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I. INTRODUCTION

This report is the seventh in a seven volume series documenting the

Application of Multiconductor Transmission Line Theory to the Prediction of

N F AR PSR R ¢ S~
o . - i

Cable Coupling. The purpose of this report is to implement the analytical

techniques described in Volume I of this series [1] in the form of digital %%
computer programs. §5

Crosstalk or electromagnetic coupling between wires (cylindrical con- %g
ductors) in densely packed cable bundles can be a serious contributor go the :g
degradation in performance of modern electronic systems. A recently developed ;g

digital computer program, IEMCAP, provides a general analysis capability for
determining overall electromagnetic compatibility of aircraft, ground and
spacecraft systems [3]. The computer programs described in this report are
intended to provide a supplement to the analysis capabilities of IEMCAP by
providing a more fine-grained analysis of wire-coupled interference.

IEMCAP is intended to be used to model all recognizable coupling paths
on aircraft, ground and spacecraft systems. By virtue of the large size and
complexity of many of these systems, detailed modeling of the coupling paths
is not feasible in a program such as IEMCAP. To avoid excessive computer
run times, the models of the various coupling paths used in IEMCAP arc
generally quite simple and represent bounds on the coupliing. Consequuntly,
the predictions of IEMCAP are generally somewhat conservative., However,
once a potential wire-coupled interference problem is pinpointed by IEMCAP,
the computer programs described in this report can, in many cases, be used
to determine if an actual interference situation exists and the precise
level of the interference.

Four programs are described: XTALK, XTALK2Z, FLATPAK, and FLATPAK2,

-1-
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XTALK analyzes three configurations of transmission lines: (1) (n+l) bare
wires, (2) n bare wires above an infinite ground plane, and (3) n wires
within a cylindrical shield which is filled with a homogeneous dielectric. All
conductors are considered to be perfect conductors.  XTALK2 analyzes the
same three structural configurations as XTALK except that the conductors are
considered to be imperfect conductors. FLATPAK analyzes (n+l) wire ribbon
cables. All wires are assumed to be perfect conductors, FLATPAK2 analyzes
the same configuration as FLATPAK except that the wires are considered to be
imperfect conductors. 1In all of the above programs, the medium (media)
surrounding the conductors is assumed to be lossless. Sinusoidal, steady-
state excitation of the line is considered, i.e., the transient solution is
not directly obtained. Comparison of predicted to experimental results are
obtained using these programs in Volume III and Volume IV of this series
[4,5].

All programs are written in FORTRAN IV Language and are doubie.precision.
Changes in the programs to convert them to single precision arithmetic will
be indicated. All programs have been implemented.on an IBM 370/165 computer
at The University of Kentucky using the Fortran IV, G level compiler and
should be easily implemented on other computers.

It is, of course, difficult if not impossible to write a general computer
~_Pprogram which will aadress all types of transmission line structures which
the user may wish to investigate. The four programs included in this report
form an initial library of analysis capabilities for wire-coupled inter-
ference problems. Other programs which address more specific structures
and structures not considered by these four programs will be documented in

other volumes of this series as well as in future RADC publications as they

are developed,




I1. FORMULATION OF THE MULTICONDUCTOR

TRANSMISSION LINE (MTL) EQUATIONS

In this chapter, the distributed parameter, multiconductor transmission
line (MTL) model will be described and the programmed equations will be de-~
rived, This model is exact in the sense that interactions between all
conductors in the transmission line are considered, and the distributed
parameter representation (assuming the TEM mode or "quasi~TEM" mode of

propagation on the line) is used. The line is assumed to be uniform in the

sense that all conductors are parallel to each other and there is no variation

in the cross sections of the conductors or the surrounding media along the
line.

2.1 The Multiconductor Transmission Line (MTL) Model

The MTL model is described in detail in Volume I of this series [1]
and in reference [2]. 1In this section, a brief review of the MTL model will
be given and the reader should consult Volume I [1] or reference [2] for
further details.

If the line is immersed in a homogeneous medium, e.g., bare wires in
free space, the fundamental mode of propagation is the TEM (Transverse
Electro-Magnetic) mode. If the line is immersed in an inhomogeneous medium,
e.g., wires with cylindrical dielectric insulations surrounded by free space,
the fundamental mode of propagation is taken to be the "quasi-TEM'" mode.

The essential difference in these two cases is as follows. For lines in a

hoﬁogeneous medium the TEM mode assumption is legitimate. For lines in an

inhomogeneous medium, the TEM mode cannot exist except in the limiting case
of zero frequency (DC). However, for the inhomogeneous medium case, the

assumption is made that the electric and magnetic fields are almost trans-
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verse to the direction of propagation, i.e., the mode of propagation is al-

most TEM or ''quasi-TEM'".

With the assumption of the TEM mode or 'quasi-TEM" mode of propagation,
line voltages and currents may be defined. Consider a general (n + 1) con-
ductor, uniform transmission line shown in Figure 2-1. The (n + 1l)st or
zero~th conductor is the reference conductor for the line voltages. For
sinusoidal, steady-state excitation of the line, the line voltages,?/;(x,t),

(with respect to the reference, the zero~th, conductor) and line currents,

<gi(x,t) are

'-J- :
—~
kS
ct
~
it

Vi(x) ejwt (2-1a)

-
(md
N
1}

I, (x) It (2-1b)

for i = 1, ---, n where Vi(x) and Ii(x) are the complex, phasor line

voltages and currents and w is the radian frequency of excitation of the

line, w = 2mf, The current in the reference conductor satifies
n
S, 0 = -2 D (x,t) (2-2a)
0 . i
i=1
n
I (x) ==~ I, (x) (2-2b)
0 i=1 *

The MTL equations can be derived from the per-unit-length equivalent
circuit in Figure 2-2 and are a set of 2n, complex-valued, first order,
ordinary differential equations

d vx) _ ngn

V(x) vV (x)
dx [ I(x)| — ~ Y + (2-3)

I(x) Ts(x)
= -s

O N

n~1

A matrix M with m rows and p columns is said to be myxp and the element

in the i-th row and j-th column is designated by [M]ij with i = 1, ===, m

b=

e e
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(a)

Fig. 2-1(cont.). An (n+l) conductor, uniform transmission line.
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Fig. 2-1. An (o+l) conductor, uniform transmission line.
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and j = 1, =--, p. An nxl vector is denoted with a bar, e.g., V, with

the entry in the i-th row denoted by [Y]i = Vi. The matrix 0 1is the myp

o~

zero matrix with zeros in every position, i.e., [mop]1 =0 fori=1, -—,
mand j = 1, =~-, p. The complex~valued phasor line voltages with respect
to the reference conductor (the zero-th conductor), Vi(x), and line currents,
Ii(x), are given by [Y(x)]i = Vi(x) and [I(x)]i = Ii(x).

The nxn complex-valued, symmetric matrices, E and X, are thg-per—unit—
length impedance and admittance matrices of the line, respectively. -Since

the line is assumed to be uniform, these matrices are independent of x.

These per-unit-~length matrices are separable as

Z =R+ jul_+ jul (2-4a)

]

Y

~

G + juwC (2-4b)

where the nxn real, symmetric matrices Rc’ Lc’ L, G, C are the per-unit-
length conductor resistance, conductor internal inductance, external induc-
tance, conductance and capacitance matrices, respectively. The entries in

these matrices may be straightforwardly obtained in terms of the elements of

the per-unit-length equivalent circuit in Figure 2-2 as

[RI;y =t +7T. IQC]iJ = (2-5a)
i 0 0
i#j
- Ll,.=% +2% [ [L]1. =274 (2-5b)
~c'ii c, c ~c ij c
i 0 . 0
i#]
(Ll = % + &~ 2myps [~]lJ %o * mi5 T M0 T M0 (2=5¢)
i#]j
n
G = -
Elis =80 ™ 2 By [Glyy = -8y (2-54)
I i#]
i#j
-8~
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n
[Cly; =cjo* I ey [C1y = =cyye (2-5e)
j=1 i#]j
i#]

The nXl column vectors, Ys(x) and Is(x) contain per-unit-length equiv-

alent voltage and current sources, [\_/S(x)]i =V (x) and [Is(x)]i =1 (x),

. s,
i i
which are included to represent the effects of the spectral components of

incident electromagnetic field sources which illuminate the line. These

entries are complex-valued functions of frequency and position, x, along the

line., 1In this report, no external incident fields are considered and these
sources are set equal to zero, i.e., v (x) = 0 and I (x) = 0.
s n-1 s n-1
Tkhe solution to (2-3) is
V() ECS x V@)
= #(x,x,) + 9 (x,%) s dg
I(x) I(xo) I (R)
- | = - X, ]
’— - A (2-6)
V(x,) v_ ()
= ¢(x,x0) + N
_}(xo)_ I,(x)

where ¢(x,xo) is the 2nx2n chain

and x0

matrix can be partitioned as

8 (x,x.) = fu

?21

where ¢ij(x,x ) are nxn for i, j

1]

V(x) = &, (x,x5) V(xy) +

I(x) =29 1(x,xo) y(xo) +

The entries &, .
~1J

is some arbitrary position along the line x > x

parameter matrix (or state transition matrix)

0° The chain parameter

(%, X, ) (%, X, )
(x,xo) 922 (x,xo)

=1, 2. Thus (2-6) can be written as

@, Ge,x,) I(xg) + V_ () (2-8a)
0,,(,x0) Ilg) + I_G) (2-8b)

(x,x,.) are given by

o rnipiee. o npREERTH
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@, (x,%)) = 1/2 vl (XX X) 4 TRy 4Ly (2-9a)
91, (x,x,) = =1/2 Y11 y(el %) L Y (xg)y ol (2-9b)
221(x:%0) = L1720 T (eY(x L G (2-9¢)
0, (x,x,) = 1/2 T (e (xxg) 4 oY (xxg)y -l (2~9d)
where eI(x Xy) is an nyn diagonal matrix with [eY(x x )]1i = eYi\x‘xO) and
[ez(x xO)]ij =0 for i, j=1, ---, n and i#j. The matrix T is an n¥xn,
complex~-valued matrix which diagonalizes the matrix product YZ as
-1 2
T X ZT=y (2-10)
2, . . . 2 2 .
where Y~ is an nyn diagonal matrix with [y ]ii = Yi and [Y ]'j = 0 for i,
~ ~ i

4

j=1, ---, n and i#j. The nyn characteristic impedance matrix, ZC’ is given

by

z, = yiryrl=zr y'l 77t (2-11)

The transmission line is of length Jf‘vith termination networks at x = 0

and at x = Jfas shown in Fig., 2-3. For generality, the termination networks

are considered to be in the form of linear n-ports and are characterizable

by "Generalized Thevenin Equivalents' as

v(0) = ¥, - 2, 1(0) (2-12a)
V@) = Y+ 2,1Q) (2-12b)

where YO and y::are nXl complex-valued vectors of equivalent, open-circuit, .

Port excitation voltages (with respect to the reference conductor) and ZO

-10- i
i

!
A i eSS PN it . e s s oag



e £a - .
1t a3 3 AU oy e oty -

> i _rn(rm.uzr S hd it S A Al

frossifinop e el s 1 e BT S h i LRyt it s

AP IRUR S T8

EAP S P

B

N o

<l

S apese emewcmey e

frony

-
CCOH txv _>

T )lng

Y I0MJaN
UOHDUIWIR)

-

x)'1

()N |

EBLLYEIY
uoloulwiIa|

X
(T ZiA=(»)R uwansu
(F)IA X+ T-=(AT  uopon

(x)Y1

(0)1Z-"A<(0) A
(0)AK-01=(0) T

B A et T

TEBGe e B0 e

utuanay |
UO}JON

0
4
N
()
B
o
(]
[~]
o]
o
Kal
o

2-3. The termina

Fig.

=11~

e 4




and Ziare nxn symmetric, complex-valued port impedance matrices.

As an alternate characterization, (2~12) may be written as "Generalized

Norton Equivalents”" by multiplying (2-12a) on the left by Z -1 and (2-12b)

on the left by g;g and rearranging as

1(0) = I - ¥, ¥(0) (2-13a)
I = ~Ip+ Y, V@) (2-13b)

where IO and Ex’are equivalent, short-circuit, port excitation curfent sources,
The nxn port admittance matrices :1" and Zi are given by ZO = .Z.O-l and fo E.-fl
where the inverse of an nXn matrix M is denoted by M-l and IO = YO YO’ }I?
Y}IYI. These port admittance matrices can be found by treating the line

-~

currents I1(0) or I(£) as independent sources and writing the node voltage
equations for the termination networks. The transmission line voltages, V(0)
or Y(i), will comprise subsets of the node voltages of the termimation net-

works. The additional node voltages can be eliminated from the node voltage

equations describing the networks to yield (2-13). 1If the termination net-

works at x = 0 and x =2:consist only of admittances between the i-th and j-th

wires, YO and Y , respectively, and between the i-th wire and the re-
ij 1j
ference conductor, YO and %f , respectively, then the entries in YO and %i
ii n ii n °n
= + = ~ = +
become [Yol;; =¥y *+ I ¥y [¥plyy =Yy » Dglyy =Yg + 2 Yz,
i1 3=1 7ij ij ii  j=1 "1ij
Yol.. = ~Y f i, j=1, === d i ja
[~I]lJ i;. or i, j=1, , DI an # 3
J
_ With x =X and Xy = 0 in (2-8), one can straightforwardly obtain using

the''Generalized Thevenin Equivalent' characterization of the termination

networks given in (2—12)2

21n (2-8a) with x=Y,x.=0 substitute (2-12a) for V(0) and (2-12b) for Y(i).
Then substitute I Qrom (2~-8b) with x=Z,x.=0 into the result and rearrange
into the form in (2-1l4a). Substitute V(0) ffom (2-12a) into (2-8b) and re-
arrange to yield (2-14b). -

~12~




(2850 @) = 2435 O 25 - 8y @ + 2y @) 2,1 10 =
(2-14a)

(01 @) = 22y OV =¥yt ¥, @ - I @

IW) = 8, @ Vo + [0, - 2, () 2,] 1(0) + I @ (2-14b)

where ?(1,0) 4 ?(i). V(x) and I(x) can be obtained for any x, O <x ff,
from (2-8) with I(O) from the solution of (2-14a) and Y(O) determineq from
(2-12a). Generally, we are only interested in the terminal voltagés and cur-
rents, V(0), V(X), I(0), I(X¥). The terminal currents, I(0) and I(Z), can be
obtained from (2-14) and the terminal voltages, Y(O) and Y(xﬁ, can be ob-
tained from (2-12). Here one only needs to solve n equations in n unknowns
(equation 2-l4a)).

The ?ij submatrices of the chain parameter matrix in (2-7) satisfy
certain fundamental identities, [1,2]. These identities can be used to

formulate (2-l4a) in an alternate form [1,2]:

[(0,, @) Zg= %y, (O} {8, () zy -9, (O} -1]10) =

9,0 RV o+ {8, @) Zg- 2y, (D}, @) Yy -2 K-

[V, @) - 2,1 ()] _ (2-15)

where 1- is the nxn identity matrix with [1 ]., = 1 and [1 ].., = 0 for i,
_Xn “nii ~n ij
j=1, =——, n and i # j. Note that the formulations in (2-15) and (2-14b)

require computation of only two of the four chain parameter submatrices,
o) and ¢ .
~21(ib ~2261)

As an alternate formulation, the above equations can be written in terms

-13-
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of the "Generalized Norton Equivalent' representation of the termination
networks given in (2-13). Rather than rederiving the above equations it is
much simplerto note the direct similarity of the Norton equivalent re-~
presentation in (2~13) and the Thevenin equivaleﬁt representation iﬁ (2-12).
By noting the analogous variables in (2-13) and (2-12) and observing the
form of (2-8), we may simply make certain substitutions of these analogous

variables in (2-14) and (2-15) as shown in Table 1. The result is

[Zz?ll(i) Y20, (0 ¥y - (1) + 8, @) Y 1 V(0) =

(2-16a)
[9,,@) = 1,9 0,1 I+ I+ I 1 ) - va @)
V() = 8,0 Iy + [2,,() - ¢, () Y1 V(0) + V(D) (2-16b)
[{2,,() Yp- &, HE () ¥y - 2. (@} - 11V(0) =
= 20 TpH 19,0 Y- 9,01 2,0 I - (2-16¢)

A

=0, (I, (D -1,V @ 1

2.2 The Equations to Be Programmed

The equations for I(®) and V(%) are given in (2-14b) and (2-16b), re-
spectively. Either (2-1l4a) or (2-15) could be used for determining I(0) and
either (2-16a) or (2-16c) could be used for determining Y(O). However, (2-14a)
-~and (2-16a) will be selected for determining I(0) and V(0), respectively.

Since no external incident fields are considered, gs(zb and is(t) in (2-14),
(2-15) and (2-16) will be zero, i.e., ?_13 ) = is @ = 0.
Certain modifications to these equations will be made to produce the

final equations. The matrix chain parameters given in (2-9) for a line of
-14-

T s -

T




.-......'-._.....‘!
T
—

B R
w————

TABLE 1

RPN

Analogous variables in the Generalized Thevenin Equivalent (2-12) and

Generalized Norton Equivalent (2-13) representation of the termination net- é%
works. The analogous variables are substituted in equations (2-14) and (2-15) ??
to obtain equations (2-16). g
£
Generalized Thevenin Generalized Norton igl
Equivalent (2-12) Equivalent (2-13) ;Ej
#
10 v(0) %’f
2
@) V@) iﬂ
%o Yo I\l
2 Ye &
V) 1(0)
V(D) 1@ 5 :
211 292 g
212@® 291 &) j |
?21(1) ?lZ(z) ?i |
2., (%) -
\:ls €]
IS(I)

~15-~
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i

total length i(xo =0, x =2) become

¢ll(x) =Y TE T ¥ (2-17a)
-1 - -1

¢, =~-Y "TYE T (2-17b)

' - -1 -1

9,0 (@) =-TE Yy T°7Y (2-17¢)
+ -1

$,.() = TE T - (2-174d)

-~ 22 fard ~ -~ R - i

whore the nxn diagonal matrices E+ and E are given by
£ = % (eXE & oYLy (2-18a)
£ = % (eXF - X2 (2-18b)

Substituting (2-17) into (2~14a) and (2-14b) yields, for the Thevenin

Equivalent representation of the termination networks

[2xTE T +ZxIE Y IT°1% (2-192)
- - = - + -
+ytrye rh ey tret ity 2,1 1(0)
syttt vz, vt r -y
~ ~ o~ ~ ~ -~ ~ o~ -~ ~ ~ -0 "i
- -1 -1 ;
I =-TE Y T YV, (2-19b)
+ -1 - -1 ~1

Similarly, substituting (2-17) into (2-16a) and (2-16b) yields, for the Norton

_Equivalent representation of the termination networks,

gV TE T vt Y Ty E Ty (2-202)

+IE YT TR T gl v

S E T Y Ty E T I+ 1y

-ty st F eyt 1y g T no)
~-16~

et o o
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The medium surrounding all conductors is assumed throughout this report

to be lossless. Therefore the per-unit-length conductance matrix, G,which
represents these losses in (2-4b) 1is zero, i.e., G = noﬁ Therefore the per- L
unit-length admittance matrix becomes i; f
L
¥ ik
Y=jwcC (2-21) :%;5
Eﬁ3=
The per-unit-length impedance matrix is ;ga.
‘: .'4 F

Z=R +jwl +jolL (2-22) :1:

where RC and LC are zero matrices, i.e., non, when perfect conductors are

assumed.

