIR10127
GO TO 23 wraz0128

16 READ)(5,17) RS 3I11O129
17 FORMAT(51,ElO.3) 3IR30130

WRITE(6,18) RS 311E0131
18 FORMAT(' REFERENCE CONDUCTOR FOR LIKE VOLTAGES IS A CYLINDRICAL 0131330132

lERALL SHIELD WITH INTERIOR RADIUS- ,IP31O.3.' NETERSI////) VIREO133
RS2zRS*RS VIRE0134
VRITE(6. 19) V1330135

19 FORMAT(' WIRE NURiBEB9,2X,9V13E RADIUS (NILS)#, 21,1SEPARATION 3ETVII310136

IEEN WIRE AND CEFTER OF SHIELD (NLTEUS)0,61,*ANGULAR COORDINATE (D33I130137
2GREES) 4//) V1130138I
GO TO 23 V1330139

20 VRITE(6,21) 31330140
21 PORMAT(f REFERENCE CONDUCTOR FOR LINE VOLTAGES IS AN INFINITE GROUNINNO141

IND PLANE'/'///) VI330142

VRITE(6, 22) 3I33O143I
22 FORMAT(l WIRE NrNBER',4X,'313E RADIUS (NILS)9.181, V1220144

1'HRYRTONTAL COORDINATE (METERS)4,161,#VIUE HEIGHT (METERS)@//) 31330145
C 31330146
C READ AND PRINT LINE DIMENSIONS AND COMPUTE THE CHARACTERISTIC VIR30147
C IMPEDANCE RATRII,ZC (STORE ZC IN REAL PART OF ARRAY MI) 31330148
C 31330149

23 CzMU02PIc0NEC*V*DSQRT(flJR/ER) 31330150
DO 29 1-1,1 31130151
3EAD(5,24) R3,ZT V1RS0152

24 FORMAT(3(51.310.3)) 31330153
VRITE(6,25) 1.33.,1, 31330154

25 FORHAT(21,12,131,IPEIO.3,271,1P10..3,353.1F310.3/ 1330155
13 (1)-I V1130156
14 (1)u1 31330157

lW=RW*CNTH 31330158
GO TO (26,27,28,TTPE 11330159

26 D12-:*Z+*T 31R30160
ml (i.1)2C*DLOG(DI2/(RV*RV0)) 130161
GO TO 29 3I330162
GO To 29 VIN30164

28 il (I,1)=C'DLOG((3S2-Z*1)/(3S*RVJ) V1330165
29 CONTINUJE 3I330166

IF (N.EQ0. ) Go TO 34 VI330167
K12N-l 31320168
DO 33 121.11I VI330169
K2-I*1 V1330170
D0 33 J=12,N 31230171

ZI~3(1) 13320172
Jx13(J) LRE0173

11214(1) VI330174
1J214I(J) 31310175
GO TO (30,31,32),TTPE V1330176

30 D12=ZI*ZIGYI*YI 31330177
DJ2=ZW*ZJ4 1J*YJ VIRE0178
ZD=ZI-ZJ VIRE0179
YD=YI-YJ 3IREolso
DIJ2=ZD*ZD+YD* YD 31130181
Ml (1,J)=PSOC*DLOG(DI2*DJ2/(R'3*ROSflIJ2)) VIRE0142
al pJ.I) -1 (I,J) 3133018i
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GO TO 33 WIRE0184

31 ZD=ZI-ZJ wIREO 185
YD=YI-YJ WIRE0186
D132=ZD*ZDtYD*YD WIRE0187
Ni (I.J)=P5*C*DLOG(ONE+FOUR*rI*YJ/DtJ2) WIRE.O188
Ml (JI)=M1(I.J) WIRE0189
GO TO 33 WIRE0190

32 THETA= (YI-YJ) /RADEG WIRE0191
RI2=ZI*ZI WIRE0192
RJ2=ZJ*ZJ WIRE0193
ml (I,j)=P5*C*DLOG((RJ2'/8S2)* (R12*RJ2.RS2*RS2-T1E0*ZI*ZJI*8S2* WIRE0194
lDCOS(THETA))/(RI2*RJ2.RJ2*RJ2-TWO*Zt*ZJ*RJ2*DCOS(THETA))) WIRE0195

33 CONTINUE IJIRF0197
C WIRE01 98
C COMPUTE THE INVERSE OF THE CHARACTERISTIC IMPEDANCE MATRIX,ZCINV W1RE0199
C (STORE ZCINT IN ARRAYS M12 AND M13) WTRE0200
C WIRE0201

