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ABSTRACT

METHOD OF MOMENTS CAPACITANCE MODEL
FOR MULTICONDUCTOR SYSTEMS

WILLIAM T. PHILLIPS, JR.

YOUNGSTOWN STATE UNIVERSITY, 1589

Industry would like an analytical model that can predict various
electrical parameters to characterize the performance of their
components rather than building prototypes and testing. Of importance
are parameters such as capacitive loading effects, inductance, delay |
characteristics, characteristic impedance, signal bandwidth and
distortion, system stability, radiated emissions, passive filtering,
and crosstalk (electromagnetic coupling). These parameters need to
be evaluated for various geometries such as multiconductor ribbon
cables, wire bundles, coax cables, shielded wire bundles, twisted
pairs, and wire bundles over a ground plane. Also of importance is
how to handle all of the above conditions with discontinuities in
geometry.

The primary objective of this discussion is to develop a
mathematical model which will determine the capacitance of various
multiconductor systems, the model being a FORTRAN program. It
can be shown that once the capacitance is known all other parameters
can be obtained.

The capacitance model developed in this document uses a



Fourier series approximation for the charge density on the conductor ;
and dielectric surface. Using the charge density described above a
near field potential function is developed for cylindrical conductors.
The potential function is descritized and place in matrix form using
the "method of moments", which was first introduced by R. F.
Harrington.

When the wires are coated with a dielectric it is necessary to
determine the electric field intensity. The electric field intensity is
needed to completely specify or determine all the unknown charge
densities on the conductor and dielectric surfaces. This is
accomplished by using the potential function developed above and using
Laplace’s equation.

The capacitance matrix models which are presented in this
document include dielectric coated multiconductor ribbon cables,
dielectric coated multiconductor wire bundles with different radii
and permittivities, shielded multiconductor wire bundles, multi-
conductor coax cables, and dielectric coated multiconductor wire
bundles over a ground plane.

This report contains a discussion of the theory for the
determination of the capacitance for the various configurations
discussed above as well as some of the anomalies associated with
various models and the FORTRAN program itself. Wherever possible,
. comparison of the capacitance model using the method of moments is
made to that of the closed form solution, specifically, that of an
uncoated (bare) 2-wire system, coax cable, shielded wire, and one
bare wire over a ground plane. When discussing the capacitance of
dielectric coated wires and those over a ground plane, the model is
compared with results that are obtained from testing.
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CHAPTER 1
INTRODUCTION

The capacitance of cylindrical conductors with or without
dielectric coating is one of the principal parameters to be determined
when calculating the electromagnetic coupling (crosstalk) of muiti-
conductor systems. Few attempts have been made to predict the
capacitance of multiconductor systems which contain cylindrical
conductors. The capacitance for a bare 2-wire system is well
documented but little effort has gone into determining the capacitance
of dielectric coated multiconductor systems. One attempt by Higgins
and Black uses the concepts of Maxwell’s "method of subareas".” In
this procedure the cylindrical conductor is subdivided into an n-sided
polygon which is infinitely long and each side is assumed to have an
unknown constant charge density of @;. A set of matrix equations is
formed to determine the charge density from the known potential
boundary conditions. Once the charge density is determined, the
capacitance is approximated from the area under the charge density
curve. This procedure, however, has the drawback that it requires a
large number of sides of the polygon to get a capacitance value which
is only accurate to one significant digit. Mathematically this
procedure will give a capacitance value but for large multiconductor
systems is impractical.

Another attempt was to eliminate the error due to the polygon
approximation. This was done by subdividing the cross-sectional area
of the conductor into circular pie sections where the surface was
continuous from one subsection to another.? This procedure also ran
into difficulties since the integrals had to be approximated by
fumerical integration. Again, comparing the capacitance value found
By this procedure to that of the closed form solution for a bare 2-wire



system showed that it required a large number of subsections to
approximate the capacitance to one significant digit.

Another attempt by Clayton Paul, as suggested by Arlon Adams,
was to use a Fourier series approximation for the charge density and
then apply this approximation using the "method of moments" to
calculate the capacitance. The "method of moments" was first used to
calculate electromagnetic problems by R. F. Har~r~ingt_on.3’4

The method of moments is used to express a function as a
matrix from which available matrix techniques can be employed to
solve for the unknown quantities, namely the charge densities o’s.
Clayton Paul demonstrated that this technique gave extremely good
results when using a small number of terms of the Fourier series.
This application, however, was only used to determine the capacitance
of dielectric coated multiconductor ribbon cables where the solid
conductors had the same conductor and dielectric radii as well as
the same relative permittivity for all wires.

The procedure which Clayton Paul used is also the one which is
used to calculate the capacitance in this document. The procedure is
extended to calculate the capactance of not only ribbon cables but
multiconductor wire bundles with conductors having different radii
and dielectrics having different permittivities. This procedure is
also used to determine the capacitance of a multiconductor coaxial
cables, shielded dielectric coated multiconductor wire bundles and
multiconductor wire bundles over a ground plane.