To reduce the number of matrix multiplications, the above equations will

be placed in an alternate form. For the Norton Equivalent representation in

(2-20) ,define

* - - e
Yy =T1YzClT (2-23a)
verly ¢t (2-23b) 1
* -1 A |
VI =T  CcV@ (2-23c) H
N -1 -
V() =T C V() (2-23d) i
Y =l 2-23 i
Iz =1 Iy (2-23e)
=7t (2-23f ;
_0 = ~ IO ) t
y=3wA (2-23g)
Equations (2-20) can then be written as
* * - * - - * *

[Y,E + Y, AE Y +E A +E Y]V (0 (2-24a)

- 1 * - I* + I*

- E A E L+ I

~17-
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V@ = -AE 10+ [EC+ AE Y] V(0) (2-24b)

and the actual termination voltages can be determined by solving (2-24) for

* *
v (0) and v () and using (2-23c) and (2-23d) to obtain

-1

V) = ¢ T V() (2-25a)

-1 *
CTTV (D (2-25b)

-~

V(2)

These equations are summarized in Table 2,
Similarly, equations (2-19) for the Thevenin Equivalent representation

of the terminal networks can be reduced to an equivalent form by defining

|

2p= T €2yt (2-26a)
A T (2-26b
=T C%41 )
* -1
I =T"1& (2-26¢)
* -
1) = 11 1(0) (2-26d)
* -1
V=T CVy (2-262)
; * -1 Y
A (2-262)
Yy =3 wh (2-26g)
Equations (2-19) can then be written as
+ -1 ~ + k. %
(22 +Z2E A7 zp+ 0E +E 2,0 1(O) (2-27a)
. = [E +zz§Al]\_/-Vaf
- * * *
U@ = - ATy e (B E AT 201 10 (2-27b)

and the actual termination currents can be obtained by solving (2-27) for

* %
I (0) and I () and using (2-26c) and (2-26d) to obtain

-18-




T I"(0) (2-28a)

~

1(0)

T 17D (2-28b)

~

I@)

These equations are summarized in Table 3.

There are two reasons for using the equivalent representations in Table
2 and Table 3 rather than the representations in (2-20) and (2-19), First
of all, nmote the direct similarity of the equations in Table 2 and Table 3.
The only differences (other than symbols) between equations (1) and (2) in
Table 2 and the corresponding equations (1) and (2) in Table 3 is that 5 used
in Table 2 corresponds to é-l in Table 3, and Ettin Table 2 corresponds to

1

* - - - -
-{{iin Table 3., (Note that since A, A L and E are diagonal, E A~ =

- o~ -~

AN~ E and E A= AE ,) Therefore we may form the Norton Equivalent equations

~ -~

in the programs and not need to write a duplicate set for the Thevenin
Equivalent representations.

The second reason for using the representations in Table 2 and Table 3
is that if the termination networks are purely resistive, i.e., EO’ gﬁ’ ZO
and Xi'are real, and the transfo;mation matrix, I, is frequency independent,
i.e., perfect conductors are assumed (as in XTALK and FLATPAK), then the
matrix multiplications as well as the inversion of I to form I-l needed to
obtain X;, X;, E;’ gzneed only be performed once and need not be changed as
the frequency is changed. Only equations (1) and (2) in Table 2 and Table 3
need be reformulated for each frequency. This can represent a significant
savings in computation time when the line response for many frequencies is
desired (as it usually is) since n3 operations (multiplications or divisions)

are required to multiply two "full" nyxn matrices which is the minimum number

of operations required to obtain the inverse of a genmeral nx nmatrix [1].

-19-
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TABLE 2

Programmed Equations for the Generalized

Norton Equivalent Representation

W GE AT G E AT E )T
= [E + Y; ANET) I. I
Y S VIR <
* - % + - % *
(2) V@ =-AE I+ [E +AE Y]V (0)
-1 2

(3) T Y2ZT-= T'l{jmc[RC + jwL_ + juwL]} T = ¥

~ ~

4)  y=juA

(5)  I(0) = I, - Y, V(0) , L@ = SIpH YLV

® =T YT T

M LT  LtT Iy

® B =g EXes® =g el
| (9) ¥ =T V0 . oI =ctT M@

-20-~




Note:

1)

(2)

(3)

(4)

(5)

(6)

(7)

(8)

(9

* -
where: V 0 =T

TABLE 3

Programmed Equations for the Generalized

Thevenin Equivalent Representation

* 4+ * ~ =1
I E R E T g

* - + * *
+ A E +E ZO]_I_(O)

¥ X - -1. % *
LR S e £

@) = £ Ay B e ) 10
LTyzr-1t {juC[R_ + juL_ + juL]} T = ¥
Y= jwl
v(0) = ¥, - Z, 1(0) . V@) =Vt Z,I@)
* -1 -1
=T €21 ’ Zg= T CZgl
* -1 * -1
=T ¢Y » Tat Tl
E+ =% (e..Yz+ e-..YI) , E = -;— (e.,Yz— e-..Yr)
* *
I(0) = T I (0) . I@® =TI @
* * *
o =y -z @, U@ = vzl @
1 ¢ v , y*(z) = 17l v(»)
-21~
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2.3 Formulation of the Terminal Network Equations

The previous formulation requires that one determine the entries in

the nxn matrices %O’ gi’ XO and 31’ and the nyxl vectors, YO’ Yi’ ZO and II’
in the Thevenin and Norton Equivalent representations of the terminal net-
works in (2-12) and (2-13), respectively. 1In this section, some examples
will be given to aid in determining these quantities,

To illustrate this, four examples will be used. The first example,
Example 1, is shown in Figure 2-4a. 1In this example, there is ﬁé Cross-—
coupling between the port terminals within the termination networks, i.e.,
at each end of the line, each endpoint of a wire is terminated directly to
the reference conductor and is not physically connected to the endpoints of

other wires at the same end of the line. Writing the following equations:

Vl(O) =1~1 Il €)) (2-29a)
V2(0) = ~10 12 @ (2-29b)
— 3 -—
Vl(x) = 10 Il (2) (2-29c)
| vz(t) - 10° I, (1) +1 (2-294d)
: !
4 1 and comparing these equations to the Thevenin Equivalent representation
V(o) = YO - EO I1(0) (2-30a)
V(2) = Yt+ Z.L_I_(i) (2-30b)
where _ - ~ -
’ Vl(O) Vl(i)
v(0) = J V() =
V., (0) v, (1)
. = 2 J (2-31)
1. (0) I.(2)
10 =| * 12 =| !




. b Ll
2V ) -[VI(O) VILc)J- | K&
10K £
1,(0) ) o)
+
IOQ% J_VZ(O) vz(x)I Ay

10715 JVZ(O) 10”0 A 04T

(b) Example 2

Fig. 2-4. Example termination networks. (No cross-coupling)

-23~
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Yo =

Ve~

one can readily identify

1
YA =
0 o
[ 10
Z =
e 0

(2-32)

Similarly, one can convert the termination networks to a Norton equi-

valent representation in Figure 2-4b and obtain (Example 2)

1,(0)
T,

12(1)

Comparing these equations

where I(O), I(i),

for Example 2
Ip =
I =
=X
Note that
Io =

1 -1 Vl(O)

-1

-10 V2<O)

-3
10 vl @)

-4 -4

-10 + 10 vz(t)

to the Norton Equivalent representation

- ¥, v(0)

0

I = -I + Y (D)

[, ] r1 0

Y =

o -1
| o | 0 10
o ] (1073 o

-4 V= ~4

10 ~T Lo 1077
-1
Zy Yo

-2~

Bakianiing an Db o 2

(2-33a)

(2~33b)

(2-33c)

(2-33d)

(2-34a)

(2-34b)

v(0), V(&) are given in (2-31), one can readily identify

(2-35)

(2-36a)




v, = zal (2-36b)

I~ %% Uz (2-36c) K
-l :

Yy= 2} (2-36d)

Note also that as far as the network terminal characteristiecs are concerned,

ety

G b e T 5 R R e L

anae

the termination networks in Figure 2-4a are the same as those in Figure 2-4b.

P

The third and fourth examples, Example 3 and Example 4, are shown in

b B

v
PPN

Figure 2-5. As far as terminal characteristics are concerned, the termina- i
i

tions in Figure 2-5a and in Figure 2-5b are the same as shown by the following.

First,write the Norton Equivalent characterization for the terminations in

Figure 2-5b as (treat the terminal currents as independent sources and write i ¥
the node~voltage circuit equations of the networks) 11;
i
I (0) 1 6 -4 V. (0) 1
1 - - 1 (2-37a) 1
I,(0) 0 -4 .6 v, (0) 8
) , —— , N g%
1 o Za Yo .8
3
I(2 0 6 =4 vV, (@D in
- + (2-37b) Y
1, (0 1 -4 L6 v, (D) b
g—w——) — \-—-’wl L '? }
@ Iy Xz vz =

2,

Similarly, from Figure 2-5a write the Thevenin Equivalent characterization

DRI Ty I A

as (treat the terminal voltages as independent sources and write the loop

current circuit equations of the networks)

Vl(O) 3 3 2 Il(O)
= ~ (2-38a)
VZ(O) 2 2 3 IZ(O)
V(0) Yy 7 ()
-25-
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IV
I,(2) _ 18
¢, {:jf ¥“-SD) (:) | + ¢
Iv,(O) v,u)l
%2&2 me
3V
) _FZ\\{ ii(O) @ I(2) L3V \
20
ot J_vz(o) Vz(.f)l
(a) Example 3
I,(0) O) 1i(<)
V, (0) Vi (2) 43
| LOA
= = T = d A/'ZU

. 2~5,

(b) Example 4

Example termination networks. (cross-~coupling)

-26=



vl &) 1 2 1 Il(z)

- + (2-138b)
V2 ¢9) 3 1 3 Iz(i)
[ S————— g’
v (£) Vs gz 1(2)
Note that
¥, = ggl (2-39a)
Y, =z} (2-39b)
o S o
Iy = %Y, (2-39¢)
;r= Y Vg (2~39d)

and as far as the terminal characteristics of the networks are concerned,
the termination networks in Figure 2-5a are the same as those in Figure 2-5b.
The above examples will serve a dual purpose. Each of the computer
programs will be run for each of the above four examples for the same trans-
mission line structure. Typical solution printouts will be shown for these
results. This will serve as a partial check on the proper functioning of
the programs since the corresponding terminal voltages (Vl(O), V2(0), Vl(i),
Vz(i» for Example 1 should equal those for Example 2. Similarly the cor-
responding terminal voltages for Example 3 should equal those for Example
4,
As can be seen from the above examples, if there is no cross-coupling
within the termination networks, then formulation of the entries in

YO’ Yi’ ZO and EI or IO’ II’ EO and Yf is particularly simple. The situation

~

in which there is no cross—coupling within the termination networks is

generally the problem of interest in wire-coupled interference calculations.

-27~-




However, it was felt that the more general case of allowing cross—coupling

within the terminal networks be included in the capabilities of the programs.

To save computer time, one has four options for inputting the terminal
data: OPTIONS 11, 12, 21, or 22. The first digit in each number indicates
to each program that the terminal characterization chosen is either the
Thevenin Equivalent (1) or Norton Equivalent (2). The second digit indicates
to the program whether the admittance (Eo and Xi) or impedance (?o and gr)
matrices are diagonal (1), i.e., no cross-coupling, or full (2); i.e., cross-
coupling. For example, OPTION 11 indicates Thevenin Equivalent, diagonal
impedance matrices; OPTION 22 indicates Norton Equivalent, full admittance
matrices; OPTION 12 indicates Thevenin Equivalent, full impedance matrices,
and OPTION 21 indicates Norton Equivalent, diagonal admittance matrices.

This saves computer time and user effort in inputting the data. For
example, in cases where Eo(or %i’ or Y or gi) must be multiplied by another

~0

nxn matrix such as in T ZO’ if Zo is diagonal one only needs n2 multiplications

to form this product whereas if Z_  is full, n3 multiplications are needed to

~0

form the product. The programs are written to take advantage of this. 1In

addition, if the terminal admittance or impedance matrices are in fact dia-

l
1
j

gonal, then the user need only input the entries on the main diagonal and is
saved the drudgery of inputting the remaining zero entries. The specific de-
tails for inputting this termination network data will be given in Chapter

. -1V, the User's Manual.

2.4 Common Impedance Coupling and the Calculation of Conductor Self Impedances

Programs XTALK and FLATPAK assume that all conductors are perfect con-
ductors. Programs XTALK2 and FLATPAK2, however, do not assume perfect con-

ductors and these programs include the per-unit-length conductor resistance

and internal inductance, the items r. and Ec ,» respectively, in Figure 2-2
and (2~ i~

5 i
5) as well as the reference conductor resistance, r
-28- Co
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inductance, 2 .

c

0

The reason for writing two separate programs to consider the same

transmission line structure such as XTALK and XTALK2 is that the inclusion
of conductor losses in the transmission line solution requires a longer
computer run time and more array storage than when perfect conductors are
assumed., This can be seen in Tables 2 and 3 in that the transformation
matrix T will be frequency dependent (and complex) when losses are included,

-~

whereas T will be frequency independent (and real) when perfect conductors

~

are assumed, i.e., R =L = Therefore when perfect conductors are

0 *

~C ~C n.n

assumed (in XTALK and FLATPAK), one need only compute T once per problem and
the same T can be used throughout the frequency iteration. When lossy

~

conductors are considered (in XTALK2 and FLATPAK2), one must recompute T at
each frequency in addition to reforming at each frequency those matrix pro-
ducts involving T in Table 2 and Table 3.

The primary effect of imperfect conductors is to introduce common
impedance coupling. Consider a transmission line in which there is no cross-
coupling within the termination networks. 1In this case, clearly the voltages
induced via electromagnetic field coupling at the ends of a "receptor"
circuit consisting of one conductor (wire) and the reference conductor due to
a "generator" circuit consisting of another wire and the reference conductor
will approach zero as the frequency of excitation is reduced to zero. However,
the reference conductor impedaﬂce can couple a signal into the receptor
circuit even at D-C and this is usually termed common impedance coupling.

To illustrate this, consider Figure 2~6. 1In Figure 2-6a, a three-

conductor transmission line is shown. The reference conductor has a certain

total impedance, ZO’ which may be considerably smaller in magnitude than

-29-
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ViR
or

Vor

Zog @ Generator Wire Ig

/V -1 ——————
5 (@ Receptor Wire Zsg
-, _ <
“Zor TVOR Ver IZJB <
@ © =/,= ;
~1s 7, Reference Conductor

(a)

Net

Received
Voltage \' /

. 7 \Common Impedance

. Coupling Contribution

s Electromagnetic

/‘*Coupling Contribution
Assuming Perfect Conductors

Frequency

(p)

Fig. 2-6, 1Illustration of common impedance coupling.
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ZOR or %{R' Consequently, the current in the generator wire at frequencies

approaching D-C may be determined as

- v
I =l (2-40)

¢ 2o * %g
The major portion of this current will pass through the reference conductor

producing a voltage drop across ZO. This results in received voltages

Z
~ ZR
Vv, =-|—Fc— zZ I (2-~41a)
ZR z£R+zOR] 0 G
z
~ OR
vV = |0—m—m——— Z. I (2-41b)
OR [ztR+zOR] 0 G

Although this portion of the total received voltage may be "small" it
may nevertheless be larger than the contribution due to electromagnetic
field coupling as shown in Figure 2-6b. Consequently, this common impedance
coupling generates a ''floor" of induced voltage where a solution assuming
perfect conductors would indicate a perhaps negligably small received voltage
at the lower frequencies,

The frequency at which this common impedance coupling becomes significant
depends on many factors some of which are line geometry (which affects the
level of the electromagnetic portion of the coupling) and type of reference
conductor. Reference conductors consisting of a #36 gauge wire or a large,
thick ground plane would certainly not produce the same level of common
impedance coupling.

The above separation and superposition of the two coupling mechanisms
is only correct when one dominates the other by a considerable amount. To
obtain a quantitatively correct answer, one must include the conductor self

impedances directly in the ‘transmission line solution and this is done in

~3]1~
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XTALK2 and FLATPAKZ.

The transmission lines considered by all programs in this report consist

of n wires (cylindrical conductors) and a reference conductor. In XTALK2,
there are three choices for the reference conductor; (1) a wire, (2) a
finite ground plane and (3) an overall cylindrical shield surrounding the
n wires. When the reference conductor is a finite ground plane, the user
simply inputs the per-unit-length resistance and self inductanpe of the
ground plane., Thus there are two cases remaining to be coﬁsidered;

The per-unit-length self impedance of a solid cylinder of radius r,

shown in Figure 2-7a is given by the following. Define

1
§ = /nfu g
v (2-42a)
1
= on o x 107/
i' l
X ry = 75— (2~-42b)
TO T
. ) A\
[ i
: u
' i v -7
= = ., 2=42
i 20 3 5 x 10 (2-42¢)
g .
iy where 0 is the conductor conductivity, f is the frequency and W, is the per-

-7
meability of the metal which is assumed to be that of free space (uv=4wx10 ).

The quantity § is the conventional skin depth factor. The equations for
the per-~unit-length self impedance of a solid cylindrical conductor in-
cluding skin effect are obtained from [6]. The equations used in the com-

puter programs approximate the actual equations given in reference [6],

pp. 78-80. The programmed equations are
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P U0 M T,

(I) r_ <39

r=r1r ohms/meter (2~43a)

L =4 henrys/meter (2~43b)

(II) § < r_ < 38

W
1, 5
r = Z-( Eé-+ 3) T, ohms/meter (2-44a)
£ = [1.15 - .15 (;E)] 10 henrys/meter __' (2~44b)
(11D) ©, > 38
Tw
r =5z T, ohms/meter (2-45a)
g = %é ZO henrys/meter (2-45b)
W

These equations are used to generate the per-unit-length self impedances of
the transmission line wires (zi = r+jwl) and the reference conductor when
the reference conductor is also a wire (z0 = r+jwl). They are stored with-
in the program codes for XTALK2 and FLATPAK2 and the user needs to input
only the physical dimensions of the wires and their conductivity.

For the purposes of computing these wire self impedances, the wires are
considered to be stranded. The user inputs the radius of each strand (in
mils) and the number of strands in each wire. The program then computes

the per-unit-length self impedance of each strand and determines the net

- wire self impedance by dividing this result by the number of strands (the

net resistance of the wire is considered to be the result of all strands of
the wire in parallel). (All strands in a wire are considered to be identical)
The equations for the per-unit-~length self impedance of the reference

conductor when the reference conductor is a thin walled,overall, cylindrical

-3~




shield shown in Figure 2-7b are taken from reference [7]), pp. 301-303 and

include skin effect., The equations used in the computer programs are

approximations of the actual equations. The skin depth, §, is given in

(2-42a), Denote the interior radius of the cylinder by T and its wall

thickness by t. The equations become [7]

1
Yo not(2r5+t) (2-46)
(I) t < .56
r=r, ohms/meter (2-47a)
wl = .4(%) r, ohms/meter (2-47b)
(I1) t > 35
r = 2 ohms /meter (2-48a)
2nrsod
wl = r ohms/meter (2-48b)
(III) .56 < t < 36

1 rsinh(%-) + sin(%)
r = ohms/meter (2-49a)

2nr oé 2t 2t

s cosh(==) -~ cos(=—)

- 8 8
. 2 2t
1 r51nh(-6—§-) -~ sin(—B:)
wl =
anscd _cosh(%EO - cos(g%) ohms/meter (2-49b)
The per-unit-length self impedance of the shield is given by z_ = r+juwl.

These equations are stored in the XTALK2 program code.

0

The user only needs

to input the shield interior radius, the shield thickness and the con-

ductivity of the shield.