34 Do 36 1=1,11 WIRE0202
DO 35 J=1*N W1R?0203
A (I, J) -M 1 (1, J) WIRE020'4

3,- 12 (I,J)ZEROC WIRE020
36 !12(I,I)=ONEC WTRE0206

CALL LEQTlC(A,N,N,R2,NN,VA. KER) IiIRE0207
KER=KER- 128 WTR1?0208
DO 37 11,.N WInE020q
DO 37 J=1,N wIREO2 10

37 N13 (1, J) = 82 (1, J) WIRE021 1
IF(KER.NE.1) GO TO 39 WTRP~02 12
VRITE(6,38) WTRE02 13

Al FORMAT(//,' *****CHARACTERISTIC IMPEDANCE MATRIX IOVERSTON ERROR**WTR.0214
wrRE0215

GO TO 121 WIRE0216
C WTRE02 17
C READ AND PRINT ENTRIES IN LOAD ADMITTAMCE(IMPEDANCE) 4ATRICES WIRE0218
C (STORE ADMITTANCE(IMPEDANCE) MILTRICES AT X=0 IN ARRAY YO AND WIRE0219
C THOSE AT X=L IN ARRAY YL) WrRE0220
C WIRE0221

39 IF(LSO.EQ.11.OR.Ll.3.Eo.12) Go rO '12 W1RE0222
IPITE (6,40) W1RE0223

40 FORMAT(//,18X,IADmrTTANCE AT Y=O'D43X,IAD1ITTANCE AT X=LO/) WIRE0224
VRITE(6,41) WIRE0225

41 FORMAT(211,'(SIEMENS)1,511,VIIEMEFNS)*/) WrRE0226
GO TO 45 WIRE0227

42 WRrTE(6.'43) WTRE0228
43 FORRAT(f/,l8XIlMPEDANCE AT 101,44X,ITMPEDANCE AT X=L'/) WIREO0?29

WRITE(6,'44) WIRF0230
44 FORMAT (231,' (OHMS) *,5'4X,'(OH~iS)'/) wrPE0231
45 IIBITE(6,46) WIRE0232
46 FORMAT(# ENTRT',1OX, REAL'.11X,'IMAG'41X,'HFAL' ,11X,IIMAG'f/) WIRE0233

DO 49 Ix1.N IEIRE0234
READ(5.47) YORYOI,YLB.TLI WTRE0235

47 ?ORMhT(2(EIO.3) ,201,2(ElO. 3)) WIRE0236
YO(I,I)=YOR+XJ*YOI WTRE0237
YL(I,I)=YLR*XJ*YLI WIRE0236

48 PORMAT(11,I2,2X,12,2(5I,lPE10.3),301,2(5Z1PE10.3)/) WIREO240
49 CONTINUE WIRE0241

IF(LSO.EQ.11.OR.LS(LEQ.21) (;O TO 52 wrR~F0242
IF(N.EQ.1) GO TO 52 WI RE024 I
Do 51 I=1,Kl WIR0o?'44
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K2=I 1 WIRE02485
DO 51 J=K2,N WrRE0246
READ(5,50) YOPYOI,YLR,YLI WIRE0247

50 FORMAT(2(E10o.3),20X,2(El0. 3)) WIRE0248
TO (I,J) =YOR+XJ*YOI WIRE0249

YL (I.J)=YLR.XJ*YLI WIRE0250
TO (JI)Z=O (IJ) WIRE0251
YL (J,I =YL (I,J) WIRE0252
WRITE(6,48) r.J.TO(I.J),YL(I,J) WIRE0253 i'

51 CONTINUE WIRE0254
C WIRE0255
C IF TIEVENIN EQUIVALENT SPECIfI D, SWAP ENTRIES IN ARRAYS NI AND M2WIRE0256
C Mi WILL CONTAIN THE INVERSE OF ZC AND M2 WILL CONTAIN ZC WIRE0257
C VIRE0258

52 IF(LSO.EQ.21.OR.LSO.EQ.22) GO TO 54 WIRE0259
DO 53 I=I,N WIRE0260
DO 53 J=I,N WIRE0261
A1=M1 (I.J) WIRE0262
A2=M2 (1,J) WIRE0263
M1 (IJ)-A2 W1RE0264
SM (J,I)=A2 WIRE0265
2 (I.J)=At WIRE0266

53 M2 (J,I)--Al WIRE0267
C WIRE0268
C COMPOTE THE MATRIX ZC+ZL*ZCINV*ZO FOR THE THEVENIN EQUIVALENT VIRE0269
C OR ZCINVYL*ZC*YO FOR NORTON EQUIVALENT VIRE0270
C STORE IN ARRAY M2 WIRE0271
C WIRE0272

514 IF(LSO.EQ.12.OR.LSO.EQ.22) GO TO 57 WIRE0273
DO 55 I=IN WIRE0274
DO 55 J=IN WIR0275

55 A (I,J) =M 1 (I,J) *YO(J,J) WIRE0276
00 56 I=1,N WIRE0277
DO 56 J=I,N WIRE0278

56 M2(1,J) =YL (1.1) *A (1.3) +M2(I,J} WIRE0279
GO TO 62 WIRE0280

57 DO 59 r=1N WIRE0281
DO 59 J=1,w WIRE0282
SUML=ZEROC WIRE0283
DO 58 K=I,N WIRE0284

58 SUML=SUML#11(I.K)*YO (k,J) WIRE0285
59 A(I,J)=SUML WIRE0286

Do 61 I=,N WIRE0287
DO 61 J=I,N WIRE0288
SUML=ZEROC wNREO289
DO 60 K=IN WIRE0290

60 SUML=SUML.TL (I,K)*A(KJ) WIRE0291
61 N2(IJ)=SUNL+N2(I.J) WIRE0292
62 BB=TWO*PI*DSQRT(EROMUB)/V WIRE0293

BBL=BB*L wIRE0294
C WI.RE0295
c IF FIELD SPECIFICATION IS A UNIFORM PLANE WAVE, READ DATA AND WIRE0296
C COMPUTE THE COMPONENTS OF THE ELECTRIC FIELD INTENSITY AND THE WIltEO7297
C PHASE CONSTANT(FOR ONE HERTZ) IN THE X,Y, AND Z DIRECTIONS WIREO298
C WIRE0299

IF(FSO.EQ.2) GO TO 66 WIRE0300
READ(5,63) EMTHE,THP,PHP WIRE0301

63 FORMAT(4(E10.3,5X)) W1RE0302
WRrITE(6,64) wIRE0303

64 FORMAT(///o EXCITATION SOURCE IS A UNIFORM PLANE WAVE#//) WIREOO
WRTTE(6.65) EMTHE,THPPHP WIREO305
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6S FORIAT(s MAGWITUIDE OF ELECTRIC FIELD = %1PEIO.3,1 (VOLTS/METER)0/ WIRE0306
If THETAR @,lPEIO.3,'(DEGREES)*/0 THETAP = ,IPEIO.3,'(DEGHEES)'fWrRk:'0307
2' PHIP, I ,1PE1O.3,9 (DEGREES)//) WIRE0308
THB=THB/RADEG wrRV0309
?NPzTHP/RADZG WIRE0310 4
PHP=PIRP/IADZG WIRE0311
CTE=DCOS (THE) WIRE03 12
CTPU-DCOS (TIP) WIRE0313
CPDCOS (PIP) WIREO3 14
STuDSIU (THE) WTRE03 15
STP-DSIN (TIP) VIREOI16
SPP=DSID (FlP) WIRF.0317
UIMwlf*CTt*STP WIRE03 18
EZR-E2*(CTB*CTP*CPP-STZ*SPP) WIRE03 19
nits-EN* (CTE*CP*SPP+STE*CPP) WIRE0320
331289*STPOSPP WIRE0321
BBT=DD*CTP WIRE0322
I31-DD*STM*PP 111RE0323

C WIRE0324
C**"PlEQUENCY DEPENDENT CALCOLATIONS***ee***** *********************$**1rBE0325
C vrRE0326

66 CONTINUE wrRE0327
RENAD(5.67.EUD-121) P WIRE0328

67 FPOIUAT(21O.3) WrRE0329
ITAuDD*? WIRE0330
59TALD39LOF WIRE0331
DSoDSIN (SETA) wrRE0332
DCaDC0S (DETAL) WIRE0333
0O TO (68,784),FSO wrRE0334

C WIRE0335
C COMPOTE THE EQUIVALENT FORCING FUNCTIONS FOR UNIFORM PLANE WAVE WIRP0336
C EXCITATION WIRE0337
C WIRE0338
C COMPUTE THE XY, AND Z COMPONENTS OF THE PHASE CONSTANT FOR wrRE0339
C ONTFCRM PLANS NAvE EXCITATION AND A FREQUENCY OF F HERTZ WIRE0340
C NIREO34i1

68 b1iaB31*F WIRE03462

ENIBll*E WIRE0343

69 00 T A0#Bl TP WIRE0346

C COM BPOTEFOCIG UTIOSFRUNFR LNEWV XITTO N WIRE.0348

2NBTPDCDEP(-J*BTA) -ON034

C YI STRUCTUREPES)E05

C WIR-034-



V2 (1)=V2M* (EP-IN) 11330367
ETO(I)=(BTI*TI.EZN*ZI)*32(ZIRO,031,-BYPSZ) V1330368

71 ETL (I) =3T (I) *EBXL 11RE0369
GO TO 96 WIRE0370

c V1330371
C COMPOTE FORCING FUNCTIONS FOR UNIFORM PLANE WAVE EXCITATION AND v1330372
C TYPE 2 STRUCTURES VIRS0373

c VIRS0374
72 DO 73 I=1,N 319E0375I

YI=V'M V1)R130376
zr=V3 (1) 11RE0377
SBY=DSIN (BYSYI) W1RZ0378
EJBZ=CDEXP (-XJ*BZ*ZI) VR07
V2Mz-EXM *EJBZ*SBY V1RE0380
VI M=XJ*V2M WIRE0381
Vi (I)=Y15S(EP.1NJ 11R10382
12 (I) s12l* (NP-IN) V111E0383
ITO (1) 1TM*ZJBZ*N2 (-TI.YI BY) WR08