2.5 Computation of the Per-Unit-Length Inductance and Capacitance Matrices

All of the formulations shown in Tables 2 and 3 require the computation
of the nxn, real, symmetric, per-unit-length transmission line inductance
and capacitance matrices, L and C, respectively. The computation of these

~

matrices will be discussed in this section.

2.5.1 Transmission Lines Cons:!sting of Perfect Conductors in a Lossless,

Homogeneous Medium, XTALK

This section considers (n+l1) conductor transmission lines conéisting of
(n+1) perfect conductors in a lossless, homogeneous medium., The lines
consist of n wires and three choices of reference conductor (the zero-th
ccaductor) cross sections of which are shown in Figure 2-8. Computer program
XTALK considers these cases.

The per-unit~length inductance and capacitance matrices for lines in

a homogeneous medium are related by [1]
L C= UEln (2-50)

where u and ¢ are the permeability and permittivity of the surrounding
homogeneous medium. The per-unit-length capacitance matrix can be found
from a knowledge of the per-unit-length inductance matrix from (2-50) as

C = pert (2-51)

~

A logical choice for the surrounding medium in Figure 2-8(a) and 2-8(b)

-7
would be free space with permeability u, = 4mx10 henrys/meter and per-
mittivity ¢ = (l/36‘rr)x10.9 farads/meter. However, for all structure types,

the homogeneous medium may be characterized, for generality, by a relative

dielectric constant (permittivity) of €. and a relative permeability of u_.

(Although the permeability of typical dielectrics is that of free space, )
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the programs XTALK and XTALK2 allow for the more general case.)
For the case of lossless conductors in a lossless, homogeneous medium,

the nyn characteristic impedance matrix, Z., in (2-11) is related to the

.C
per-unit~length inductance matrix by [1]
Yo
Z,=VvVL=———m1 (2-52)
~C ~ "
€r Hr

where v = 1/Vie is the velocity of light in the surrounding medium..The velocity
of light in free space, Vs to 7 digits is 2.997925 x 108 metefs)secoﬁd.
The equations used in the programs for the entries in the per-unit-
length transmission line matrix are derived in Volume I df this series [1]
and are valid for "large" conductor separations. Generally this means that
the smallest ratio of wire separation to wire radius should be no smaller
than approximately 5. A more complete discussion of this is found in
Volume I,
When the reference conductor is a wire as shown in Figure 2—8(3), the

entries in the per-unit-length transmission line matrix are given by [1]

2
u_u d
_ v iQ _=
[E‘]ii 27 n ( r .r ) (2 33a)
wi w0
uou d,.d,
L], = —E% an ( 2019 (2-53b)
2] 27 d,.
w0 ij

for i, j=1, =-~-, n and i # j where dio is the center~to-center separation

between the i-th wire and the reference conductor, dij is the center-to-

and rw are the

" center separation between the i-th and j~th wires, and L 0

radii of the i~th and reference wires, respectively.
When the reference conductor is an infinite ground plane as shown in

Figure 2-8(b), the entries in the per~unit-length inductance matrix are

-38-




given by [1]

uvur 2hi
[L]ii= 5 A0 —) (2~54a)
~ wi
/.2
uvur di' + 4 hih.
(L]~ 55 e (g L) (2-54b)
- i3

for i, =1, .¢., n and i # j where hi is the
the ground plane,

When the reference conductor is an overa

height of the i-th wire above

11 cylindrical shield as

shown in Figure 2-8(c), the entries in the per-unit-length inductance matrix

are given by [1]

2 2
uvur rs - ri
[E]lf o 2n ( — ) (2-55a)
s wi
WM, T, (rir.)2 + r: - 2rir.rg cos Oi,
[L].=s —F gn{( =1 ) 1 . 1} (2-55b)
~ i 2m T 2 4 3
s (r.r,)" +r, - 2r.r’ cos O,,
i] b i] ij

for i, j=1, ..., n and i # j where r is the

interior radius of the shield,

r, is the separation of the i-th wire from the center of the shield and eij

is the angular separation between the i-th an
For the case of lossless conductors in a
the equations for the terminal voltages and c

can be further simplified. Obviously, the tr

diagonalizes the matrix product.Y Z can be ta

- o~

matrix, i.e., T = ln’ as is clear from the fa

Y = jwC and

d j-th wires

lossless, homogeneous medium,
urrents in Table 2 and Table 3
ansformation matrix, T, which
ken to be simply the identity

ct that for this case Z = juwL,

~
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Also, the nxn diagonal matrix, A, in Tables 2 and 3 becomes

1
3 (2-57)

A= 1
- ~nN

Therefore the equations for the terminal voltages, V(0) and V(Z), for

the Norton Equivalent representation of the terminal networks in Table 2

simplify to [1] (see equations (2-19) and (2-20)).

[cos(BL) {Zi_+ ZO} + i sin(82) {Zi %c ZO + ?;l}] v(0)

(2-58a)

= [cos(B2) 1+ j sin(82) Y, 2] I, + Ip

0
Y(L) = - sin(g1) ZC IO + [cos(Bf)ln + j sin(BZ) Z.. YO] v(0) (2-58b)
where B is the phase constant

B = w/v (2-59)

L and the characteristic impedance matrix ZC is given in (2-52).
Similarly the equations for the terminal currents, I(0) and I(L), for

: the Thevenin Equivalent representation in Table 3 simplify to

[cos (BD) (Zp+ 20} +f sin(8D) (2,2 2, + 2, }] 1(0)

(2-60a)
= Uy + [cos(32) 1  + 3 sin(e2) 2,25 1Y

- I(Z) = -j sin(BR) zgl Vg * [cos(Bx) 1+ 3 sin(B32) 21

0 Zg Zo) I(0)(2-60b)

The terminal voltages can be obtained from the solution of (2-60) for the
terminal currents, I(0) and I(2), with the equations for the terminal

networks
Y(O) = YO - %0 I1(0) (2-61a)

-40=




V@) =V, + 2, 1) (2-61b)

2,5.2 Transmission Lines Consisting of Imperfect (Lossy) Conductors in

a Lossless, Homogeneous Medium, XTALK2

This section considers the (n+l) conductor transmission lines considered
in the previous section and shown in Figure 2-8. However, the transmission

line conductors are considered to be lossy. Computer program XTALK2 con-

siders these cases.

The per-unit-length inductance and capacitance matrices are computed
as in the previous section and satisfy the relation in (2-50). The entries
in L are given in (2-53), (2-54) and (2~55). The per~unit-length admittance

matrix is given by

Y = juC = j -\:2‘*1 7t (2-62)

The per—-unit-length impedance matrix is given by

% = Rc + jw %c + jw % (2-63)

where the entries in Rc and Lc are due to imperfect conductors. The

~

entries in R and Lc are given in (2-5) and these matrices can be separated

as [1]
gc + jw Ec = (rco + jwzco) gn + gD (2-64)

where U is the nxn unit matrix with one's in every position, i.e., [U_],,.=1,
? ~n i

~

and ZD is a diagonal matrix with

+ jwzc (2-65)

[Zpl55 = 7. .
1 1

and [ZD]ij =0 for i, j=1, —~=, n and i # j. The calculation of the wire

-41-
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self impedances, T, + jwf& , and the reference conductor self impedance,
i ¢

r + jwl , is discussed in section 2.4.

9 S

2.5.3 Transmission Lines Consisting of Perfect Conductors in a Lossless,

Inhomogeneous Medium, FLATPAK

This section considers (n+l) conductor transmission lines consisting
of (n+l) perfect conductors in a lossless, inhomogeneou~ medium. For
example, dielectric insulations surrounding wires result in an inh&mogeneous
medium (dielectric insulation and the surrounding free space). The computer
program FLATPAK considers a specific case of flatpack or ribbon cables,

A ribbon cable consists of (n+l) identical wires with identical cylindrical
dielectric insulations bonded together in a linear array as shown in Figure
2-9,

In this case, the relationship in (2-50) relating the per-unit-length
inductance and capacitance matrices no longer holds. Clearly the surrounding
medium does not influence the per-unit-length inductance matrix since the
surrounding medium is considered to be homogeneous in its permeability
characteristic, M, Therefore, one may compute the per-unit-length capac-

itance matrix with the wire dielectric insulations removed, denoted by

CO’ and determine L through (2-50) as
-1
L=u € C (2-66)
- - v v .0

Therefore, one needs to compute the per~unit-length capacitance matrix
with and without the wire dielectric insulations present. A digital
computer program, GETCAP, has been written to compute the per-unit-length
capacitance matrices of ribbon cables. This program is described in

detail in Volume II of this series [8].
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The per-unit-length impedance and admittance matrices become

jul (2-67a)

~

jwC (2-67b)

[ ]
[}

Y

The transformation matrix, T, which diagonalizes the matrix product Y Z

~ o~

must therefore diagonalize the product C L as

~ o~

T lyzr=-?TlcLT ' (2-68)

?

In addition, it can be shown that [1]
R L (2-69)

where Tt is the transpose of T. A digital computer subroutine NROOT (which

uses subroutine EIGEN) is used to accomplish this reduction and is dis-

cussed in a later section.

2.5.4 Transmission Lines Consisting of Imperfect (Los:v) Conductors in a

Lossless, Inhomogeneous Medium, FLATPAK2

This section considers (n+l) conductor transmission lines consisting
of (n+l) lossy conductors in a lossless, inhomogeneous medium. The program
FLATPAK2 considers a particular case of flatpack or ribbon cables discussed
in the previous section.

The per-unit-length capacitance and inductance matrices are computed
assuming perfect conductors and can be obtained with GETCAP as described
in the previous section.

The self impedances of the wires are identical since the wires in the

ribbon cable are typically identical. Therefore the pre-unit-length

~4 b



impedance and admittance matrices become

~
[}
o
~
1
3]
~

jwL

+1) +
-~

n

= z(U

Z

(2-70b)

= jwC

Y

-~

r + jwl is the self impedance of each wire.

where z
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III. PROGRAM CODE DESCRIPTIONS

In this chapter, the content of each program will be described by card.
(Each program is labeled in columns 72-80 with the card number.) All pro-
grams were written in double precision arithmetic and the program listings
are given in Appendix A - Appendix D. A table is provided with each listing

which shows the changes which are required to convert each program to single

nrocision arithmetic., Listings of two of the required subroutines, NROOT and
EIGEN, are provided in Appendix E - Appendix F. The remaining required sub-
routines, LEQT1C and EIGCC, are a part of the IMSL (Internatiohai Mathematical
and Statistical Library) package [9]. Appropriate alternate subroutines can be
substituted for LEQT1C and EIGCC if the IMSL package is not available on the

user's system.

3.1 Program XTALK

A listing of XTALK is given in Appendix A.

Cards 001 through (047 contain general comments concerning the applic-
ability of the program. This format will be followed in the other programs.

Cards 048 through 053 are comment cards poirnting out that all arrays
must be properly dimensioned for each problem before using the program.

Cards 054 through 059 dimension the arrays and declare variable types.

Card 060 gives the value of m and the speed of light in free space.

Cards 061 through 065 define the complex numbers 1+j0,0+j0,and 0+jl as

well as other constants.

Cards 071through 118 read and print an initial portion of the input data.

Cards 123 through 170 read and print the line dimensions and compute the

entries in the characteristic impedance matrix. The entries in the character-

istic impedance matrix, are related to the per-unit-length inductance

ZC,
matrix for the three structure types given in (2-53), (2-54) and (2-55) by

ZC = v L. Cards 132 through 139 compute the main diagonal entries of Z

-~ -~

C.

Cards 141 through 170 compute the off-diagonal entries. The nxl complex
~46—







s V1 and V2 are used to temporarily store the Z, and Yi coordinates

i
the T, and Oi coordinates of the wires in the real parts of the arrays

(see Figure 4-1, Figure 4-2, Figure 4-3). The nxn complex array Ml is used

to temporarily store the characteristic impedance matrix in the real parts.
Although the actual quantities stored are real, it was decided to use the

real parts of these complex arrays to store these quantities rather than
define additional real arrays. V1, V2 and Ml will be needed (as complex
arrays) later.

Cards 175 through 181 compute the inverse of the characteristic impedance
matrix which is temporarily stored in the real part of the nxn complex array
M2, M2 will be needed.(as a complex array) later. The matrix inverse is
computed with subroutine LEQT1C shich is described in section 3.5.

Cards 190 through 226 read and print the entries in the terminal im-
pedance characterizations. These matrix characterizations are given in
(2-30) for the Thevenin Equivalent characterization and in (2-34) for the
Norton Equivalent characterization. The nyxl complex arrays IO and IL store
the entries in E(O) and E(I), respectively, for the Norton Equivalent in
(2~34) or V(0) and V(®), respectively, for the Thevenin Equivalent in
(2-30). The nXn complex arrays YO and YL store the entries in XO and }I,

respectively, for the Norton Equivalent in (2-34) or 2 andlgx, respectively,

0
for the Thevenin Equivalent in (2-30).

Cards 231 through 291 contain certain matrix and vector multiplications
which are independent of frequency. 1If one requests the analysis to be done
at more than one frequency (such as in computing the frequency response of

the line), then these time-consuming multiplications need be computed only

for the first frequency and need not be recomputed for the additional fre-
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quencies.

the equations for the Norton Equivalent characterization given in (2-58) and

the Thevenin Equivalent characterization given in (2-60).

variables in these two equations are summarized as:

b ‘s
o 29
Zc ?El
2 2
Lo Yo

z Te
v(0) 1(0)
V@) 1)

To explain these cards, consider the similarity of the forms of

The analogous

Therefore equations (2-58) can be programmed and used for both cases if

analogous variables are substituted,

in M1 and M2 if the Thevenin Equivalent characterization is chosen.

251 through 291 form the quantities in (2-58)

Arrav
gc 'fo M1
v,z v +2z.t M2
L oc .o ~c
) Ec 5 Vi
'ft Zc 5 v2

Cards 231 through 240 swap the entries

Cards

(3-1a)
(3-1b)
(3-1c)

(3-1d)

for the Norton Equivalent characterization or the quantities in (2-60)

1z Argi
2c %9
-1
222c% T 2 M2
~48-
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(3-2b)
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-1

z." ¥, V1 (3-2¢)
2,72t v V2 (3-24) E
2% <o i

for the Thevenin Equivalent characterization.

Cards 295 through 300 read the frequency and form

B = Zva (3-3a) 1
sin (82) (3-3b) _i
cos (B#) (3-3c) y

Cards 306 through 316 form equation (2-58a) for the Norton Equivalent
characterization or (2-60a) for the Thevenin Equivalent characterization.
These equations are solved with subroutine LEQTIC in card 320, The solutions 's .
(\_/(0) for (2-58a) or I(0) for (2-60a)) are stored in the array B. g

Cards 332 through 336 form equation (2-58b) or (2-60b) and the entries ‘t

Vo

in V(&) for (2-58b) or I(@D for (2-60b) are stored in the array WA. ‘:'I
S
Cards 337 through 365 print the terminal voltages V(0) and V(£). Cards ﬂ ,-;'
2l 1

._'] 0 B

337 through 352 form the terminal voltages, if the Thevenin Equivalent ;z‘n‘iﬂ
bigls

characterization is chosen,from 2 fﬂ
AL

-4 LM&
v(0) = -YO - %O I(0) (3-4a) ! ll"
£ v I THa
| = + 3-4b L
V) Yi %tz(i) ( ) i

since the elements of the arrays B and WA are the following:

Array Norton Thevenin
B v(0) 1(0)
WA {¢9) ()

Cards 353 through 365 print the resulting terminal voltages, V(0) and V(¥).
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3.2 Program XTALK2

A listing of XTALKZ is given in Appendix B.

Cards 00l through 190 have the same purpose and are of the same general
structure as cards 00l through 181 in XTALK. The slight exceptions are that
instead of computing the characteristic impedance maﬁrix and its inverse as
is done in XTALK, the per-unit-length capacitance matrix and its inverse are

computed here. The per-unit-length inductance matrix, L, and capacitance

-~

matrix, C, are related by

1
E 9 T2 %n (3-5a)
v
or
1
v_C= v L (3-5b)
where v is the velocity of light in the surrounding medium given by
v .
NJE T — (3-5¢)
e “r¥r

£ is the permittivity of the medium, p is the permeability of the medium,

3 x 108 m/sec) and €, and ur

v, is the velocity of light in free space (vo

are the relative permittivity and permeability, respectively. The char-
acteristic impedance matrix is given by .
2=V L (3-6)

c* C is stored in array C and C_'1 is stored in array CI.

Cards 195 through 223 read and print the characteristics of the reference

Therefore C‘.1 =v Z

conductor and the n wires to be using in calculating their self impedances.

Cards 233 through 269 read and print the termination network character-

~-50~
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tics and are identical to the corresponding cards in XTALK.

Cards 275 through 332 perform certain frequency independent matrix
multiplications for reasons similar to those given in 3.1 for the analogous
These cards form, for the Norton or Thevenin Equivalent

group of cards.

characterizations, certain quantities in Tables 2 and 3:

Array Norton Thevenin e
M1 y ¢t Cz |
.0 2 - 20
M2 y,ct C z i
v 5 ¢ %
V2 I cV
=z vl

Cards 328 through 332 form the sums of entries in each row of C and are

stored in the array V3.

Cards 326 through 340 read the frequency and form the quantities w=2nf

and jw.

Cards 346 through 385 form the self impedances of the wires and the

reference conductor. The equations for these self

in (2-42) through (2-49) in section 2.4, The self
conductor is stored as the complex variable ZO and

the n wires are temporarily stored in the array B.

Cards “391 through 398 compute the eigenvalues

product of the per-unit-length admittance and impedance matrices, YZ, The

per-unit~length admittrance matrix is given by

Y=3j wCC

and the per-unit-length impedance matrix is given by

E -z gn M zD Tie E

0 -
_5]__

I ——
L ekl L LT TP A — N N e e £ £ TN 1
nn

impedance terms are given

impedance of the reference

the self impedances of

and eigenvectors of the

(3-7)

(3-8)




where U 1is an nxn unit matrix with ones in every position, z is the self

~

impedance of the reference conductor and ZD is an nxn diagonal matrix with

-~

the self impedance of the i-~th wire in the i~th row and i-th column. The

matrix product becomes (with the relation in (3-5a))

[y*]

Ww
=. + - =- s - —
Y= 30 (2 Uy + 2y JUL] = gumg €U, + JuC 2 B 1 (5-9)

Note that C Un is simply on nxn matrix with the sum of all elements in the

i-th row of C in each of the entries in the i-th row of C Un. These

~ ~ -~

quantities were previously stored in the array V3, The subroutine EIGCC

computes the nyl eigenvectors of YZ, Ti’ and their associated eignenvectors,

-

'é. The matrix T = [Il, 22, -, In] will diagonalize YZ as [1]

-~ o

Tl yzT = YZ (3-10)

~

2, . , X 2 . Lo .
where vy~ is an nyxn diagonal matrix with Y; in the i-th position on the main

~

diagonal. This is required in Tables 2 and 3. T is stored in array T and

~

the n entries on the main diagonal of 72 are temporarily stored in the
array B.
Cards 403 through 410 compute the inverse of T which is stored in

array TI.

Cards 416 through 448 compute certain other quantities in Tables 2 and

3. These are

Array Norton Thevenin
* -1 -1 * -1
0 = =
Y Yo =T Y ¢ T 25=T ¢2zT
* -1 -1 * -1
YL Tp=T Y, C T Zp,=T C2Z,T
* -1 * ~1
1o =T I Yo=T ¢5
* -1 * -1
IL I,=T I -V,==-T " CV
=& . =2 -t . -
-52-
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Array Norton Thevenin
+ 1 - + -
EP E' = 5(e e Y g - %(e Ty Y
EN E =-%(ezt - e ¥ § =-%(ezf-— e—XZ)
1 ) S 1T )
G A = = —
~ Juw ] é Jw Z

Cards 49 through 458 form equation (1) in Tables 2 and 3. This equation
is solved with subroutine LEQTIC in card 462 with the result stored in array
B as:
Array Norton Thevenin

* *
B v (0) 1 (0)

Cards 480 through 484 form equation (2) in Tables 2 and 3 with the

result stored as

Array Norton Thevenin
* *
G vV 1@

Cards 485 through 531 form the terminal voltages V(0) and V(£) by back

transforming according to equation (9) in Tables 2 and 3.

3.3 Program FLATPAK

A listing of FLATPAK is given in Appendix C.

Cards 00L through 057 are similar to corresponding cards in the previous
programs.

Cards 062 through 097 read a portion of the input data describing the
structure of the line. The per-unit-length capacitance matrix, C, (computed
with GETCAP) is stored in array C. The per-unit-length capacitance matrix
with the wire insulations removed, 90,(computed with GETCAP) is stored in

array CO.

Cards 105 through 113 compute the eigenvectors and corresponding eigen-~

-53-
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C e
Ty 2

M
-~

Values of the matrix product C L. Subroutine NROOT computes the matrix

-~ .~

such that

k1t Cy K =¥ (3-11)

-~ -~

K is stored in array TI. The problem of

-~

such that ¢ is a diagonal matrix.

~

interest is finding T such that

T LT = YZ . (3-12)

~

where
(3-13)
Taking the inverse of both sides of (3-11) results in

kKl clcok=y?t (3-14)

t
SRS S | (3-15)
t -1t
(Since C and CO are symmetric, C° = C and CO = CO. Also ¢ is diagonal.

- E -1
-1
Therefore v = ¥ ,) Thus comparing (3-15) to (3-12) and using (3-13) we

identify
_lt
K=T (3-16a)
Loyt f (3-16b)
Vo -
t

-1 . . . ,
and T is stored in array C and array G contains the square roots of entrie

on the main diagonal of v, v

-~

Cards 114 through 128 compute T and 'fl if the Thevenin Equivalent

characterization is chosen. Thus, contained in arrays TI and G are:



Array Norton Ihevenin

t
TI 77t T

-~ -~

G Y Y

-~ -~

Cards 138 through 175 read and print the termination network character-
istics and are identical to the corresponding cards in the previous programs.
Cards 182 through 220 form the following frequency independent quantities

(see Tables 2 and 3)

Array Norton Thevenin :
* -1 -1 * -1
0 =T YT =TT
* -1 -1 * -1
YL YT Y Tyl CZgl :
* -1 * -1
0 = = \Y i
: =T I oI ¢ b
IL I, =111 vy =1l cv |
=t . = - . I=f b
1 oy
Since T satifies iﬁi*
[
- - HUEEE
R LR (3-17) b
N - et ‘
then g% 1]
LI 1 ‘:_j';i;:
T 1 c 1 T (3-1¢) *Jhﬂn
and these relations allow the entries in the arrays YO, YL, I0 and IL to be ']]lh
il
more easily generated as: kvi {
Array Norton Thevenin '
t
* -1 -1 *
Yo =T %l 2= T % I
* - - * t
YL Yf= TJ'YiT 1 ZZ= T ZxT
* -1 * t
Io Iy = T Io Vo = ? Yo
' T v = -1ty
1L I2= T 1z EF S £ ¢
—55-
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Cards 224 through 227 read the frequency and compute w = 27f,

Cards 233 through 248 form equation (1) in Tables 2 and 3.

Equation (1) in Tables 2 and 3 is solved with subroutine LEQTIC in

card 252,

Cards 264 through 268 form equation (2) in Tables 2 and 3. The arrays

B and WA now contain, with respect to Tables 2 and 3:

Array Norton Thevenin
* *
B v (0) 1°(0)
*
WA vV (%) @)

The terminal voltages, V(0) and V(Z) are computed in cards 269 through

* *
286 by back transforming v (0) and v (£) through (see Tables 2 and 3)

Norton Thevenin
H — —_——
§ -1 * * %
s V(0) = ¢C T V (0) vV (0) = VO - ZO I (0)
3 - ~ * - - ~u -
i 15 v (0)
A . =T
. 1:' . -1 * _ -1 *
fnj | Y(i) =C TV @) v() =¢ tI v (@)
st ! t ) 1
b - * = *
N -1 @ e
:f { * * * *
;ﬁ v @)=Yz+§x£ &)
b -1 *
2 ifi V() =C 7 TV ()
. t
\' 3 -1 *
=T vV

Cards 287 through 30l print the resulting terminal voltages.

3.4 Program FLATPAK2

A listing of FLATPAK2 is given in Appendix D.

Cards OOl through 106 are similar to corresponding cards (00l through

097 in FLATPAK.

Cards 112 through 133 compute the inverse of the per-unit-length
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apacitance matrix which is stored in array CI. The per—unit-length in-

ductance matrix, L, is also computed from the relation

L=+ ¢t (3-19)

Cards 138 throughl44 read the characteristics of the wires in the
ribbon cable (all wires are assumed to be identical) for use in computing
their self impedances.

Cards 154 through 191 read and print the characteristics of the term-
ination networks and are identical to the corresponding cards in the previous
programs.

Cards 197 through 262 form certain frequency independent quantities in

Tables 2 and 3:

Arrav Norton Thevenin
M1 y ¢t ol
00 ~ =0
M2 vzct Czgp
v
v Lo ¢ Yo
v2 Iz CVy

Cards 251 through 262 form the quantities C L which is stored in array CO

-~ o~

and the sums of the elements in the i-th row of C which are stored in array

-~

V3.
éards 266 through 270 read the frequency and form w = 27f and jw.
: Cards 274 through 283 form the self impedances of the wires which are
stored in the complex variable Z (all wires are identical).

Cards 289 through 295 compute the transformation matrix T such that

T yzT-= yz (3-20)
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where vy 2 is a diagonal matrix and

g
N
]

+ +
(e Uy ¥z I ¥ gD
jwz C Un + jwz C - uz CL

~ .~

(3-21)

Subroutine EIGCC computes T and stores it in array T and stores the entries
on the main diagonal of ¥y 2 temporarily in Array B.

The inverse of T is computed with LEQT1C in cards 300 through 307 and

is stored in array TI.

Cards 313 through 345 compute certain quantities in Tables 2 and 3:

Array Norton Thevenin
* -1 -1 * 0 -1
Y0 20 - I XO g I ZO - I g zo I
I | -1 |
§ YL Yp=T YzC T Zp=T CZ,T
. i * - 'l * _ "l
10 Io=1T I =T €5
it * -1 *x -1
o 1L I=1 I Vz=-T CYy
‘:‘; . EP E+ = —;'-(e-..yz+ e ..yj) E+ = -;—(e-..Yj+ e ZZ)
¥ - - - -y
_\"; y EN E = —;—(e-:yz- e jl) E = %(ezt - et )
A - N - N - i
H 1 1
: ¢ A= Jo J A= o J

e

o LY e 4
Wty e AL
. Y

P W %

Cards 346 through 355 form equation (1) in Tables 2 and 3 which is

ﬁ{%ﬁ

| -

solved with subroutine LEQT1C in card 359,

Cards 376 through 380 form equation (2) in Tables 2 and 3. Thus the

arrays B and G contain:

Arrayvs Norton Thevenin
* *
B v (0) I(0)
* *
G vV @ I
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*
Cards 381 through 406 form V(0) and Y(i) by back transforming V (0)
*
and V (Z) as described in FLATPAK using the relations in Table 2 and Table

3:

it
(@]

*
TV (0)

-~

v (0)

V()

]
t 0

*
TV ()
Cards 407 through 427print the terminal voltages.

3.5 Required Subroutines

The four programs require certain subroutines: LEQT1C, EIGCC, NROOT, and

EIGEN. The individual programs require:

Program Required Subroutines

XTALK LEQTI1C

XTALK2 LEQT1C, EIGCC
FLATPAK LEQT1C, NROOT, EIGEN
FLATF. .22 LEQT1C, EIGCC

The required subrcutines must follow the main program and precede the data

cards.

3.5.1 Subroutine LEQT1C

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 [9].

The subroutine solves the system of equations

t >

X =3B (3-22)
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where A is an nyn complex matrix, B is an nym complex matrix and X is an

- -~

nxm complex matrix whose columns,Xi,are solutions to

A3 < G-23)

where Ei is the i-th column of B.

-

The calling statement is

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

where

(o] >
¥ ¥
tod

Z
+
o]

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

-
-

which is returned as

S T e el we
I LR

) ! IER = 128 - no solution error
T IER = 129 + A is algorithmically singular [9].
s_‘ ~
:
1o The solution X is returned in array B and the contents of array A are
¥i: destroyed.
Subroutine LEQTIC can be used to find the inverse of an nyn matrix by

computing

AX=1 (3-24)
- -~ ~11

where 1 is the nxn identity matrix. Thus the solution is X = A-l. LEQTIC

The

1 ,

The solution error parameter is printed out whenmever LEQTIC is used.

printed error is IER-128 so that the solution error should be O.
~60-




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

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

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

-~

3.5.2 Subroutine EIGCC

Subroutine EIGCC is also a part of the IMSL subroutine package [9] and
is used to find the eigenvalues and eigenvectors of an nn complex matrix,
M. Denote the nxl (complex) eigenvectors, Ti’ of M as Tl’ T2, -=—,. T and
~ - ~ -1’ = -n

the corresponding (complex) eigenvalues as bl’ b2’ —_— bn. EIGCC computes

the nxn matrix T = [T,, T,, T,, =——~, T ] such that
- =1’ =2? 23 ’ Zn
-1
T MT=28 (3-25)
where B is an nyn diagonal matrix with [B]ii = bi and [B]ij = 0 for i,

j=1, ~--, n and i#j.

The calling statement is

CALL EIGCC(M,N,N,2,B,T,WK,IER)

where WK is a real working vector of length 2n(n+l). TIER is an error para-
meter which is returned as IER = 128 + J.l This indicates that the routine

failed to converge on the j-th eigenvalue [9]. The precision of the eigen-
vector, eigenvalue solution is returned in the first position of array WK,

WK(1), and indicates [9]

Solution Precision
WK (1) < 1 » Excellent

1 < WK (1) < 100 -+ Good

WK (1) > 100 + Poor

lThe solution error is printed out as IER-128. A successful solution would
then be indicated by O. -61-
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The matrix T is stored in the nxn array T and the eigenvalues, bi’ are

-~

stored in the nyxl array B in the same order as the colummns of T.

3.5.3 Subroutines NROOT and EIGEN

Subroutines NROOT and EIGEN are a set of subroutines from the IBM
Scientific Subroutine Package (SSP) [10] which compute the eignevectors and

eigenvalues of the matrix product

371 a C(3-26)

where A and B are nxn real, symmetric matrices and B is positive definite.

A listing of NROOT is provided in Appendix E and a listing of EIGEN is

provided in Appendix F. These subroutines are used to find the eigenvalues
and eigenvectors of the product of the per-unit-length capacitance, C, and

inductance, L, matrices as

CL (3-27)
Subroutine NROOT calls subroutine EIGEN,
NROOT computes the nxn real matrix T such that
g lar-c (3-28)

where G is an n¥n diagonal matrix with [G]ii = gi and [G]ij =0 for i, j=1,
-—~, n and i#¥j. The eigenvectors Ii correspond to the eigenvalues 8, and

s T 1.

T N [Il’ E2’ 7T In

The calling statement is

CALL NROOT(N,A,B,G,T,N*N)

where
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A > A
B - B
N - n
G -

T - T

¢

The nxl array G returns the eigenvalues 8 in the same sequence as the

columns (corresponding eigenvectors) of T.

The subroutine operates in the following manner [1,11]. NROOT first

computes the nyn, real, orthogonal transformation matrix S such that

~

(s =s%

s*Bs =y (3-29)

where H is an nxn diagonal matrix with [H]ii = hi and [H]ij = 0 for i, j=1,

--=, n. EIGEN is called for this calculation. Since B is real, symmetric,

positive definite, the eigenvalues of B, hi’ are real, nonzero and positive.

Therefore NROOT forms the square root of H, Hl/2 and its inverse H-l/z.
NROOT then forms the products
M=sH L /? (3-30)
and
t
M- AM (3-31)
which is real,symmetric. NROOT calls EIGEN once again to find the nyxn real,
-1 t
orthogonal matrix W such that (W = = W)
t t
W- [M" AMIW=G (3-32)




and G is diagonal. The transformation matrix T is given by

=5y (3-33)

To show that T in fact diagonalizes B-1 A, form

~

“lgl,r-
ut Hl/z gt B-l AS H—l/z W=
1 (3-34)
~11
Wt Hl/Z st B—l S H1/2 H-1/2 St AS H-l/Z Weg
K——~f3f~’ -—
2 M A M
l -~ - -~

The NROOT subroutine used in the program FLATPAK and shown in Appendix
G is slightly different from the NROOT subroutine given in SSP {10]. The
difference is that the eigenvectors in NROOT in Appendix G are not normalized.
This is required for NROOT to be used in FLATPAK so that the transformation

matrix T which diagonalizes the matrix product C L as

oLt = 4 (3-35)
will satisfy the identity
o gt L (3-36)

~

If the columns of T (the eigenvectors) are normalized, (3~36) will no longer

be true.




IV. USER'S MANUAL

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

data input:

Transmission Line
Group 1 ..
Structure Characteristics Cards

Termination Network

Group II Characterization Cards
Group II(a)
Group I1I(b)
Group III ; Frequency Cards }

These card groups must follow the main program (and any required subroutines)
in the above order. The data entries are either in Integer (I) format, e.g.,
23, or in Exponential (E) format, e.g., 12.6E-3. All data entries must be
right-justified in the assigned card column block.

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

before using the program.

4.1 Thé Frequency Cards, Group III

Each frequency card contains ome and only one frequency for which an
analysis is desired. The format of the frequency card is shown in Table 4.

The frequency in Hertz is punched in columns 1-10 of each card and must be
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TABLE 4

Format of the Frequency Group Cards, Group III

card column format
frequency (Hertz) 1-10 E
Total number = unlimited
A
A
2a
66—




right justified in the card block consisting of card columns 1-10., For

example, if one wished to input a frequency of 1 M Hz, one may punch

1. E®6
DR
card columns 7 8 9 10

If, instead, the frequency was punched as

1. E6®6
4o+ 44

card columns 6 789

The program would take this to be a frequency of 1060 Hertz (zeros are added
to £i1l out the assigned card block). This right-justification of data in an
assigned card block applies to all other data entries.

More than one frequency card may be included in the frequency card group.
Each program will process the data provided by Groups I and II 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 are to be used for all the re-
maining frequencies. If this is not intended by the user, then one may only
run the program for one frequency at a time. This feature, however, can be
quite useful. If the termination networks are purely resistive, i.e.,
frequeAcy independent, then one may use as many frequency cards as desired in
thig_frequency card group 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 for each additional frequency. Many of the time-con-

suming calculations which are independent of frequency need to be computed
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only once so that this mode of useage will save considerable computation tim
when the response at many frequencies is desired. If, however, the termination
network characteristics (in Group II) are complex (which implies frequency

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

4,2 The Termination Network Characterization Cards, Group II

This group of cards conveys the terminal characteristics of the term-
ination networks at the ends of the line, x = 0 and x ==I. The termination
networks are characterized by either the Thevenin Equivalent or the Norton

Equivalent characterization. These characterizations are of the form

V() = YO - ZO I(O) Thevenin

~ (4-1a)
V() = Yi'+ Z, I() Equivalent
I(0) = EO - YO v(0) Norton

~ (4-1b)
IR®R) = -Ii+ Y, V(0 Equivalent

and are discussed in detail in section 2.3. The transmission line consists
of n wires which are numbered from 1 to n and a reference conductor for the
line voltages. The reference conductor is numbered as the zero (0) con-
ductor, Thus V \Y/ I I , are nxl vectors and Z YA Y Y _ are nyn

_0’ —I, _O’ _z X ._O, ~t’ ..,O’ .,I X

matrices which are assumed to be symmetric.

The impedance or admittance matrices, Z0 and Z_, or YO and Yf , 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 options for communicating the entries in the vectors and matrices in
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TL..IERE

These are:

OPTION

11 { Thevenin Equivalent representation; T%

diagonal impedance matrices, Z0 and Zl'

OPTION

12 { Thevenin Equivalent representation; '%

full impedance matrices, Z0 and Zi.'

OPTION 21 { Norton Equivalent representation; -§

diagonal admittance matrices, Y0 and Yi'

OPTION 22 { Norton Equivalent representation; }- i

full admittance matrices, Y0 and YL'

The structure and ordering of the data in Group II are given in Table o
5 and can be summarized in the following manner. The first group of cards
in Group II, Group II(a), will describe the entries on the main diagonal in |

, . v
YO(%O)’ YOii(ZOii)’ and z (EI)’ Yfii(zfii)’ and the entries in IO(-O)’
IOi(VOi)’ and Ei’(yt)’ Ifi(vii)' These cards must be in the order from i =1 !

to i = n, Each of these entries is in general, complex. 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 conductor line (3 wires and a

reference conductor). Here n would be 3. Suppose the Thevenin Equivalent

characterization is selected, with the following entries in the characterization

matrices:

S .t L et e T ettt
= ]

=] |i' }:’

1+ 52 | (7458 0 0 )

= + j = 3 O i :"
Y 3+ 35 Zo o 39 i
6 + jb 0 0 10+j11 | il

12 _I 16 o o | it
v= | 313 | Zp=| 0 17+j18 0 ‘
14+j15-| o o 319




TABLE 5 (cont.)

Format of the Termination Network Characterization Cards, Group IT

0i

0i

%fi

Iii

Note:

Group II(a)(total = n)

real part
i(ZOii) . .

imaginary part

real part
(Vo;)

1 . .
imaginary part
real part

(Zy. )
1 11 .
imaginary part
. real part
<Vt') g

1 . .

imaginary part

card column format

1-10 E
11-20 E
21-30 E
31-40 E
41-50 E
51-60 E
61-70 E
71-80 E

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
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TABLE 5

total = n(n-1)/2 if OPTION = 12 or 22
Group IT(b) ([ 21 = 0 if OPTION = 11 or 21 )

card column format
‘[ real part 1-10 E
YOij(inj) { imaginary part 11-20 E
real part 41-50 E
Yi1$Bsy) { imaginary part 51-60 E-

Note: TIf OPTION = 12 or 22, a total of n(n-1)/2 cards must be |
present and must follow Group II(a). If OPTION = 11 or I;
21, this card group is omitted. The cards must be arranged
so as to describe the entries in the upper triangle porcion
of ? (§O) and ?i (gi) by rows, i.e., the cards must contain
the 12 entries, the 13 entries, —--—-, the 1ln entries,
the 23 entries, ---, the 2n entries, —---- etc. The

ordering of the cards is therefore:

wires 1,2

wires 1,3

wires 1,n

wires 2,3

wires 2,4

oy
LA
o

t g 8

4
s E A

wires (n-1), n

+
]
|

N \
e

-

|
~l
=
]

. i

K

PR
o




One would have selected OPTION 1ll. The n=3 cards would be arranged (in this

order)
7.E0 8.EQ 1.E0 2.E0 16.E0 0.EO 12.E0 0.EO
4 4 2 4 4 4 4 +
10 20 30 40 50 60 70 80
Group
II(a) 0.EO 9.E0 3.EO0 5.E0 17.E0 | 18.E0 0.E0 |13.EO0

10.E0 ([11.EO 6.E0Q 4,E0 0.E0 |19.E0 14,E0 [15.E0

If the terminal impedance matrices were not diagonal, e.g., OPTION 12 is
selected, then n(n-1)/2 additional cards, Group II(b), would follow the above
n cards comprising Group II(a). These cards describe the entries in the

upper triangle portion of the termination impedance or admittance matrices

l} .
f: by rows. Suppose the networks are characterized by the same V_ and Y;f
1§
; ! vectors as above but the Z0 and Zimatrices are
;u :
alj f 7 + 38 20 + j21 22 + 323
o zy = |20 + j21 j9 24 + 3§25
! i 22 + 3§23 26 + 325 10 + j1l
16 26 + j27 28
. Zi.= 26 + j27 17 + j18 j29
28 j29 j19

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

of the 12 entries first, the 13 entries next and then the 23 entries:




20.E0 | 21.E0 26.59| 27.£9

L . 4+ .. IO _ —
10 70 “ 50 50

Group '5' ' .
ey 22.E0 | 23.E0 | 28.50] o0.E0
24.E0 | 25.E0 0.E0 | 29.E0

4,3 Program XTALK

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

ference 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 types are shown in
Tigure 4-1, 4~2 and 4-3, respectively.