73 ITL (I) -STO (1) *ZBIL W131035
GO TO 96 31110386

C 11RE0387
C COMPUTE THE EQUIVALENT FORCING FUNCTIONS FOR NONUNIFORM BXCITATIONVI330388
C mA 3103 O

74 8PBL=CDZP (IJ*BETAL) 31110390
E NBL=CDEIP(-XJSBETAL) W1880391
VRITE(6,75) V1R10392

75 FORMAT(///f EXCITATION StURCE IS A NONUNIFORM FIELD#//) WIRE0393
GO TO (76,83,83), TYPE WIRE0394

C 11RE0395
C COMPUTE THE CONTRIBUTION DUE TO THE LONGITUPINAL ELECTRIC FIELD V1R30396
C FOR THE REFERENCE VIRE V1R30397
C 31R10398

76 READ(5,77) NLOEOTO WIRS0399
77 FOBtMAT(1O,2(IOX,EIO.3)) VIRE0400

WRITE (6,78) v1110401 i
78 FORMAT(' LONGITUDINAL ELECTRIC FIELD ONw REFERENCE VIREI/) VIRE0402

VITE(6,79) 31R10403
79 FORMAT(5XOSPECIFICATrON POINT (METERS)', 31110404

I5X,IELECTRIC FIELD INTBNSlTY(VOLTS/METER)',5X,$PHASE(DEGREES)'//I 31130405
IL=ZE10 31330406I
ZLulO V1110407
TL=TO VIRE0408
SUMCXZIROC VIR10409
SUMSwZ BlOC W1R30410
WRITZ(6,80) XL,EO,T0 31130411

80 FORMAT(13X,1PE10.3,241,1PE1O.3,251,1PE10.3) 9TRZ0412
DO 82 1=1.ULO W1310413
READ(5,81) XI,EI,TI 31110414

81 FORMAT(3(El0.3,l0X)j 31330415
WRITR(6,80) xi.11,TI 3IR80416
XP=XI 31110417
EP=Ex 3Illo 18
TP-TI 3R30419
XD=XP-XL WIRC0420
mI: (EP-EL) /XD 311E0421
DIl (ELOIP-EP*XL) lID VI110422
11= (TP-TL) /(RADEG*ID) WIRE0423
Ci: (TL*XP-TP*XL) /(RADEG*ID) WIR10424
NgmrN-BFTA V1330425
NP=NI+BETA 31310*26
EJCI=cDExp (xJ*cI) 11R10427
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SUHC=SONC.EJCI*P5*(HI*EPRL*E1(IL.IP.NH).HI*ENBL*E1 (XL,XP,NP) wrRE0428
t*BI*EPBL*E2(XLXP,Ufl).DI*ENDL*E2(IL,XP.NP)) WIRE0429
SUHS=StJ8S-XJ*P5*ZJCI*(MI*EPBLsE1(XL,xP,Nn)-nI*EVL*E(XL,X,N2) WIRE0430
1*BI*EPBL*E2(ILXP,MN)-I*ENBL*E2(ZL,PP.I I WIRE0431
1L=XP WIRE0432
EL=NP WIRE0433

82 TL=TP WrRE0434
ELOC=SUHC WItRE035
ELOS-StJNS WIRE04 36
GO TO 86 WIRE0437

83 ELOC-ZEROC WIREOU438

ELOS=ZEROc WTRE01431

C COMPUTE THE ItONTRIBUTION DUE TO THE LONGITUDINAL ELECTRIC FIFLD WIRE0441
C FOR THE MIRES WIREOLS42
C WIREOL443

86 DO 95 I-l,X WIRE0444
READ(5,85) MLO,ELO,TLO WIRtE0445

85 FORMAT(I1O,2(I,EIO.31) WIRE0446
XL=ZRRO WIPE04~47
VPIT(6,86) I FIL IEWIRE0'448

86 FORRAT(//0 LONGITUDINAL ELECTRIC OIEL 09WR ,3X12/) WIRE049
WRITE (6, 79) WIRV0450
URITE(6,80) XL,ELO,TLO WlRE0451
EL-RLO WIRE0452
TL-TLO VIRE0'453
SUdC2ZEROC wrREOI$54
SUNS=ZEROC NIRr0455
DO a8 J-1,NLO WIRE0456
READ(5,87) XI,EI,TI VIRE0L457

87 FORMAT(3(E1O.3,1I) WI1RE0458
WRITE(6,80) II,EI,TI WIREO'45q
1p11I VIRE04~60
EP-11 WIRFO461
TP=TI WIRE0462
XD-XP-XL VTREO'463
N1x(EP-EL) /ID wrRF0464
Br= (ELOXP-wP*XL) /XD WIRE0465
NI (TP-TL) /(RADEGSXD) wrREO466
C1 (Tl.*XP-TP*XL) /(RADEG*XD) WIRE0467
NN=NI-BETA WTRE0468
NP=NI*BETA WIRE0469
EJCIzCDEIP (XJOCI) WIRE0470
SINCuSUNICGJCI*P*(flI*EPBLOSE(X,EIP.NM)4I*ENBLE(XL.IP,NiP) WIRE0471

t.Bl*EPBL*E2(1L.1PNM).DI*ENeL*E2(XL,XP.NJP) WIRE0472
SUNSzSUMS-XJ*P5*EJCI * (N*EPBL*E1 (XL. IP,NH) -fI*ENBL*E 1(XL,XP. NP) WIRE04d73