For the TYPE 1 structure shown in Figure 4-1, an arbitrary rectangular
coordinate system is established with the center of the coordinate system at
the center of the reference conductor. The radii of all (n+l) wires, rwi’
as well as the Z and Y coordinates of each of the n wires serve to completely
describe the structure. Negative coordinate values must be input as negative
data items. For example, Zi and Yj in Figure 4-1 would be negative numbers.
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TYPE = 3

Figure 4-3.

Type 3 structure.
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for the TYPE 2 structure shown in Figure 4-2, an arbitrary coordinate
stem is established with the ground plane as the Z axis. The coordinates
-Yi and Yj (positive quantities) define the heights of the wires above the
ground plane. The necessary data are the Z and Y coordinates and the radius,
r,i’ of each wire.

For the TYPE 3 structure shown in Figure 4-3, an arbitrary angular
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, L the angular position, Gi, and the radial positionm, r.» of each
Jire and the interior radius of the shield, r_.

The format of the structural characteristics cards, Group I, are shown
in TABLE 6, The first card contains the structure TYPE number (1,2,or 3), 0t

the load structure OPTION number (11,12,21, or 22), the numper of wires, n, §;1
the relative dielectric constant of the surrounding medium (homogeneous), \
|

|
i
it
€ s the relative permeability of the surrounding medium (homogeneous), Mo, K ,V

and the total length of the transmission line,it, (meters). If TYPE 1 or 3 CH
is selected, a second card is required which contains the radius of the 0

reference wire, r.o° (mils) for TYPE 1 structures or the interior radius of

the shield, L (meters) for TYPE 3 structures. For TYPE 2 structures, this by

. i)
card is absent. These cards are followed by n cards each of which contain ik
. |
the radii of the wires, L (mils) and the Zi and Yi coordinates of each i
2 (meters) for TYPE 1 and 2 structures or the angular coordinates ri

(zaters) and ei (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,

4.4 Program XTALK2

XTALK2 considers the same structure types as XTALK. The only difference

between the programs is that XTALK2 c%ﬁ;iders imperfect conductors. This




TABLE 6

Format of the Structure Characteristics Cards, Group I, for XTALK

Card Group #1 (total = 1): card column format
(a) TYPE (1,2,3) 10 I
(b) LOAD STRUCTURE OPTION (11,12,21, or 22) 19 - 20 I
(¢) n (number of wires) 29 - 30 ) - 1

relative dielectric

(d) ®r ‘constant of the ) 36 - 45 E
surrounding medium
. q s _ E
(®) up (FiebiNaRgREARIRI Y of the o1 = 60
(£) ;i (line length in meters) 66 - 75 E

total = 1 if TYPE = 1 or 3

Card Group #2 (. 721 - 0 1f TYPE = 2 )
H (a) TYPE = 1: r radius of reference) 6 - 15 E
- * "wp ‘wire in mils
'{i (b) TYPE = 2: absent
'§¥ interior radius of
;c _ (¢) TYPE = 3: s (shield in meters ) 6 - 15 E
%
{3 l Card Group #3 (total = n)
i
. (a) r | (wire radius in mils) 6 - 15 E
i wl .
(b) Zi for TYPE 1 or 2 in meters 21 — 30 | E
r, for TYPE 3 in meters
() Yi for TYPE 1 or 2 in meters 36 - 45 E
i @i for TYPE 3 in degrees

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

wire
wire




requires an additional set of cards in Group I which must follow those in

Table 6. The format of these cards is shown in Table 7.

4.5 Program FLATPAK

FLATPAK considers (n+l) wire flatpak or ribbon cables as shown in
Figure 4-4. The (n+l) wires are considered to be perfect conductors. In
addition,the surrounding media are assumed to be lossless. The required
cards in the Structure Characteristics card group, Group I, are shown in
Table 8.

The first card is similar to the previous programs and communicates
three items to the program. The first entry on the card is the number n

which is the number of wires in the cable exclusive of the reference wire.

The second entry on the card is the load structure option which is to be
selected from the choices 11, 12, 21, or 22 as discussed in section 3.2. !
The third entry on this card is the total length of the cable in meters. E

Card Group 2 concerns the entries in the per-unit-length capacitance ﬁ-n w

matrix, C, for the ribbon cable. Since C is symmetric, it is only necessary SRR

- ~ N

to input the entries on the main diagonal of C and the entries in the upper ol

-~

(or lower) triangle of C. Computer program GETCAP [8] was designed to compute

i
|
these items. GETCAP has the provision for providing a punched card output IH(
of the entries in C in the form required by FLATPAK. 1"i!
A few comments are in order to assist users of GETCAP. The program is ?
documented in Volume II of this series [8]. However, some confusion as to

the wire numbering sequence in GETCAP and FLATPAK may arise. The wires

in the cable are numbered from left to right with numbers from 1 to N=n+l . ;

for use in the GETCAP program with the reference wire number chosen from TR

this sequence. In the FLATPAK program, the wires are numbered from left to jj};=f

1
AL
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TABLE 7 (Cont.)

Format of the Structure Characteristics Cards, Group I, for XTALK 2

Card Group #1 same as XTALK (TABLE 6)
Card Group #2 same as XTALK (TABLE 6)
Card Group #3 same as XTALK (TABLE 6)
Card Group #4 (total = 1) card column format
TYPE = 1: (a) radius of strands in reference 6 - 15 . E
wire (mils)
(b) conductivity of strands 21 - 30 E
(siemens/meter)
(¢) number of strands in reference 39 ~ 40 I
ji wire
: TYPE = 2: (a) per-unit-length resistance 6 ~ 15 E
f‘ of ground plane (ohms/meter)
(b) per-unit-length inductance 21 - 30 E

of ground plane (henrys/meter)

TYPE

]
(9%

(a) thickness of shield (meters) 6 - 15 E
(b) conductivity of shield 21 - 30 E

(siemens/meter)

Card Group # 5 (total = n)

(a) radius of wire strands (mils) 6 - 15 E

(b) conductivity of wire strands (siemens/ 21 - 30 E
meter)

(¢) number of strands in wire 39 - 40 I

NOTE: Cards in Group #5 must be arranged for wires from 1 to n.
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TABLE 8

Format of the Structure Characteristics Cards, Group I, for FLATPAK

Card Group #1 (total = 1) Card Column Format

(a) Number of wires (exclusive of the 9 - 10 I

reference wire) (n)

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

(¢) Line length (meters) J: 21 - 30 ) : E

Card Group #2 (total = n(n+1)/2)

(a) 1 5-6 I
() 3] 10 - 11 I
(c) [C]ij (farads/meter) (Entries in 14 - 26 E

the per-unit-length transmission

line capacitance matrix with the

- T e

« wire dielectric insulations in

;-_ place, computed with GETCAP)

ltg Card Group #3 (total = n{n+l)/2)

(a) i 5 -6 I
(b) 3 10 - 11 I
(c) [CO]ij (farads/meter) (Entries 14 ~ 26 E

in the per-unit-length transmission

line capacitance matrix with the wire

dielectric insulations removed, com—

puted with GETCAP)
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 with numbers from 1 to n with the reference wire numbered as the zero
'ire as shown in Figure 4-4. Whether the cross section of the cable

gure 4-4 is at x=0 looking to the right (increasing x) or at x =t

ing to the left (decreasing x) is irrelevant so long as the user is
istent in using the same cross section for wire numbering in GETCAP and
11s program when assigning the load termination entries,

The third group of cards in Group I, Card Group #3, are the elements
he per-unit-~length transmission line capacitance matrix computed with the

ectric insulations removed, C GETCAP may be used to compute these

0°

s and provide punched card output for direct use as data input for

PAK.

Program FLATPAK 2

FLATPAK 2 considers (n+l) wire ribbon cables as in FLATPAK. However,
‘PAK 2 considers the (n+l) wires to be imperfect (lossy) conductors.

The format of the Structure Characteristic Cards, Group I, is shown in
.E 9. Only one additional card over those required for FLATPAK is needed.
e all wires in the cable are assumed to be identical, this card describes
characteristics of these wires for use in computing the wire self imped-

S.

Examples of Program Useage

In this section, some typical examples will be shown to illustrate the
of the programs. Entries onthe data cards as well as typical printouts

he results will be shown.

The terminal network structures for the examples are those comprising

ples 1, 2, 3, and 4 shown in Figure 2-4 and Figure 2-5. For Examples
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TABLE 9

Format of the Structure Characteristics Cards, Group I, for FLATPAK 2

Card Group #1

Card Group {#2

Card Group #3

Card Group #4

same as FLATPAK
same as FLATPAK
same as FLATPAK

(total = 1)

(a) radius of wire strands (mils)

(b) conductivity of wire strands

(siemens/meter)

(¢) number of strands in each wire

Card Column

6 - 15
21 - 30
39 - 40

Format




1 and 2, the entries in the Thevenin Equivalent characterization matrices

are given in (2-32) and the entries in the Norton Equivalent characterization

matrices are given in (2-35). For Examples 3 and 4, the entries in the
Norton Equivalent characterization matrices are given in (2-37) and the
entries in the Thevenin Equivalent characterization matrices are given in
(2-38).

The terminal voltages for each wire (with respect to the reference
conductor) at x=0 and x=2 are the entries in Y(O) and Y(f), respectively.
The magnitudes and angles of the entries in V(0) (V({)) are denoted by

VOM and VOA (VLM and VLA), respectively, on the computer printouts. Two

frequencies will be considered, 10 MHz and 100 MHz.

4,7.1 Examples of the XTALK Program

The transmission line structure chosen for all examples in this section |

is that of two wires with another wire as the reference conductor. The S

wire radii (mils) are 6.3 mils (thousands of a inch) for wires #1 and #2

with the reference wire of radius 6.3 mils. The three wires are in a linear R

1 1 - 0, 22 = 2.54 mm, Y2 = 0, The line length is P

5 meters and the relative dielectric constant is chosen (for the purpose of

array with Z, = 1.27 mm, Y

illustration) to be 3.0 with a relative permeability of 1.0, ?Q I

The data cards are shown in Figure 4-5 through 4-8 and the printouts ;

are shown in Figure 4-~9 through 4-12,

4,7.2 Examples of the XTALK 2 Program AR

The line considered for XTALK in 4.7.1 will be used here. Each wire f_ﬁ

7
will be stranded, copper (o = 5.8 x 10 ) with 7 strands in each wire. The b

radius of each strand is 2.5 mils. b




The data cards are shown in Figure 4-13 through 4-16 and the printouts

are shown in Figure 4-17 through 4-20,.

4,7.3 Examples of the FLATPAK Program

A three wire ribbon cable will be considered. The wire radii are
.16002 mm, the insulation thicknesses are .3479 mm and-the center-to—-center
separations of the wires are 1.27 mm. The insulations are polyvinyl
chloride and a relative dielectric constant of 3.5 is assumed. The reference
wire is the middle wire in the cable. The elements in the per—uﬁit—length
capacitance matrix (with and without the dielectric insulations) were com-
puted with GETCAP [8].

The data cards are shown in Figure 4-21 through 4-24 and the printouts

are shown in Figure 4-25 through 4-28.

4,7.4 Examples of the FLATPAK 2 Program

The three wire ribbon cable considered in the prévious section with the
FLATPAK program will be investigated. Each wire is stranded with 7 strands
(copper) and each strand is of radius 2.5 mils.

The data cards are shown in Figure 4-29 through 4-32 and the printouts

are shown in Figure 4-33 through 4-36.
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Figure 4-6.
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Input Cards , XTALK, Example 4.
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OQutput Listing, XTALK, Example 3.

Figure 4-11.
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Figure 4-12.
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Input Cards, FLATPAK, Example 2.

Figure 4-22,
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Input Cards, FLATPAK, Example 3.
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Input Cards, FLATPAK, Example 4.
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Output Listing, FLATPAK, Example 3.

Figure 4-27.
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Output Listing, FLATPAK, Example 4.
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Input Cards, FLATPAK 2, Example 1.

Figure 4-29.
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Example 2.

Input Cards, FLATPAK2,

Figure 4-30.
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Example 3,

Figure 4-31. Input Cards, FLATPAK?2,
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Example 4.

Input Cards, FLATPAKZ,

Figure 4-32.
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Figure 4~34,
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Example 4.

Qutput Listing, FLATPAK2Z,

Figure 4-36.
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V. SUMMARY

our digital computer programs, XTALK, XTALK 2, FLATPAK, FLATPAK 2, for
1ining the electromagnetic coupling within an (n+l) conductor, uniform
nission line are presented. Sinusoidal steady state behavior of the

as well as the TEM or 'quasi~TEM" mode of propagation are assumed.

XTALK and XTALK 2 consider lines consisting of n wires (cylindrical
ictors) and a reference conductor, The surrounding medium is homogeneous
ossless. XTALK assumes that all (n+l) conductors are perfect conductors
ras XTALK 2 considers the conductors to be lossy. There are three choices

~1e reference conductor: a wire, a ground plane, an overall cylindrical

‘LATPAK and FLATPAK 2 consider (n+l) wire ribbon (flatpackj cables in
:a1 all wires are identical and are coated with cylindrical, dielectric
i1lations of identical thicknesses. All wires 1lie in a horizontal plane
all adjacent wires are separated by identical distances. FLATPAK
siders the wires to be perfect conductors and FLATPAK 2 considers the wires
be lossy. The dielectric insulations are considered to be lossless.
General termination networks are provided for at the ends of the line
the programs compute the voltages (with respect to the reference con-

tor) at the terminals of these termination networks for sinusoidal steady

te excitation of the line.
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[4]
[5]
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APPENDIX A
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CERA SRR XRE SR AXR XX XEN RS R K BI BRI R SR %R “‘““““‘“““““““"“““XTALKOOl

c
C PROGRAM XTALK ilft?ggg
< (FORTRAN 1V, LUUBLE PRECISION) XTALKOGS
c WwRITTEN BY XTALKCOS
C CLAYTGN R. FAUL XTALKGOA
< LEPARTMENT UF SLECTRICAL ENGINFFPRING XTALKOOT
c UNIVERSITY OF KENTUCKY XTALKOOR
L XTALKO10
C A DIGITAL CUMPUTER PROGRAM TU CUMPUTE THE TFRMINAL VOLTAGES XTALKO11
L (AlTH RESPECT TO THE REFERENCE CONDUCTOR) AT THF ENDS OF A XTALKO]2
C MULTICONODUCTOR TRANSM1SSION LINE FOR THF TEM MODF OF XTALKG13
¢ PKUPAGATIOUN. XTALKOl4
v ) - XTALKOLS
L ThE DISTRIBUTED PARAMETER, MULTICUNDUCTOF TRANSMISSICN LINE . XTALKOle
c EVUATIUNS ARE SULVED FOm STEALY STATE, SINUSDTDAL EXCITATION XTALKOL17
C CF THi. LINE. . XTALKOLR
< XTALKC19
c TRE LINE CUNSISTS OF N WIRESL (CYLINDRICAL CANNUCTORS) AND A XTALX020
¢ REFERENCE CCNUUCTLR. THE REFERENCE CONDUCTNR MAY BE A WIRE XTALKO21
[ (TYPE=1), AN INFINITE GLKUUNL FLANE (TYPE=2), OR AN OVERALL XTALKOZ22
C CYLINDRICAL SHIELD (TYPE=3) XTALKD23
¢ XTALKO24
C THE N WIARES Akc ASSUMED 10U bk PARALLFL TO TACH OTHFR AND THE XTALKG2S
C ke FERENCE CUNDUCTGE. XTALKO?6
C XTALKC27
L ThE N WIKES AND TrE KEFERENLE CONLUCTOR ARE ASSUMED TC BE XTALKO23
C PERFECT CONDUCTLRS. XTALKO29
C XTALKO30
c THE LINE 1S 1MMERSED IN A LINEAK, 1SOTRNPIC, AND 4OMOGENEOUS XTALKO>1
C MEDIUM WiTH A RELATIVE PCRMLAGILITY OF wue AND A 2FLATIVE XTALXO22
[ CIELECTRIC CUNSTANT UF Eke THE MELIUM IS ASSUMED TO SE LOSSLESS. XTALKO23
C XTALKO34
L LLAD STRUCTURE OPTION DEFINITIUNS: XTALXO35
C OPTION=11,THEVFNIN EGULVALENT LUAC STRUCTUPFS WITH DIAGONAL XTALKO36
c IMPEDANCE MATRICES XTALKO3?
C OPTIGN=12+THEVENIN EQUILIVALLENT LLAD STRUCTURFTS WITH FULL XTALKQ28
< IMPELANCE MATRICES XTALX039
C OPTIUN=CL NCRTON SQUIVALENT LOAN STRUCTURFS WITH DIAGONAL XTALKQ4O
< AUMTTTANCE MATARILES XTALKO&1
- OPTIUN=2.NORTON EQULIVALINT LOAL STRUCTUPES WITH FULL XTALXO&2
c ADMITTANCE MATRICES XTALKN%]
c XTALKOGG
c SUBKUUTINES USED: LEQTIC XTALKC4S
C XTALKO&6
CHARERSINIAFARIAIIRSANAINRRIBAILIIRISSAAARLISNIFIRARRSEI ARSI R 2RI 280X TALKOST
C XTALKQG®
C ALL VECTUKS ANLC MATRICES IN THe FULLOWING NIMENSTION STATEMENTS XTALKN&
. SHOULD 8% UF SI1ZE N WHEKE N 1S THE NUMBFF NF WIRESIEXCLUSIVE UF XTALKOSO
o THE KEFERENLE CONDUCTUKD s lakes 1OIN)oTLIN)YDINGN) YLINGN)sEIN) s XTALKCS]
" AUNGNY gWAIND 9 MLINGN) s “2UINGN) G VIIND 4 VIIN) XTALKOS2
c XTALKOS3
1MoL ILIT REAL*& (A-H,0=2) XTALKOSS
. INTEGER TYPE,,CPTILN XTALKGES
KEAL®8 LsMUUZPI,MUR XTALKOS6

CUMPLEX3 16 XJ,1C(1 2)4I1LL £),YOU 2, 2),YL( 2, 2),A0 2, 2),48( 2)y  XTALKOS?
InAC 2HaMIL 24 &) 9MZU 9y 2D aVIL 2Dy V21 21 4SUMC,SUML VG, VL, ZEROC XTALKGSS
cC oAl A2 ONEC XTALKOQEQ