1G81*EP8L*E2(ILoXP.NIN)-BI*ENBL*E2 (IL,IP.NPI) VTURE0474
XL=XP WIRP0475
EL-EP WIRE0476

88 TL=TP WIREO'477
Vi (I) -SUMC-ELOC VIRE0478
V2 (I)=SURS-ELOS WIREO479

C WIRE0480
C COMPUTE THE CONTRIBUTION DUE TO THE TRANSVERSE ELECTRIC FIELD WIREO48i
C AT 120 FOR EACH WIRE WIRE0482
C wIRE0Q83

XL=ZERO wrRE0484
vRT(6,89) I WIRE0485i

89 FORMIPT(//@ TRANSVERSE ELECTRIC FIELD AT X=0 FOR WIRE ',3X,r2/) WIRE0486
READ(5.85) NTO.E:ETO,TTO WIRE04.87
WRITE(6,79) WTRE0438
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WRITE(6,80) IL,EETO,TTO 91130489
EL=EETO W1130490
TL=TTO W1RE0491
SUo H0Z 33C 31130492
DO 91 J=1,NTP 51330493
READ(5,90) XI*E1,Tr 31330494

90 FORMAT(3(EI0.3,101)) 31330495
331TE(6,80) XI,F1,TI 51330496
XP=II W1330497
BP=EI 31130498
TPxTI 31330499
XD=IP-1L VIR30500
Mls(NP-BL) /10 v1330501
3l (3L*IP-SPO1L) /ID V1330502
NIr (TP-TL) /(3ADEG*XD) 31330503
CI= (TL*IP-TP*XL) /(RADEGS'ID) 31330504
EJCI=CDEIP (XJ*CI) 5133O05

4SUM0=STJ50+JCI*(Nl*E(XL,1P,NII*BI*"2(XL,XP,N1)) 31330506
XL=XP 31330507
ELzEP 31330508

91 TL=TP V1R30509
ZTOCI) uSD10 51330510

C 31330511
C COMPOTE THE CONTRIBUTION DOE TO THE TRANSVERSE ELECTRIC FIELD 31330512
C AT XzL FOR EACH MIRE 313E0513
C vrpzo514

XL*ZERO 5IiUE0515
vRITZ(6,92) I 51R30516

92 FORMAT (//I TRANSVERSE ELECTRIC FIELD AT X-L TOR WIRE 1.31.,12/) W13320517
*EAD(5.85) NTL,EETLDTTL 51130518
VRITZ (6,791 31330519
vRITE(6,80) XL,EETL,TTL VZ330S20
EL=EETL V1330521
TL=TTL VI310522
Su 1i2330RC 31310523
DO 94 J-1,NTL V1130524
READ(5,91) XI,EI,TI V1130525

93 FORMT(3(x1.3.IOXJ) VIR30526
VRITE(6,80) XIEI,Tr 31330527
1PZX&' 51330528

E~wET3V3R0529

TP-TI 31330530
XD=XP-IL V1330531I
MIz (EP-EL) /10 V1R30S32
8TE (EL*IP-3P*XL) /XD VIRI0533
NIl (TP-TL) /(RADEG* ID) 51330534
CIl (TL*IP-TPO. ) /(3ADEG*ID) W1310535
3JC1ZCDEIP (IJ*CI) W1310536
SUNT.ISrUNL.JCI*(Tshl(IL.IPNI).sI*E2(IL,ZPUI)) V1330537
YL=XP V1330538
EL=EP VI330539

94 TL=TP VI3E0540
ETL (I) SUNL 51330541

95 CONTINUE 51310542
C VIRE0543
C COMPUTE THE TERSINAL CORRENTS V1330544
C vr330545
C FORM THE EQUATIONS V1R10546
C VIR30547

96 IF(LSO.kQ.12.OR.LSO.ZQ.22) GO TO 100 V1310518
DO 98 Iml,N i13E0549
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SUNO=ZERtOC 
WROS

SUML=ZROC wrE0550DO 97 j~1,N WIRE0551
A(I.J)=XJ*D5*m2 (1,3) WIRE0552
SUJMO=SUMO+n3 (1,3) *V2 (3) WIRE0553

97 SUML=SUML+m3(I.J)*ETO(J 
1R05vi(r) =vi (I) -ETL~Ij VIRE0555

III (II)=SUM0 WrRE0556
ETL(I)=SUML WIRE0557

98 A (1,1) -A (1, 1) +DC* (TO (I~r )4TL (I, r)) vrRE0559DO 99 r11,N 
WRO6SUMO=ONEC WR06

SUNML=ONZC WIRE0561
IF (LSO. EQ. 21) srrMO=YL (I, I) IEIRE0562IF (LSO.rQ. 11) SUML=YLa(1.) 

WIRE0564d99 a(I) =sumosv (I) +XJ*SnMLOn (1,1) +DC*SUM*EO(T) +XJtDSsStML*ETL(I) WIRE0565GO TO 107 
WIRE0566100 DO 102 11I,N 
WIRE0567SIJNOWZZROC 
WrRE0'56850 ML= ZEROC 
WIRE0569DO 101 J=1,N 
WIREO57O

SUMOZSUMO,53 (1,3) *V2 (3) 
VTRE0572t01 SUKL=SIJL43(,J)*ETO(J) 
WTRE0573

El (I, I)RE0574
Ml(I'I=SUMOWIRE0575102 ETL(I)=SUlL 

WIRE0576DO 106 I=t,N 
VIRE0577IF(LSO.EO.22) GO TO 104 
WIREOS78SUMO=ZEROC 
WIRRO57qSUmt=ZEROC 
WTRE0580DO 103 J--1*N 
WIREOSSI8SUMO=SUMO.YL(I,J)*Mip(J,) 
WTRE0582103 StML=SUML4TL1I,J)*ZTL(J) 
WIRE0583B(I)=v1(I) -XJ*SUN0+DC*ET0 (I) XJ*DS*SUI9L 
WIRE0584GO TO 106 
WIREO585104 SUMO=ZEeOC 
WIRE0586SUNL=Z EROC 
WIflE0587DO 105 31I,N 
WIRE0ri88SUMO=SUMO.IYL (1,J) *11() 
WrREO589105 SUNL-SUALfTL (I ,J) ETO () 
W ZR E05908(I)=SUM0.XJ.N1 (1.1) *DC*SUML.XJ*DS*ETL(I) 
WIRE0591106 CONTINUE 
VTRE0592C 
W1RE0591C SOLVE THE EQUATIONS 
WIRE0594C 
WTRE0595107 CALL LEQTC(ANN.B.NO,UAIR) 
WrRFO996IER=IEa- 128 
wrPE0597

9 RITE(6,108) F WIRE0598108 FORNAT(181,. rBEQUEmC". (HERTZ) '.1PE16.9,/V/) WIREO59qIP(rER.UE.1) GO To )10 
WIRE0600

W RITE(6, 109) WTRF~0601109 FORMAT(//,9 *****SOLUTION ERROR**.**,///) WR00GO TO 121 
WTRE0603110 WRTrE(6,1 11 
WIRE0604Ill FORMAT(16 1,IVIRE1.81, 1 OIOANPS)' 41,'IOA(DEGRLEES)0,81, WIRE0605IfLHf(AMPS) ',4X, 'LA (DEGREES) 0///) 
WIRE0606C 
wrRF0607C COMPOTE AND PRINT THE TE.RMINAL CURRENTS WIRE0608C 
WTRE0609DO 114 I~lN 
wrRE06 10
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IF(LSO.EQ.11.OR.LSO.EQ.21) GO TO 113 WIRE0611
SIJOZEOC V1R30612
DO 112 Jz1.N 11110613

112 SUMO-SUM0+YO(I#J)*B(J) VIRE061.
IA (I)=SUMO V133061S
GO TO 1114 V1130616

11.3 NI(I)=T0(II)'a(I) VIRE0617
114 CONTINUE 113306 18

DO 120 11I,N V1R30619
IP(LSO.EQ.21.O1.LSO.BQ.22) GO TO 116 W1330620

SUMO=ZEROC VIR30622
DO 115 J=1,N 1130623

115 SUMO=SUM0GN3 (IJ) IA (J) VIR30624
IL=-XJ (Ml (IeI)+DS3ETL (I1)+DCB8(I)+XJ*DS*SUMO VIR20625
GO TO 118 VIRE0626

116 I0=lA(I) VIRE0627
S U R0 Z EOC VIRE0628
DO 117 J=I*N VIRS0629

117 saM0=S!JNO~f3(IJ)*B(J) V1RE0630
rL=-IJ*(M1 (I,i)*DS*ETL(I)) *DC*VA(I),XJ*DS*SUMO VIR30631

118 IOM=CDABS(I0) V1330632
ILM=CDABS (IL) WIR30633
108-DREAL(IO) VIR30634
I1DIMAG (10) W1R30635
ILI=DREAL(IL) W1RE06 36
1Lr=DIMAG(1L) VIR30637
IP(I03.EQ.ZERO.AND.I0I.9Q.zEHo) I0R=ONZ VIRE0638
IF(1LR.EQ.ZERO.AND.ILI.EQ.ZERO) ILR=ONE 11330639
10A=DATAN2 (1IO0)'3ADEG VIRS0640
rLA=DATAN2 (ILI,ILR) 'UADBG 11330641
WRITE(6,119) IIOM,IOA,ILN.ILA VIRE0642