URTA PI/3aial59265200/ 1 V/ La 79192508/ XTALKOSO
. DATA CMT¥/2,500=5/ 4MUL 2P 1/2.0=7/ 4P/ 500/ 425C0/0.1073ONE/1 DU/ XTALXO061
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1TW0/ 2.00/+yFOUR/4.00/,0ONEBC/LIEV DO/ XTALKOG62

ONEC =DCMPLX(1.D0,0.00) XTALKO63
ZEROC =DCMPLX (000 ,0.UG) XTALKOSSG
XJ=0CMPLX{C.D0U,1.00) XTALKO6S
c XTALKOG6A
C*‘***FREUULNCY INDEPENUENT CALCULATIONSS SRRtk ast et sk axanhaRunst sxx s X TALKO6 7
C XTALKOGS
C READ AND PRINT INPUT DATA XTALKO69
c XTALKOTD
REAUCSel) TYPE OPTIONGNeEKsMUR,L XTALKO71
1 FURMAT(9X,I19218X912)93(5X,L10.32)) XTALKO72
IF(TYPF.GE.1.AND.TYPE.LE.3} GO TO 3 XTALKO73
WRITEL(6,2) XTALKO74
2 FORMAT{® STRUCTURE TYPE ERRUK®//* TYPE MUST FQUAL 1,2,0R 3¢///) XTALKOT7S
Lo TO 8¢ XTALKO76
3 IF(CPTIUNLEQ.11.UR.UPTIONLEGLI2) 60 TO 5 XTALKO7?
1F(OPTION.EV.21.0R.OPTIUN.EQ.22) GO TD S XTALKOTS
WRITE(6,4) XTALKO79
4 FORMAT{* LOAD STRUCTURE QPTIUN ERROP'//¢ OPTION MUST EOQUAL 11,12,2XTALKOSC
11,0R 22%7/7) XTALKOE1
60 Tu &2 XTALKOB2
5 WRITE(G ,6) NG TYPELLUPYION, L,y ERyMUR XTALKO83
o FURMAT(1H1,50X,*XTALK®/// XTALKOB&
145Xy 124" PARALLEL WIRES'/// XTALKOBS
243X, TYFE OF STRUCTURE= %,11/// XTALKOBS
241Xy * LOAD STRUCTURE UPTIUN= *,12/// XTALKOB7
439Xe* LINE LENGTH= ¢ ,1PE13.64°% METERS'/// XTALKO2S
532Xy * DIELECTRIC CONSTANT OUF THE MEDIUV= ¢,1PF10.2/7/ XTALKOBY
641Xy * RELATIVE PERMEARILITY OF THE MENTUM= *,1PE1C.3///) XTALKO90
GU TU (7915911),TYPF XTALKO91
7 KEAD(548) RWO XTALKO92
B8 FURMAT({5X,E10.3) XTALX093
WRITE(649) RWU XTALKOQG
9 FURMAT(® KEFERENCE CUNLUCTUK FUR LINF VOLTAGFS 1S A WIRE WITH RADIXTALKO9S
LUSS Y4 1PELI0.3y* MILSY///7) XTALKO96
RWUSRAQPCMTM XTALKO97
WR1TE16,10) xTaLKO9E
1u FUKMAT(® WIRE NUMBER®,4X,'WIRE RADIUS (MILS)*,18X, XTALKD99
1°2 COCCRDINATE (METEPS) ®yciXe'Y CUOQRDINATE (METERS)?®,//) XTALK100
GL TO 18 XTALK101
11 REAC(5,12) KS XTALK102
12 FORMAT{5Xst10.3) XTALK103
WRITE(6,13) Qs XTALK104
13 FURMAT(® REFERENCE CUNDUCTUR FOUR LINE VOLT2GFES IS A CYLINDRICAL OVXTALK10S5
1ERALL SMIELD wWITH INTERIOR KALLIUS= *1PF10.2,? METERS////7) XTALK106
R$2=R4%KS XTALK107
WhiTELlSy16) XTALK108
1+ FORMAT(' WIRE MUMBER*,2X,"WIRF RAGIUS (MILS)?, 2X,'SEPARATION BETWXTALKI1O9
1EEN WIRE AND CENTER UF SHIELD (METERS)I®*,6X,*ANCULAR COORDINATE (DEXTALK110
ZGKEES)Y//) XTALK111
O T 12 XTALK112
15 WRITE(6,16) XTALK113
16 FORMAT(® RFFEQENCE CONDUCTON FOR LINF VULTACES IS AN INFIN1TE GROUXTALKI1l4
INC PLANEY//77) XTALKI1S
wR1TE(6417) XTALKLYA
17 FURMATE® WIKE NUMBERYyaXy PWIKE KAUIUS (MILS)}*,18X, XTALX117
1VRUR PZUNTAL COORDINATE (MLTERS) S 316Xy *WIRF HFTIGHT (METERS)®,//) XTALK1lE
C XTALK119
C READ ANL PRINT LINE DIMENSIUNS AND COMPUTF THF CHARACTERISTIC XTALK120
C IMPEDANCE MATRIX, 2C (STORE ZL IN ARFAY 41} XTALK121
N XTALK122
=125~
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1o C=MUUZPI*CNEC*VEUSLRTIMUR/ER) i XTALK]23

DO 24 1=1,4N XTALK12¢4
READ(%41%) RWeloY XTALK12S
19 FUKMAT{3(5X,:1043)) XTALK126
WRITE(6920) 14RW,Z,Y XTALK127
20 FURMAT(ZX312913Xe1PEL10UL3427Xy1PEL1CL3,35X,1PF10,.3/) XTALK128
VI(I)=0NEC*Z XTALK129
VZ2(1)=0ONECaY XTALK130
RW=RW*CMTM XTALK131]
6O TO (21,22,22),TYPE XTALK13?2
21 DI2=21%Z+Y*Y XTALK123
MICI1)=C*DLOCIDIZ2/Z(RW*RKRO)) XTALK134
GD TU 2« : XTALK135
22 MI(143)=C*DLOG|THO®Y/RW) - XTALK13s
Gu TU 24 . XTALK137
23 MIU1 2 I)=C*DLUG((RS2-2*Z)/ (RS*KW)) - XTALK1238
24 CONT1NUE " XTALK139
IFINGEQLL) GO TO 2v XTALK140
K1=N=-1 XTALK141
DO 28 I=1,K1 XTALK142
K2=1+1 XTALK143
DO 28 J=K2,N XTALK 144
ZI1=DREAL(VILI}) XTALK145
ZJ=DREALI(V1(J)) XTALK146
YI=OREAL(V2(]I)) XTALK14T
YJI=DREAL(V2(J)) XTALK148
GU TO (254264271 ,TYPF XTALK149
25 D12=Z1*Z71+vlevY] XTALK150
CJ2=2J22J+Yi*Y) XTALK1S]
ID=21-24 XTALF 152
YD=Y1-YJ XTALK153
DIJ2=ZD*,D+YD*YD XTALK1S4
MILI ,J)=PS*CADLLGINIZ2*NJ2/IRWO#RWO*DIJ2)) XTALX155
MI1J,1)=M1(1,J) XTALK1Sn
60 TO 28 XTALK137?
26 21D=21-1J0 XTALK158
YU=YI-YJ XTALK159
DIJ2=ZD*ZD+Y =YD XTALK160
M1(Y4J)=PS*C*CLOGIUNE+FOURFYI*Y J3/0102) XTALK161
ML, 1)=%1(1,0) XTALK162
Gu TQ 28 XTALK163
27 THETA=(Y1~Yy)*r]I/UNELL XTaLx164
RI2=21%11 XTALK165
RJZ=ZJ%LJ XTALK166
MLI(L 430l 2P58CRUL0GI(02/RSL)IM(RIZHRJ2Z4RS2*RE2~TWNR7 [ JIRS2¥ XTALK167
1CCOSUTHETAI )/ (R IZORIZPRILFRU~TWOSZI*Z J*R J2HNCOS(THETAD D) XTALK168
Mi(JdsI)=M1CI,0) XTALK169
ct CONTLINUE XTALK170
[ XTALK171
C CUMPUTE Trne INVEKSEt ub Tri CRARACTERISTIC IMPENANCE MATRIX, ZCINV XTALX172
C {STURE £CINV IN AKKAY M2) XTALK173
c XTALK1T74
- <9 Ll 31 1=1,N XTALK175
DU 20 J=1,.M XTALK176
AlTy0)=M1(1,443) XTALK177
3u M2(1,Jd)=ZERUC XTALK17R
531 MZ2(1,41)=0ONEC xTALK179
' CALL LF.U"lC(A'NQNQMZ'N'NQOQNAQKE“) XTALKIBO
: KRER=KEcR-128 XTALK181
) < XTALK182
: C ReAD AND PRINT ENTKItS IN LUAD ADMITTANCES(1IMPENANCE) MATRICES XTALX183
~126-
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AND SHOKT CIRCUIT CURRENT SUURCE(UPEN CIRCUIT VOLTAGE SOURCE) XTALK134
VECTUKS (STORE ANMITTANCE (IMPEDANCE) MATRICFS AT X=0 JN ARRAY YO XTALKIBS
AND THOSE AT X=L IN AKRAY YiL. STURE SHORY CIRCUIT CURRENT SOURCE XTALKI1BG

(OPEN CIACULT VOLTAGE SOURCe) VECTORS AT X=0 IN ARRAY 10 ANO XTALK1E?
TAUSE AT X=L 1IN AKRAY 1lL.) XTALK]188
XTALK1B9

IF(OPTIONL LV 1.0KLOPTIUNLEU.12) GO TO 34 XTALK190
WRITE(6,432) : XTALK191

¢ FURMAT(//,18Xy *ADMITTANCE AT X=0%',10X,*'CURRENT SOURCE AT Xx=0?, XTALK192
112Xy "ADMITYIANCE AT X=L"+10X,"CURRENT SOURCF AT X=L'/) XTALK193

WR1TE(6+¢33) XTALK194
55 FURMAT(21X o *{SIEMENS) "923Xy *(AMPS) " 22X, *(SIEMENS) * 423Xy "{AMPS) */IXTALK195

cQ TG 37 XTALK196

34 WRITE(6,435) XTALK197
35 FURMATI(//4+18X, "IMPEDANCE AY X=0',11IX,'VOLTARGE SDURCE AT X=0°¢, XTALK198
112Xy YIMPEDANCE AT X=L*,11X,'VOLTAGE SOURCF AT Xz=L*/) XTALK]199
WRITE(6436) XTALK200

36 FORMATUIZ23X, " (CHMS) *3 23Xy Y(VULTS) "924X, *(OHMS) *,23X,*{VOLTS) */) XTALK201
37 WR1ITE(O,3L) XTALK202
3y FORMAT(' ENTRY ", 10X, "REAL Yy 11Xe"IMAGY ,1IX, REAL Y, 11Xy *"IMAG® 11X, XTALK203
1'RFALY)1IIX,PIMAG? 11X, "REALT,,11X,'IMAG*//) XTALK 204
00 41 1I=1,N XTALK205
READ{5+39) YURWUILIOU(I)YLR,YLIHZILLI) XTALXK206

29 FURMAT(B(E10.3)) XTALK207
YO(I»I)=YOR®XI¥YO1 XTALK20O8
YL{I,I)=YLRe+XJnYL] XTALK209
WRITE(6+40) 13143 Y0UI41)s10(1),YLUY41),ILLY) XTALK210

QU FUKMATUIIXy1292Xe12e915Xy1PELICL3)Y) XTALK211
«) LONTINUC XTALK212
1F(CPTIONL.EQW11.UOK.OPTIUNLEWLZ1l) GG TO 45 XTALK213
IFINJEQL]) GO TO &5 XTALK214

00 44 1=1,K1 XTALK215
K2=1+1 XTALK216

00 44 J=K2¢N XTALK217
READ(S5y42) YOR,YOI,YLR,sYLI XTALK218

«? FORMATI2(EL1043),20X,2(E£10.3)) XTALK219
YO{I 3 J)=YUR+XJISYO] XTALK220
YLEI o J)=YLR+XJI®YL] XTALK221
YO{deI)=YOU(I,J) XTALK222
YLEJed)=YL(Tu) XTALK222
WKITE(S943) 143dsYUUIsdlsYL{19J) XTALK224

w3 FORMATILIXgIe2Xy12:215Xy1PELU3)430X+?2(5X41PF10.2)) XTALK225
wi CONT INUE XTALKZZ6
XTALK 227

IF THEVENIN EQUIVALENT 1S SPECIF1EL, SwaP SNTRIES IN M1 AND M2, XTALKZ228

Ml WILL CUNTALIN ZCINV AND Mo wililL CONTAIN 2C. XTALKZ229
XTALK230

45 IF(OPTION.FQ.21.0ROPTIONL.Fwe22) GO TO 4° XTALK231
DL &7 I=1.N XTALK232

DU @6 J=1,N XTALX223
Al=v1(1,J) XTALK234
AL=MZ T4 J) XTALK235
Mi(l,Jd)=A2 XTALK 236
MI(JIy1)=A2 XTALK237
MsULlyu)=A1 XTALK2 38

“a MclJa11=a4l XTALK 229
7 1Ll )=~ILL]) XTALK 240
XTALK241

CUMPUTE THE MATRIX ZC+ZUL32CINV#20 FUR THF THEVENTN EQUIVALENT XTALK242

(JR ZCINVeYL®ZC2Yyu rOK Trt NORTUN FOUIVALENT,. STORE TN ARKAY M2. XTALKZ243
CuMPUTE ThE MATRIA ZCINV3Z0 FLRE THE THFVENIN FOQUIVALENT OR XTALKZ 44
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< 2C*YU FOR THE NORTUN EGUIVALENT. STORE IN ARPAY M1, XTALK24S
C CCMPUTE Tht VECTUR ZUL*ZCINV*VU FOR THE THEVENTIN EQUIVALENT OR XTALK246
C YL*ZC#*lu rOR THF NURTON EQUIVALENT. STORE IM ARRAY V2. XTALK247
c COMPUTE THE VECTUR ZCINV#VO FUK THE THEVENIN FQUIVALENT OR XTALK248
L 2C#*10 FGR THE NORTCN EQUIVALENT. STCRE IN ARPRAY VY, XTALKZ49
c ) XTALK250
b IF(UPTICN.EG.12.UROPTION.EG.22) GO TO 54 XTALK251

L8 50 1=1,N XTALK252
SUMN=ZERUC XTALK 253

DU 49 J=1,N XTALK254

«9 SUMO=SUMC+M1(1,J)*101J) XTALK256
S0 V1Itl)=SumMC XTALK257

DO 52 I=1,N XTALK258

DO S1 J=1,N - XTALK259

51 MZ(I2J)SYLUT 1 )%A(14J0)+¥Mo(14J) = XTALX 260

52 Vv2({I)=yYL{l,1}*vI(]) : XTALK261

LG 53 1=1,N - XTALK262

00 53 J=1,.N XTALK263

53 M1(l,4)=a(1,J) XTALK 264

GO TUL 62 XTALK 265

5« DG 57 I=14N XTALK 266
SUMO=ZEROC XTALKZ67

LU 56 J=1,N XTALK268

SUML =ZERCC XYALK269

V0 S5 K=1,N XTALK 270

55 SUML=SUML+M1(I,K)*YO{K,J) XTALK271
SUMu=SUMUTML (I ,0)*10(J) XTALK272

So A(IyJ)=5SUML XTALKZ73

7 Vi{I)=SUMU XTALK274

L0 60 I=1WN XTALK27S
LUMO=ZEROC XTALK276

0C 59 J=1l9h XTALK277
SuML=ZERUC XTALK278

LU 58 X=l¢N XTALK 279

58 SUML=SUML+YL(IKI%A(K,J) XTALK280
MZUL s J)=SSUML+M2(1,449) XTALK291

59 SUMO=SUMULYLI1 4J)*vV1(0) XTALXZ82

60 VvZ2{(1)=SUMuU XTALK283

DU 61 T=1,N XTALK2E4

U0 61 J=1,yN XTALK 285

6l MI(I,u)=A01,J) XTALKZ286

od SL=TWOURPI*LLQRT(MUrsEP )2LIY XTALK2E7
IF(KFReNEL1) KER=0 XTALKZ28E
WRITEtb,03) KER XTALK289

65 FURMAT(//4% CHARACTERISTIL IMPEDANCE MATRTIX TNVERSION E€RROP= 9,12 XTALK290
177) XTALK291

C XTALKZ292
CranssFREQUENCY UEPLNDENT CALCULATIUNSH SRR RN RRRRRAS RS43R4 42432 XTALK292
C XTALKZ 9«
64 CUNTINUE XTALK295
REALD ISt Dy END=ELZ) F XTALKZ296

ot FURMAT(t10.3) XTALK297
BEETAL=EL®F XTALK298

- US=DLINIRETAL) XTALK299
LC=LLUS(EETAL) XTALK3GO

d XTALK301
[ CCMPUTE TrE TERMINAL VOLTAGES XTALK302
C XTALK303
[ FCRM The EwUATIONS XTALK 204
C XTALK30S
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IF(OPTIONGEQ.12.0R.OPTIONL.EQ.LZ) GU TQ 6°F
DO 67 I=],N

PO 66 J=1eN

ALy JI=XJ*0S¥M2(]1,J)
A{L,1)=0C* (YOI, I)4YL(IsI))4ACL,1)
6(1)=DC*IUIT)+XUPLSEV2LT)+ILIL)

GG TOU 71

U0 7C I=i4N

DO 069 J=1,yN

T ALTeJISXIRDSEM2(14J)+DCHE{YULI4J)YLII,J))

-
<

3

T
75

To

TT

18

79

(1) =0C*[U(I)+XJ*US*Vv2{I)+IL(1)
SULVE THE EQUATIUNS

CALL LECGTIC(AWNyN,By1,NyOsWA,IER)

lJE&K=1tR-128

IF{IERNES]1) 1lER=0

WR1TE{o,72) F,I1ER

FORMAT(1H1,' FREQUENCY(HERTZ)= *,IPET].4,10X,*SOLUTION ERROR= *,
12x412777)

WRI1TE(6,73)

FURMAT(1OXy "WIRE®,8X, *VOM(VOLTS) *y3X,"VCA(NFGPFES)?,8X,
1*VLMUIVOLTS)? y3X¢ *VLAILEGREES)*///)

COMPUTE AND PRINT THE TERMINAL VOLTAGES

DO 75 1I=1,N
SUMO=2FRCC

LO T4 J=1l.N

SUMG=SUMULHMI (I ,J)*5(4)

WAGT I =XJI*GSR(SUMO-VItIII+0C*BL])

DC 81 I=1,N
IFIOPTICN.ED.11.0R.OPTIONLEW.L2) GC TN 76
vo=5811)

VL=WA(I)

GG TO 79

1IF(OPTIONGEG.12) GO TO 77
vO=10(1)-Y0({1,1)*8(])
VL==IL{1)+YL(1,I)*wA(])

GO 16 7¢y

SUMU=ZERGC

SUML=ZERDOC

DG T8& J=14N

SUMO=5UMQ+YOLtI WJ)*B(J)
SUML=SUML2YL(1,J)*WwA(J)

vOo=1011)=50U40

VL==1L{(1)+SuML

YOM=CDAES(VO}

vLM=CLCAAS{VL)

VOUR=UKEAL{VO)

VGI=UIMAG(VE)

VLR=DREAL (VL)