119 FORHAT(I81u12,7IPEIO.3,4XIPEIO.3,9XIP10.3141,lPH1O.3/) VIR30643
120 CONTINUE W1RE0644

GO TO 66 11830b45
121 STOP WIRE06146

FND VIRE0647
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APPENDIX B-1

conversion of WREP toSnle Precision

Delete 0062

Card 
DoublePrcso

004REAL 
*8 REAL0066 

COMPLEX *16 'K'OMPLEX
0071-0072 Change all DI o '
0073 

0. DO 
0. E

0074 
1 *DO 

.EO

0075 
2.DO 

2.EO
0076 

DCMPLX(1.DO,0 DO) CMPLX(1.1'0,tj.L0)

0077 
DCMPLX(0..DOO.DO) 

CMPLX(0.EO,O.Eo)
0078 

DC14?LX(o.DO,l.DO) 
UIPLX(O.EO,l.Eo)

0079 
DATAN 

ATAN
0150 

DSQRT 
SQRT

0161 
DLOC 

ALOG
0163 

DLOG 
ALOG

0165 
DLOG 

ALOC
0182 

DLOG 
AO

0188 
DLOG 

AO
0194 

DLOG 
AO0195 DCOS OS

0195 
DCOScs

0293 
DSQRT 

SR
0312 

DCOS 
S

0313 Dcos o
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APPENDIX B-i (continued)

Card Double Precision Single Precision

0314 DCOS COS

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 CiXP

0632 CDABS CABS

0633 CDA13 CABS

0634 DREAL REAL
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APPENDIX B-1 (continued)

Card Double Precisiin Single--Precision

0635 DIAG AIO'AG

0636 DREAL REAL
0637 DIMAG AIMAG

0640 DATAN2 ATAN2

0641 DATAN2 ATAN2
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APPENDIX B-2

Flowchart of WIRE

START

General comments concerning the

applicability of the program.

Array dimension information (b

C D62Declare variable and array types.

Dimension arrays.

Define constants:

CMTM (conversion from mils to meters)

- 2.54 x 10 -

MUO2PI - t/21

ONE - .1

P5 - .5

(229FOUR .4. C0o

ONE80 = 180.

ZERO - 0.

TWO -2.

ONEC - l.+jO.
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ZEROC = O.+jO.

xJ = 0.+jl.

V(velocity of light in = 2.997925 x 108

free space) m/sec

PI =

RADE;(conversion of radians = 180./7
to degrees)

Read and print:

Structure type (1,2,3) = TYPE

Load Structure option

(11,12,21,22) = LSO

Field Specification
option (1,2) = FSO

Number of wires (n) = N

Relative permittivity of
medium () = ER

Relative permeability of
medium (Ij ) = MUR

Line length (=) L

TYPE = l:,

Radius of reference wire,
r=wo ,  RWO

TYPE = 3:

Interior radius of cylindrical

shield = RS

I
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Read and print the wire radii and the

z. and yi (ri and 0 for TYPE = 3) co-

ordinates. Store z in array V3 and y

in array V4. Compute entries in char-

acteristic impedance matrix, Z . Store

Z cin array Ml. See equations (2-40),

(2-50), and (2-53). (ZC = v L)

Compute the inverse of Z z1 with

LEQTlC and store in arrays M2 and M3.

Read and print entries in terminal

impedance (admittance) matrices at

x=O, Z (Y ), and x=,f, Z (Yr). Store

Z0 (YO ) in array YO and Z (Yy) in array

YL.

LSO=21922
Op 54

LSO=Il,12
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.
If Thevenin Equivalent specification of

the termination networks is used, swap

entries in arrays MI and M2. Ml will

contain Z and M2 will contain Z.*
C-

54

Compute the matrix Z + ZC Z-C-0
for the Thevenin Equivalent or

S + Y ZC !0 for the Norton Equiva-

2ent. Store in array M2.

FSO-2

66

FSO-I

If field specification is a uniform

plane wave (SO-1), read wave description

data and compute the components of the

electric field intensity vector, EXM, (23)

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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BETA =k

(22~2)BETAL k

DS = sin(4)

DC = cos (kP)

FSO=2

74
FSO=l

68

I Compute the x,y,z components of

the propagation constant, k.:

BX = k

TYPE-2

72
TYPE=l

70



IL
Compute entries in induced source

vectors for TYPE 1 structures:

V1 = M (3-16)

V2 =N (inc) (3-17) L7D

ETO = E (0) (3-22) ( = )
-inc)

ETL = E () (3-22)

72

Compute entries in induced source

vectors for TYPE 2 structures:

V1i M (3-28)

V2 = N (3-29)
(inc)

ETO = E (0) (3-30) 0)
-inc)

ETL = Et (%) (3-30)

Compute induced source vectors for

nonuniform field excitation.
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TYPE=I

Compute the contributions to and

N due to the longitudinal electricduED

field along the reference wire.