VLI=DIMAG(VL)
IF(VOURGEDZERD AN LVO0]aEQe2ERU Y VOF=CMF
IFIVLREQLZERDAND VLI cEweZERU) VLF=CNE
VOA=LATANZ (VO1 3 VORI *CNFEO/P]
VLA=0ATANZ (VLI VLR)*®UNEEO/PI

WKITE(H 60 1,VUMaVUAZVLM, VLA
FORMATIITX 912+ 8X9lPElue2sXelrEl10.3,10X,1PF10.3,3X,1PL1C.3/)

&1 CUONTYINUE
60 TU 6«
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XTALK306
XTALK307
XTALK308
XTALK309
XTALK310
XTALX311
XTALK312
XTALK313
XTALK314
XTALK31S
XTALK316
XTALK317
XTALK318
XTALK31l9
XTALK320
XTALK321
XTALK322
XTALK223
XTALK324
XTALK325
XTaLK326
XTALK327
XTALK32¢2
XTALK329
XTALK330
XTALK331
XTALK332
XTALK333
XTALK3Z24
XTALK33S
XTALK336
XTALK337
XTALKA38
XTALK239
XTALK34G
XTALK361
XTALK342
XTALK343
XTALK244
XTALK345
XTALK346
XTALK347
XTALK348
XTALK349
XTALK350
XTALK3S]

XTALK252
XTALK353
XTALK354
XTALK3SS
XTALK3SS
XTALK357
XTALK358
XTALK3S9
XTALK360
XTALK361

XTALKZ62

XTALK363
XTALK364
XTALK365
XTALK266




_ XTALK3647
P

62 i‘:lg XTALK368
o
i'.’-‘g:.
17\‘?%;?
A4 gl @
}
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TABLE A-1

Changes in XTALK to Convert
to Single Precision Arithmetic

2 Card 054

Number Double Single

6 REAL *8 REAL

7 COMPLEX *16 COMPLEX

50 3.141592653D0 3.1415926E0

30 2.997925D8 2.997925E8

062 change all D's to E's

63 DCMPLX(1.D0,0.D0) CMPLX(1.E0,0.E0)
164 DCMPLX (0.D0,0.D0) CMPLX (0.E0,0.E0)
)65 DCMPLX(0.D0,1.D0) CMPLX (0.E0,1.E0)
123 DSQRT SQRT
134 DLOG ALOG
136 DLOG ALOG
_38 DLOG ALOG
145 DREAL REAL
146 DREAL REAL
147 DREAL REAL
148 DREAL REAL
155 DLOG ALOG
161 DLOG ALOG
157 DLOG ALOG
168 DCOS Ccos
168 DCOS Ccos
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Card Number Double Single

287 DSQRT SQRT
299 DSIN SIN
300 DCOS cos
353 CDABS  CABS
354 CDABS CABS
355 DREAL REAL
356 DIMAG AIMAG
357 DREAL REAL
358 DIMAG AIMAG
361 DATAN2 ATAN2
362 DATAN2 ATAN2
Ty
: -132-




APPENDIX B

XTALK2

Program Listing
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E#***t.tt=#$t*p"‘.-tr‘.\#é*!-tvx‘t*!ﬁ‘*ttlaxﬁi#$#t¥*ti"#tﬁl#*ﬂ#tttttt\tt*t*ﬁtttttsaxY[L.((.nl
XTrHLwCO2
c QL (e YT, L'\: X"ALKC'\?
R (F RTRLL, TV, BAUT LT PRECISTON) : XTaLx 04
¢ mRITTEL LY XT8LKONE
C CLAYTO M me PL.OIL XTALKNOA
o Lop2GTIMTNT TR eLFATRICAL ENGINEERINA XTAL¥ OF 7T
o UYTydwSITY 7 wONTUCKY XTALYCAR
It:' _ L XINOTON, <T0THCLY L 80 ¢ . YTALY OO
XTaLvClIO
z A IRTTAL 7UHPUTLE PLCOAZM TR LOMPOUITT TRS TEIMINAL VELTAGES YTALKO11
¢ CAITH RELE CT Tf TeF REFERINCE CONPUCTIR) AT THE FAGS RF A Y TALKAT
c AULTIC NOUL TR T 25 € ]SSIMs LINE FMR TeE TEM MOGE NE XTALv 013
C PrIPLAG.TI ™, XTALK 014
< .- XTALKC1S
TTCTT T TS JTETTATET v £vETES, MULTTOO L0 TOS TRANSMTSE TN LINE T TXTALWCLA
C tOUATTEMY 2R PV, FOR STEADY »TATe, STHUSOIDAL XCITATIPHR YTALKOLT?
c SE O T LINY . XTALXKOTR
c XT2LKO10
c THE OLIWE CTNTIOTC R N WlRE S (CYLINLETCAL AOMPICTNES) END & XTALYC: O
. <EFENENRCGT (-l ne T=C &-FTRENCT LUMLULNTINR MAY 8T 5 WIePE XTALKC?1
TTTTTTTOATYPEEI),y EN TTUFTUITITT GRIOIr.I PLAME (TYPF=27), AR AN FVERALL XTaL<$22
C SYLINDRICAL SPIFLD (TYRE=D), XTALKOTA
< XTALMO 4
C Tre & oAlo0_ 0% afiumei T RL PAYALLTL TN TACH NTH:R AND THE XTaLXOZS
C SEFZTFICY TCONLLLCTIS o XTALYCZ6
ot XTAaL<C27
R T LY IT LN OTHT ST e 0T COLCuCTAR aAQT CCMEIREREL TN RE YTapLw(goe
C IMEEREECT (Y10 S 1t SzLF IMPEOANCES OF T ACH WIRE AMNN THF XTAL¥OZQ
C RESSe B I 000 0w INCL T SXIN ZFFE(T, xTaLwCc20
C XTeg~«0"]
C Te: LIVE TC [MF.8F L TN & LINFAR, JSOTRMPIC, AND HrMOAFNECUS XTALYC™2
c Moo T WIT= 2 9FLATIVE F-SMFRAIILITY ©F MR 28D 2 2=LATIVF XTALKC>2
T MYITLICTRYIL 9% T2 T "F %2 ThS MIDTUM TG AQQUMEN Tf rc |~ 8, xTaLxl2s
Cc XTALVC2E
c LOAD STRJUCTUSTE CRTION JFTIITICKNS: YTALKOA
C CRTIDNE e Tt VENTN T LUTIVALENT LOAD TR TURE S Wl Tt CIAGCINAL XTalL«027
C IVYPILANCE MALTZ ICSC XTeLxr2a
C TR TI =l e T VR T SuTTPALENT L An CT=YTTIRES WITr FULL xXTaLwc?o
v - TOIRDLTEINIEY M2TSTCES ) T YTRLKQ4O
C 27100 2 1ebmlrs TO0TvarFMT LOA, CTUMTIRES WITH NTAGIMAL XTALVO&]
c ATVITTAVCT HATRIC:E YTAL<CL?
C TETIMNE. L e NT TN G IVALENT LA STRLCTIIRCS WITh SULL XTaLwnal
c LLMITTENG T HATRAICTS XTALKQLA
C XYTALKCALS
TUCTT T OSHTEIUTINGT USTTr LTTTIC.TTACT TV TeL 046
C XTALVOLT
CAI 0232 80w ths R k2 3R XL 2K BARLINLRANEASRA IR AR RBR IR XKL Nkdkhhmpswsddk kb kot T2 <GP
C yTAva‘LQ
C ALL WESTIIC oG UETRICTS I THT OENLL/ LTINS ATMENMCICN CTATFMENTS YTLLNCSO
d SHE YLD BE- JF L1720 L eI IS Ter NUMEF. AF WYRFS(EYCLUSIVE NF YTeLxCel
C TreF SEFFAFYET AT NGCTE T Ve TaTes LS o7 (i) a7 LMY oY (M) o CT NG D XTALxCE2
c R T I N O W S B B L I S B N SN I S T B T TR YIeLeas?
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lelete Card 057
zard Number

059

061

065

065
066-068

070

071

072

140

142

163
169
170
170
190
348_
360
374
378

378

TABLE B-1

Changes in XTALK2 to Convert

to Single Precision Arithmetic

change all

Double

REAL *8

COMPLEX *16
3.141592653D0
2.997925D8

D's to
DCMPLX (0.D0,0.D0)
DCMPLX (1.D0,0.D0)
DCMPLX (0.D0,1.D0)
DLOG

DLOG

DLOG

DLOG

DLOG

DLOG

DCOS

DCOS

DREAL

DSQRT

DSQRT

DSQRT

DEXP

DEXP
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Single

REAL

COMPLEX
3.1415926E0
2.997925E8

E's

CMPLX (0.E0,0,ED)
CMPLX (1.E0,0.E0)
CMPLX(0.E0,1.EQ)
ALOG

ALOG

ALOG

ALOG

ALOG

ALOG

CoSs

CcOos

REAL

SQRT

SQRT

SQRT

EXP

EXP




Card Number Double Single

379 DEXP EXP
379 DEXP EXP
380 DSIN SIN
380 DSIN SIN
381 DCOS cos
432 CDSQRT CSQRT :
433 CDEXP CEXP
434 CDEXP CEXP
519 CDABS CABS
520 CDABS CABS
521 DREAL REAL
522 DIMAG AIMAG
593 DREAL REAL
524 DIMAG AIMAG
527 DATAN?2 ATAN2
528 DATAN?2 ATAN2
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ALlau) SOl oYL UL o) 200 U pJ)+YUIL q)*(0LY,1) FLATPZ4S
wl SLELLPYLUisJ)2Llud*rlusudtily) FLATP24¢

Alisldz=Allysdrr{lyl)/Znty) FLATPZ47

we bli)=llrLullyl)xio(Ll)saL 1) FLATFZ4E

. FLATPZ24Y
(. sLivt Thk ewuvaliulNG FLATPZSC
C FLATPZS]
CALL Let Tl lAglhgingligdsivevomiplk) FLATPZ25,
ler=ltR=-lct FLATP253
jF(ltFeNCcad) JLr=L FLATPZY4
whlltlEray) ol h FLATFPCES

Y FLFMAT (Nl rRewleNCYLRERILD)Z Pollell ae10X,,"SOLUTIUN cRROK= 'y FLATPZS0
leXkoder) FLATP257
whaTc (e s5u) FLATP25E

U FURMAT L10A s PWlre? X o " VUMIVULTIL) " 92Xy "VCAIDEGKREES) Pyt Xy . FLATP259
A'VLMUIVOLTIS)I Y yoay VL ALLELRERS) /27 T FLATP26U

C FLATP261
C LLMPUTE ANU PRANT e TerMINAL VOLLTAGES FLATPZ202
. . FLATP26Z
v e 121,04 FLATP 204
su=eehL FLATP26S

v 31 J=leN FLATPZ26e
FLATrZO7

51 SUSULYGlseui* (0]
e Wit E=0t1 3Pl I) i) el lipal® ) )+GIIN*P(],]1)%50 FLATP26¢

JHurPTllhetmoellovneiPTilivet v o2e) L Tit 56 FLATP2bY
ub ve 1=i409 FLATP27C
NMVEY SN YW FLATPZTI
LL=2ERUL FLATPZ7Z
[TV I FLATP273

FLATP2T74

LLaLl=Yuliyald®e (W)
5o SLESL*YL il gJd)*matd)

mnllold=lotl)ely FLATPZTS
Le PlIgll==]LtLl 200 FLATPZTT

Ul 5% 1=1eN FLATKF2TSE

FLATP:7S

Llid=Atlyea) FLATPZYY

Yo mall)=Flie 1) FLAYPZEL
S0 LU Y 1=1ei FLATP2EL
Lu=LEruL FLATPZEC
sealchut FLATP ES

Li. 91 uzlN FLATFZts
LeELUtliagdl)® (J) FLATPZEE

PY RSN W IV QI E LN S | rLATPZEtO
vLuzdu FLATP2LT
vi=utL FLATPCESL
yuM=LbLacLLlivu) FLATP2YY
viMz=LLaltve) FLATFZYL
Vir=UREALEVL ) FLATP2Y]
viizuvlrhaulvi) FLATP.Y:
VLREuhtbrai tVL) FLATPZYZ
Vii=LIMALLYL) FLATPZY4
IFtVuR et vadt hlioakueViletmaclRu) VUF =N FLATRZYS
Jr(viF etweltrleaNUeVLiacnolbhul) virz=(0N- FLATFP2S0
FLATFPLYGT

vuaz L nlalve lvula gyl R I FLIz cL/7b g
B viAzunlawa VUL aVLRI®COL LU/ P, FLATPcYE

T e ,20) 1oViMyeyVurme VLM, VLA FLATPZYY

53 FURMATIL X glesl Ryl Yuecyangir: AU._':(IX'IP"(..‘.JK.I"tlU-J/) FLATF GO
59 L flius FLATEZCG)
Lu TU =z FLATPIU,
ou STup FLATFZUD
FLATPZULS

Link
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Delete Card 048
Card Number

0.0

051

053

053

054

055

056

057

109

237
238
289
290
291
292
293 -
294
297

298

TABLE C-1

Changes in FLATPAK to Convert

to Single Precision Arithmetic

Double
REAL *8
COMPLEX *16
3.141592653D0
2.997925D8
change all D's to
DCMPLX (0.D0,0.D0)
DCMPLX (1.D0,0.D0)
DCMPLX (0.D0,1.D0)
DSQRT
DSQRT
DREAL
DCOS
DSIN
CDABS
CDABS
DREAL
DIMAG
DREAL
DIMAG
DATAN?2

DATAN2
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Single
REAL

COMPLEX
3.1415926E0
2.997925E8

E's

CMPLX (0.E0,0.E0)
CMPLX (1.E0,0.E0)
CMPLX(0.E0,1.E0)
SQRT

SQRT

REAL

cos

SIN

CABS

CABS

REAL

ATMAG

REAL

AIMAG

ATAN?2

ATAN2




APPENDIX D

FLATPAK2

Program Listing
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PRIRXRIFELIFNTICRRLIIFEILHIBIIRIFIINTIINEIZIILRERLRISANA NS NsF | ATPOO]
FLATPGO2
FPRUGRAM FLATPALK, FLATPOG3
trohTraN LV, LUULLE PRECISTION) . FLATPOCS
Whlll:ie BY FLATPOOS
LLAY VLN re PaUL FLATPLOS
LLrPARIMEL ur JLECTRKICAL ENGINFERING FLATPGOT
UNIVERLTITY GLF Kol OURY FLATPOUSB
LEXLNLTLN, ReNTulnY «ulbue FLATPGOY
FLATFOLU
- n IGITAL CuMPUTLER PruLkaM TU LLMPUTE ThFE TFCMINAL VULTAGLES FLATPOL1]
(wiTh RELPILT 1L IHE herentiste wah€) UF AN N+1 WIRE FLATPACK UK FLATPG12
- Rioolite LaBlLE FUR Tht "wuadbl-=1ctm®* MLULUE OF PROPAGATION. FLATPQ13
- FLATPOlg
- ThHe UISTRILLIEU PARAMETERy MULTICUNLUCTOR TRANSMISSIUN LINE FLATPO15
L EwUATLAUNG Ar bk Subvitd Fur SToabY LTATE, SINUSOIDAL EXCLTATIUN FLATPOlG
. Lr THE Lihca FLATPLLY
L FLATPOLS
“ THE te®vd WIREYS axkE ASSUMLL TU ot PahALLLL YO £ACH OTHER. FLATPGly
L FLATPGZU
- Trir N+l WIRES Art LONsivVEAEL TU e ITMPERFFCT CONDUCTURS. Tt SELF FLATPO21
C AAPEDLNLES UF tALH Wilke inblUuc SKIN SFFECT, FLATPOZ2
w FLATPG23
. Iht SURARUUNULING MeulAa Ake ALSUMEL TU BE LOSSLESS. FLATPG24
c FLATPO2S
v Trt PER~UNLIT-LENGTH CAPACEITANCES UF THE CACLF(WITH AND WITHOUTY FLATPG26
L Tt UiBLelTRAIL INSULATIUND PReSUNTD ARYE INPUT DATA ANu MAY BE FLATPOZT
. LombPUTte Wil Tk PrubnaM LETLAP . FLATPOZ28 |
. FLATPGZY |
(% teau STRUCTUME UPTIUIN JEFINLITIUNS:S FLATPO3U
[ LPEICN=1.0 3 Trie VENIN cnulvabeNT LLAD STRUCTURES WITH DIAGUNAL FLATrU31
L IMPLUANLE MaTRICL S FLATPGS2
L UPTLIUN= Lo Tneviieln twivValeT LUAG STRUCTURES WITH FULL rLATPOZS
- imPtcante MATRECED FLATPO
" ETIUN=2Y ¢ NinTuw cwtlivarcNl LLAL STRUCTURFS WITH Cl1AGUNAL FLATPO2S )
% aoMbiTAanee MAIRICLY FLATPO o !
- UPTIUN=cepire RTUN EQULIVALENT LUAULU STRUCTURFS WITH FULL FLATPU ST |
. AutITTANCE MABRACE Y FLATP . -4
. FLATPO™ 9
- LULRLUTEES JLtwd LEWTLICLeE JOCL FLATPO -0
- FLATPG-1 i
gt#:!"#’!stac'nt’t'!t'#!#n##tt'!‘&ltt’#t#'t#"""'#'t"'l‘.',#.*'tl\'l\'#'FLATPO.'..i
" FLATPOG S
- AL VEUTCRY wlNL MATRJULS IN THe FOLLOWING DIMENSION STATEMENTS FLATFGe4 :
[ Shuttbu ot Lr daZe N owhehe N 1S The NUMEER OF WIRESU{EACLUSLIVE UF FLATPO4S '
. IHe nzhrhReNLe WiRZ-)y 2ates ULingn)eCOINGNYGCIINGN) FLATPOLb '
- IO gl tivd e YO NS ) o YL U 4 ) s (N) AN GN) s PINNDI oENIN) yEP(N) y FLATPOGT ‘;
- Ni(N'l\‘,"4.l“.f“.Vl(N'yVL(I\""fl,N,11]‘N,N,.G‘N,.V.‘)‘N'lwﬂ(h' FLATPO4O i l
. Tt viLiLA AR MUST ol ub LD 161A NIN+1} FLATPQO [
. FLATPOS0 !
AMPLACLT rtal®*c (A=l =L) FLATPUSL !
Lideor Rk ur Taun FLATPOEZ {
b ¥ Lybtlocl vy cdalul o CdeVial 2),010L0 2, 2YeWKL 12 FLATPOUSS i
1w PieMuLtra FLATPOSA
wiMrL, X3l AdeduUMyL ".;UHL."..V,JL'UU.VL’ZE"('C'(‘NICQZ'EPP'tNN'GAM FLATPGES I'
Laaol deanl da¥Ul cyg cda¥Ll g CIeEL 219AL 2y 2)anat <hell Q) FLATPOSo e
CFU €9 ChaaPl Clgciil ChaMul oy CleMal Ly S)aVIE 22 evel <)y FLATPOST |
bl 2y ZhellU g 2)ediMLua FLATPuUSE il
CATA V1/ 0 einlnv20u00Q/ v/ i1t 9s800) FLATPUSY a
Chle LAV Cetmu=a/ 02t i dbaut/y TALZL 'O/ MUNERT L S0=1/40NE/ L DO/ FLATPOBO “
LoUL=P 2 el =i/ e ldnc =~/ 30w/ ar oDl el  Zo'NEPTS/LLISLC/ P15/ 2508/ FLATrUGL '
|
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FLATPOOZ