Compute the contributions to M and

04D4 N due to the longitudinal electric

field along the n wires. Store M and

N i, arrays Vl and V2, respectively.

(inc)
Compute the entries in E (0) due to-t

the transverse electric field at x=0.

Store in array ETO.
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(nc)
Compute the entries in E (i) due to the

transverse electric field at x=t. Store (

in array ETL.

Form the equations (3-2a) or (3-4a).

Arrays Vi, V2, ETO, ETL now contain
(c) (nc) - (inc)

ME() ( and Z -i E (0),M-t() ' t(O an C -t

respectively. Array Ml contains on its

main -diagonal Lte entries in Z N.

Solve the equations with LEQT1C

Compute the terminal currents at x=O

and those at x=zvia (3-2b) or (3-4b).

Compute and print the magnitude and

(ED phase of the terminal currents.

~. frequency
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APPENDIX C

Function Subprograms

El, E2

Program Listings
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COMPLEX FUNCTION E1*16(A.B,X) P11310001
IMPLICIT JtEAL*8(&-H,0-Z) FN1310002
COIIPLEX*16 XJOWEC F11310003
DATA THREE/3.DO/,PZ1/1.D-2/TE11/1O.DO/ 711310004
COMMONR XJ,ZEROTIOOE,O1EC 73110005
82=D*B FNE10006
A2=A*k F11310007
XB=X*B 711310008
KA~x'A 711310009
BPA=D+A P11310010
XBPA2ZX* EPA/TWO 701011
BNAWB-h FNE11012
XBIiA2= 1* ENA/TWO PS31D013
IP(XBPA2.EQ.ZERO) GO TO 1 FNE310014
SBPAQ=SIN(XBPA2) /XBPA2 P11310015
GO TO? 271310016

1 SBPA=O1E F11E10017
2 IF(XBMA2.EQ.ZED0) GO TO 3 P11310018

SBB&=DSIN (XRA2)/1311A2 P1110019
GO TO 4 FNE10020

3 SBMA=O11E 7N310021
4 IF (XB.EQ.ZERO) GO TO 5 IPNE10022
sBzDsrm1(RB)x IRNE1110023
GO TO 6 71110024

5 SBWO11 711310025
6 IF(XA.EQ.ZEHO) GO TO 7 FN1110026

SAxDSI11(XA)/XA 711EI0027
GO TO 8 FNE310028

7 SA=013 F11110029
8 XR--SBPA*SDNA*(B2-A2)/TWO.B2*SB-A2*SA 7N310030

IF(I.EQ.ZER0) GO TO 13 F11E10031
IP(DABS(XA).LE.PZI) GO TO 9 P1NE10032
IIAzA* (DCOS (XAi -SA) /X F11310033
GO TO 10 PFNE10034

9 XtAu-XA*A2*( (O11E-X&*X/TEN)/TH11E) FN1310035
10 IF(DABS(XB).LB.PZI) GO TO 11 7N310036

ZirB-* (DCOS(X)-SB)/X F11E10037
GO TO 12 PNE10038

ii xr12-XB*2*((N-XB*1B/T11)/THREI) 71N310039
12 %I-1IA-XIB P11110040

GO TO 14 711310041
13 XI=ZERO 711310042
14 L7i:XR+XJ*XI F11E10043

RETURN1 P1131Q044
EN D F11310045
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APPENDIX C-I

Conversion of El to Single Precision

'Delete Card 0002

001 El*16 El

0003 COMPLEX*16 COMPLEX

0C04 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

0036 DABS ABS

0037 DCOS COS

-183-



COMPLEX FUNCTION 12*16f&,B,X) FNE20001
IMPLICIT RhAL*8 (A-H,0-Z) P3E20002
CONPLEX*16 IJ,033C P#320003
COMMON XJ,.URO,TWOONEONEC F1920004
DIPDB-i P1220005
FiuX*DIF/TVO PNE20006
P3* I' (B4 A) /T NO PNE20007
Ir(F&.3Q.:E1O) GO TO 1 PNE20008
12=DIF* (DSXN (PA) /FA)*CDEXP (XJ*PB) PNE20009
GO TO 2 TNE20010

I E'.uDIP*ONEC PS3200 11
2 )INTINUE PN320012

E.TURN PNE20013

END 71320014



APPENDIX C-2

Conversion of E2 to Single Precision

Delete Card 0002

-0001 E2*16 E2

0003 COMPLEX*16 COMPLEX

0009 DSIN SIN

0009 CDEXP CEXP
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~Of

Rome Atir Developnent Center

RADC plans and conducts research, exploratory and advanr'od
developtwnt programs in cormmand, control, and comnications
(C3 ) activities, and in the C3 areas of information scieices
and intelligence. The principal technical mission arcasd
are communications, rlectromwjnetic guidance and crntrol,
suzveillance of grownd and aerospace objects, intelligence
data collection and handling, information system technology,
ionospaeric propagation, solid state sciences, microwave
physics and eloctronlrc reliaJbility, rmaintainabilitg and
compatibility.
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