cPBlevlLsyulel LulZlouanu/
Vyz¢3y FLATPUG3
el L=0CMELAIO,u0,0..00) FLATPOOLS
UhneC-UEMPLALL JLiugCeiiv ) FLATPOGS
AJ3uLMPLA(VeLugietl]) FLATPuUbS
L FLATPUOT
CEREr e b ULINCY INTUSPENUENT CALLULAT fUNL S22 X3 303 XPRXR AR5 2R AX 2R RS8R ATPOLYH
(W FLATPOGLY
[N Rz ALY ANU PadNT INPLE trala FLATPOTC0
< FLATPOT1
At AUlL el ) NeUPTIGNWL FLATPUTZ
L rurd4aTlliXelartAeilgecilac) FLATPGT:
FUuPTlUNGEV el a0/ eIPT [UNGEVLC) LO 10D 2 FLATPOT74
cFlePTIiNatvell ol dLPTiUNGLCOZZ) GL TU 2 ’ FLATHOTS
nra T tbee) FLATPC 7o
o TURMATEY LLAD STRULTUKRE GFTAUN cREKCRY//7T OPTION YUST cwUAL 11,12,2FLATPUTT
Jhorms i //7) FLATPOULTL
Wt e ez FLATFCOTY
o NeSee ) FLATPORBUY
wallt loes) NrolLosuPTioh rFLATPOUIL
@ FLRYAT (S 1L enYR e 'rLalruR2 s/ FLATPUEL
lezAeler? Phanallol wantdY/// FLATPOS2
covAag ‘LINE Loz Py db 13amy? Neler St2/7/ FLATPCEG
SwcAp "LUAL STEULILFY urbluN= Yy ic//7) FLATPOLY
. FLATPUEO
. Neab dNTRaES I Thir Poo=ULingl=LoNGLTH THANSMISSICN L INE FLAYPOB?
[« Laklttalaldle MaTstXol (LMPUILL Wil GETCAR) FLATPUES
- (olore L N ARRAY L) . FLATPULEY
[% FLATPOSO
i U I=d N FLATPOY:
U 0 uTheN FLATFOYZ
realb- (i es) NeMaLiRoM) FLATPOSS
LobinmallwAs il g XelerdXezlaed FLATPUY&
O LM R )IELIn e ) FLATPU9S
- FLATPOYS
. e INTRLLS IN A Pr==uNai=LtRUT TRANSMISSION LING FLATPOLOT
" LaP-tiTNte MAThaA wily Yne wmine ANLULATIUONSG SEMNVEL,L0 (COMPUTED FLATPOU9S
“ wilit GETCAK) FLATPUYY
- tLlors Lo I ARKAY L) FLATP1OLG
L FLATPL0G1
Uu < 131,4N FLATPLIGL
wd L JFLlgew FLATPLUS
rersloeT) KeMaLO(X M) FLATP 10~
I rurrntl=AglcsdAeicecAezl_ea) FLATPL105
CEENYIE IS W EAW § Y ] FLATPlue
L FLATPLlUY
- wueMPUTE Tl Poa—UilT~LihGTn TRANSMISSTON LTINS INTUCTANCE MATKIXLsFLATPLICGH
L ANe It aledtkRLe Ur At LabAavabaNLr MATETX,C] FLATPICO
.. (oTube v il AamAaY Tk o ouet L IN ARRAY CO) FLATPL110
L FLATP111
Lue iG 12190 FLATPL1.
FTREE N o S FLAT®#11%
Tlieudactiqgul*tiNel FLATPL114
A-(‘lyd'-;l.n‘A'J.‘\J‘h L fLArpl‘LD
Tilaeuwd=2erul FLATP11le
v Pllsal=irLL FLATPL17
bitdgi b=t l FLATPIL1E
YO T N P W FLATPLYY
wrbh LrwtsLtmeliaolgteg ' guemnoha n) FLATPIZO
vl Lturlb(" -.f\.TL.-’..'-.O.m..f.:r\) rLaterl2l
FLATPLL2

Rer=Ken~1cg&
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LeH=NER—-LcD FLATP123

(e r aNtea) ReR=0 FLATP124
abiNena st o) NeR=u FLATP12S
nhaTeElbell) RER FLATPlZ206
wrnalTcelopsldl) MR FLATP127
1] FURM AT/ Pon=UNLIT—~LENGTH CAPALLTANCT MATRIX INVERSIUN ERHOKk= PL,FLATPL1Z2SE
11e/7) FLATP129
LU Jo I=1eN FLATP130
wd 12 JTieM FLATP131
CAlE o J)=UREAL LTI U ) FLATP132
le LUl gud3UunREALIPLLISJ)I/ZVY FLATP133
L FLATP1zZS
" tr Al aNL PRindl Lhahactek1bTaLt uk THE WIRFS TO BF USED IN THE SELFFLATP13S
C bbe LANCE LAaLLULLALRUNS FLATP136
- FLATPLI3T
NREAU LI D913 ) GWS5106eNL FLATP13y
1o rurAaTlotosAsLlbasdebArld) FLATP139
whifi toedu) rmoedlUughd FLATP140
Lo FURMAT(///77% miked ahe STRANDTX O wlTn EACH STRAND UF KADIUS= *, FLATP1Z]
FiPEsvaae® MILLY//Y CUDUCTIVRTY UF WIKE STRANDS= 0, FLATP142
CiFEl1Ueay® SEIEMENS Pek MLTER'//Z7' NUMBER (OF STRANDS= ,12//7/77) FLATP 143
eALSANYECMTH FLATP 144
L FLATP14S
[ Rt AL mlil PRANT oiNlRItLs L0 LUAL ALMITTANCF{IMPEDANCE) MATRICES FLATPl46
- AND  LiURT LanlULT CURKKeNT SuUntcec lukFEN CTRCUIT VOLTAGE SUUKCE) FLATP147
L VelTune FLATP14b i
. 20Uy mUMTTTANCECIMPEOANCE ) MATRICES AT X=0 IN ARRAY YU ANOD FLATP 149 I
. Ttwde AT X=L IN ArnAY YUL. SHUrE SHURT CIPCUIT CURTENT SUUKCE FLATP150 )
C tedene CIFCUIT VutTave SLURCL) vELTUKRS AT X=U0 IN AFPAY 10 ANUD FLATP1S1
L Taudz Al X=L LN ArKRAY 1L,) FLATP1S,
o FLATP1S53
JFLIPTI G Net L eadelUReuPTUte e asc) LU T 17 FLATPL1 54
Arilztecelu) FLATP1SS
1% rUrMAT (/715K PALMATTANLE AT A=0%410X, YCURRENT SQURCH AT X=07, FLATP1Se
LicAe *AUMLT vl AT AL ®sluAastLunkheNT SUUFCE AT X=L %) FLATPLS
wrllTclogand FLATP15S8
16 rUCRAATIC A " (LIe MENS Y e o Ko "LARMP S Y 3 22X "ISTEMENS )" 422X, Y LAMPS ) Y/ )FLATPLSY !
e Tu <l FLATrio00
17 melactagltd FLATP161
st FUEMATE/ZZ9lc Ay "IMPEUANCE Al ASD?,11X,'VOLTAGY t0URCE AT X=0°, FLATPloz
LlaAe *IMPELACE Al A=L"1lXy*VulLlabL! LOURCF AT X=L%/) FLAT?163
ARLTLLO9LY) FLATP 164
1y FURMAT IO X s LRSI s Lo X P IVULT L) Py 9Xy "IOHMS ) 7 422X, Y {VOLT L) /) FLATPl6S
«v mwllileygcld FLATPlbs
)t FURMARTUY L dFRY Y 1R e " REAL T y 1AV IMAL S, TIXy'2C ALY, 11Xy "IMAGT 11X, FLATPl67
LAt ®y 1 Xe®IMAG el A 'RLALY Y1 EXyIMAGLY//) FLATP1lo&
LU o 1=1l FLATPlbY
Reab UL gas) 'U'~'YU"‘L'(‘,'YL’\'YL"IL(!) FLATPY TV
e tundalloitivasy)) FLATP171
YullgllaYURvausYul FLATPL?,
YLUL g2 dEYLFR+AJRYL ] FLATPL17,
wr i Tt loedzd LeseYOUlasddoaUladsvillaldILIY) FLATP 17
co FLrATliXsscocAslapatlingarraivaesll) FLATP175
e Lund Bl FLATPL1 70
pFlePiluliatwellobhaubPilUNet eel ) LU Tue 2B FLATP177
frtivatWeli) Lo M o FLATP YT
AL ete=L FLATPL1 7Y
OU £ L=1gR1 FLATVP1IBU
Kezded FLATP1B1
Cw of Jd=hdwis FLATPlLe
rAutoeln) Yor.sYule¥0LrgpYLL FLATP16:
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/
¢2 FURMATI I Juaa)guXycttluec )] FLATPl84
YOUleud<YOihetXJdrYU]) FLATP16S
YLl sad=¥LrrauxY L, FLATP18b
Y\MJ.I):Yull,J) FLATP1&7
FLATP188

Yelusi)=YL(1yu)
Welle(oget) 2oJdeYULIZu)eYLUL,4) FLATP189
o FURMAT( K9l 9cXela 92 5X9iPELUe3) 95uXe2(5X,1PE10.3)) FLATPLl9U
FLATP1YI

StovunT phUl
FLATP192

"
L WuPPLIT alilr STUke THE MATRILEYL wML VECTUPS C*70, C¥ZLy C*V0O,y C*¥VL FLATPLY93
% FUR It TeEVeNIN cwUIVALENT uRh YL*C1NV, YL*CINV, IO, iL FCR Tht FLATP1Y4
- NURTUN EVCULVALINT 2 ARRAYD Mi oMoy VieVZy RESPECTIVELY FLATP19%
L FLATP 1Yo
¢t LelUuPTicNeswell) Gu Tu 29 T FLATP197
irfuPlavivetdedc) vu Tu 3¢ FLATP198
1F{JPTluhezwaecl) Gu TL so FLATP1YY
sr{uPTlimetwecc) WL TL 39 FLATP20O

e LU sl 1=344N ) FLATP201
Sus/lisUL FLATP2GZ2
LL=2ur0L FLATP203

U U J=1eN FLATPZOS

MUA(I gud=Lliva)2Yilu,y,4) FLATP205
Moligul=Clleut®Llyyu) FLATPZ2Co
SuzturLilJditlutdl FLATP2G7

Su SL=at+C i) *1L L) FLATP20S8
vitid=uu FLATP2CY

21 Votla=SL FLATP210
b Tu =2 FLATPZL]

22 wu 35 1zieN FLATrZ1Z
SU=LenlC . FLATPZ21s
‘sL=Z1kuL FLATP21:

Lu 2o J=19N FLATP215
SUMUL=LERUC FLATP21o
SuML=2ERGC FLATP217

WU 335 K=l4N FLATP21E
LSUMOFSUMULCLL G R)XYOIK L J) FLATP219

35 LUML=SUMLeL(1.K)=®YLIK, J)} FLATP220
DUSSUPL L ed ) ¥ Lt J) FLATPZ22]
SLELLACLLra2*1L L) - FLATP22¢

Mall gu)=dUML FLATP22Z

2% Mcllyud=SumL FLATP224
vi(i )= FLATP225

325 vela b=t FLATP22¢6
ol Tu & FLATP227

50 L ac¢ 1zl FLATP2:zE

uu 37T J=agN FLATP2Z2Y

LY o JI=Y0ta a2l L] 4J) FLATP230

S Mol g0 ) =YL L2 )2CL0]4u) FLATP231
vig) =4t l} FLATP232

3c vala)=kL (i) FLATP233

oL To 4o . FLATP234

_ a7 Ly we l=iN FLATP235
Ly @l J=ieh FLATP250

SUML =LCHOL FLATP25/
LumL=gbnt L FLATP23Y

Ly U K=1ie FLATP2Z9

LUML =dUAL+YL liend®lilned) FLATP240

@0 SUAL-LUMLTYL 29K )*(T (R pd) FLATPZ241
Miliosu)-5LMy FLATP24.2

“) ALl pudEouML FLATP243
FLATP24«

Vitai=iuvl})
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we VoI DzILLY) FLATP 245
43 LONT sNU FLATP246

" FLATP247
[ CuMPUTE It MATRIX C*L ANU LTurt IN ARRAY CO. COMPUTE Tht SUMS FLATPZ2ab
[ ub cLeMehll kv EACH KW Lr L ANL STURE LN ARRAY v2, FLATP249
C FLATP250
LU w6 1=1 4N FLATP251
LzlLiuy FLATP252

DL wS JE1oN FLATP253
Lo=dltell FLATP254

L ses KTLHN FLATFZ255

e L5=55+ClasR)*LCIRyU) FLATP2S6
Plleud=5S®UNIL FLATP257

“, ax3+Ctbeul FLATP258
wo volil=s FLATP259

wls =T [21eN FLATP260

Lu =1 J=1eN FLATP261

a7 Lol ydl=lntatibF(ledl)) FLATP2bZ

L FLATP2o3
L5333 e rnwUENLY e PENUENT CALCULATJUNL PR 2330320002 402X 88000028 x8F L ATP 264
L FLATP265
aoe LunT it FLATPR2bO
Read {Semygia=ti) F FLATP 267

a7 FLaMAEr 10.0) FLATP268
it bz THCe [ ¥ FLATP269

GUME GAZ AL FUHREGA FLATP2VG

L FLATPZ2T1
o ComrUll TRt ALlrl SiLF IMPELARLLS FLATP2TZ
FLATP272

Li.C=MUuoPl i FLATP274

LT ASUNC /U Iw P lSuSTk i (SausreuLabl)) FLATPZTS
ALEChae A Parlaib R anLFady) FLATPZ 7o
Irtewoal. ettt Tad vu Tu S0 FLATP2TT
ar{hmoebrt e ltHrnzce®GulTnl L L 21 FLATPZTS

L=V Lo ONL/ Lt LT A IR LL )P r i 2 JUMILAS( INTFPIS-PYICSRWS/LELTA)N=LDCI/NSFLATP (79

[CYOR NV P2 FLATP2BO

Su Za{uLr oL MEGATLUL I/ NS FLATP2EL

ul. T 2e FLATRR282

L L+=ArsFhALr UC/ut L lavdi st La®tinusut LT AXLDC/FWS ) /NS FLATPZC 3

o FLATPZE4
. LodbUle The tioctivarLut o s Toe RLGENVFOTORS OF The PRULUCT YZ FLATPZES
- (Llars The cavesNvecTury ws cLLUMnG UF ARRAY T aANC THE tlGENVALUES FLATP2bo
. 1ie mt T AY L) FLATPZGT
(W FLATP28E
ve wileIL Mt OAFLMtL. FLATPZB8Y
SR Y 1) FLATP 9L

o Y J—d e FLATP2VL

o o mtlyvlzucMeoatl s tvalileltl gu)di=-uMealu(l,4J) FLATP29¢
Calb TIutClar vy Nygco ol gMNymRgle w) FLATP29S
Lor=brr~lct FLATP 294
trtberellal) b=y FLATPZOS

o - FLATPZ9S
. cuMbule Tho uwVekie ot Tre TradsFur¥ATIUN YATRYIX, 1 FLAYPZ9T
- tubore Toe 10V erS: il aRhaY 11 FLATPZ9Y
o FLATP 99
Lo DY ATaele FLATP 30U

v e JTae FLATP301
Alasdi=ilieg)d FLATPLLZ

e balaedl-arcb FLATP 3OS

v tatiydlelibl FLATP 304
Cibl tinliilmeagtoll gyt gNgommy 12~} FLATPZUS
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FLATP306

Mchz=Mrh=-lat

iF(Mr ettt el) Men=vu FLATPAOY

L ' FLATP2(GS
- LLMPLIt Tk TERMINAL VULTALLY FLATP30Y -
. FLATP31U
. ruhM Tt cwUATIUNS FLATP21]
< FLATP31ly¢
Lu L5 l=xeN FLATP313

LLEZ LAt FLATP3]l4
SL=2th U FLATP31%

UU 91 J=1,4N FLATF3lo
SUML=ZtrLL FLATPA1Y
LimL=lenbl FLATPZ1b

Lu 26 K=l48 - FLATK31Y
tuMussuduerta (] oK1 2T (K g4) FLATP3cO

S0 SUML ESLAL T LaAI»T (R, ) FLATP3Z2I
susSurtTi(aeud¥vliog FLATKR32Z
LLESL+TL(L0)®v21Y) FLATP323
Allpud=sUnv FLATP 224

51 Pilgul=olmL FLATP3cS
1uti )=Su FLATP2206
stlid=ctL FLATF327
IrtuFiluheiVeileURneuPT 10N wal ) ILET)==TLI(T) FLATPS2E
oaM=CLLLlwr Tl l)) FLATP 4.y
LPP=CucAPLGAMYL ) ¥y FLATPZ20C

ceNN=C L AP (G AMSL ) 2> FLATP331

tPAL b=ckPrenN FLATP23,
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FLATP367
FLATP368
FLATP 369
FLATP370
FLATP3T71
FLATP372
FLATP373
FLATP3 T4
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FLATP3 76
FLATP3T7
FLATP378
FLATP3T7Y
FLATP380
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FLATP382
FLATP383
FLATP3EL
FLATP2ES
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Delete Card 051

Card Number
053
055
059
059

060-062
064
065
066
132
133
262
275
329
330
331
415
41§
417-
418
419

420

|- NS B V) S oA SO S

TABLE D-1

Changes in FLATPAK2 to Convert

to Single Precision Arithmetic

change all

Double

REAL *8

COMPLEX *16
3.141592653D0
2.997925D8

D's to
DCMPLX (0.D0,0.D0)
DCMPLX (1.D0,0.D0)
DCMPLX(0.D0,1.D0)
DREAL

DREAL

DREAL

DSQRT

CDSQRT

CDEXP

CDEXP

CDABS

CDABS

DREAL

DIMAG

DREAL

DIMAG
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Single
REAL

COMPLEX
3.1415926E0 -
2.997925E8

E's

CMPLX (0.EO0,0.E0)
CMPLX (1.E0,0.EQ)
CMPLX (0.EO0,1.E0)
REAL

REAL

REAL

SQRT

CSQRT

CEXP

CEXP

CABS

CABS

REAL

AIMAG

REAL

ATIMAG




ozl

Card Number

423

424

Double

DATANZ

DATAN2
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Single
ATAN2

ATAN2




APPENDIX E

NROOT

Subyoutine Listing
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Card Number

002

003

016

016

TABLE E-1

Changes in NROOT to Convert

to Single Precision Arithmetic

Double
REAL *8

change all D's to
DSQRT

DABS
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Single
REAL

SQRT

ABS
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EIGEN

Subroutine Listing
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EIGLNULL2
EIGENUL3
EIGZNUGL
E1GENCOLS
EIGENUGD
E1GINGOT
ElGENUOE
El6eNGoY
tIGENOTQ
EIGENCT]
E1GENGTZ
EIGENUTA
EIGENCT &
tlGENCGTS
FIGENOTS
“t JGENCGTT
ElLENUTE
EiGENVLTY
EIGENOBO
EIGENOE]L
t IGENCEZ
EIGENOQE]
tIGeNULa
r1GENUSBS
e 1IGENGED
EIGENGLET
£1GENOEL
ElLeNOEY
el NULYU
f16-NG9Y)
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EIGLNUG4
Elu MO9S
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TABLE F-1

Changes in EIGEN to Convert

to Single Precision Arithmetic

Card Number Double Single

002 REAL *8 REAL

004 change all D's to E's

005 1.0D-12 1.0E-6

024 DSQRT SQRT

024 DSQRT SQRT

034 DABS ABS

039 DSQRT SQRT

042 DSQRT SQRT

042 DSQRT SQRT

044 DSQRT SQRT
]
1
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