Once the parasitic shunt capacitance is determined, other
important parameters can be calculated such as inductance and
characteristic impedance. Also a multitude of questions can be
answered such as the effect capacitance has on signal bandwidth, delay
characteristics of transmission lines, stability, radiated emissions,

ro



-
and electromagnetic coupling (crosstalk). The determination of the )
capacitance matrix is easily understood using an example. This
example is illustrated in Arlon Adam’s book and is reproduced here to
show the basic procedure. . The example is a parallel plate capacitor
as shown in figure 1.1.

2o} | 4
Ll SN\ /7
% e (ot ecipt v ST

-1 voit

FIG. 1.1 PARALLEL PLATE CAPACITOR .
First the plates are broken into 2n subsectional areas (n sub-
sections for each plate) where S1 is the total surface area of plate one

and S, is the total surface area of plate two. The surface areas are
subdivided as follows

Sles1+As,2+A53+...+Asn eq.(1.1)
SZ=Asn+1+Asn+2+Aer_3+...+A32neq. (1.2)

Where the total surface area S is given as follows
S=5,+5, eg.(1.3)

Now the potential function which describes the system is given by the



following

1 a(r’) ds’
dme,

EE - eq.(1.4)

where o(r’) is the surface charge density, r is the positional field
vector, r’ is the positicnal source vector from an arbitrary reference
point, €, is the permittivity of air, and the integration is carried over
the total surface area of the source which is indicated by (*). Next
the potential is set to a positive 1 volt on the upper plane and a
negative 1 volt on the lower plate. It is assumed that the potential is
constant over each subsection and each subsectional area has unit area.
The potential v; at the center of a typical subsection is given by

3 ag(r’) ds’
4me,

eq.(1.5)
TAEE o
i

where the center of a typical subsection has coordinates (x.l,yi,zi) and
is located by the position vector ry- The variables in eq.(1.5) are
described below " " A

MoEX Xty y tzz

e s + y’ )/ +2z'z

ds’ = dx’dy’
\/ 2 2 b4
Ir'i-r-’|= V (x<) + (y;y) + (g2)

A typical subsectional area Asj in which the charge density is
integrated over is shown in figure 1.2.




FIG. 1.2 SUBSECTIONAL AREA
The total potential of the i-th subsection due to the j-th unit surface
charge density from each of the 2n subsections is given below

2 1 ds’
o jgi Uj 4me,

: eg.(1.6)
Il"i -r '

¢ J ’
-~

Di_j

where D, ; is a dummy variable used to discretize the function so that it

can place in matrix form, thus the potential function can be written as
follows

v, —ZDIJ !

where Do, represents the potential at a point i due to a source on
subsection j and i=1,2,3,...,2n. The system has 2n equations with 2n

unknowns, thus the equation above can be place in matrix form as
follows

eq.(1.7)



-Di,i D1,2 ceee Di,(zn) A Gi S -Vi ] -+1-

Dine1),1 Pt t),2 = Bintt), 2n) | [Tt | |Veat| |71

D+2),1 Pn+2),2 = Pint2), 2n) 2| [Yme2| |71

Diom.1 Pizm,2 - Pz, 2n) “2n | |"2n L'i

or eq.(1.8)
[DIla]=1[v] eq.(1.9)

Solving the above matrix equation for the surface charge density, the
matrix equation becomes

[¢]=[D] [v] eq.(1.10)
Since it was assumed that each subsection is of unit area the charge

on one plate, say the upper plate, is given by

q=2> . eq.(1.11)

From the definition of capacitance which is the ratio of charge on one plate

to the potential difference of the plates, the capacitance is obtained as
follows

c = =% >0, eq.(1.12)

where v, = 1 volt , Vo =-1 volt, and @ § 7P coulombs/unit area

It should be roted that vy and v, are the voltages over the surface
of plates one and two respectively and the voltages shown in eq.(1.8)
are the same voltages only at discrete points.
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CHAPTER 2

APPLICATION OF THE METHOD OF MOMENTS IN
CETERMINING THE POTENTIAL IN FREE SPACE
FROM A CHARGE ON A CYLINDRICAL CONDUCTOR

P(r,6)

infinitesimally
thin line

to infinity

FIG 2.1 CYLINDRICAL CONDUCTOR WITH MATCHPOINTS
Before developing the model for the capacitance, it is necessary
to determine the near field potential function due to a Fourier series
approximation of the charge around a single cylindrical conductor
as based on Clayton Paul’s work. 2
Recall the potential from an infinitely long, infinitesimally thin
wire

¢(r,0) - ¢(ro,0) =

where r is the distance to a field point in space from a source and r

T A In(r/ro) eq.(2.1)

is the distance from an arbitrary reference point in space.s It can be
shown that if the total charge of a system is zero and the reference
point is at infinity the potential can be expressed without the reference
Vector ry as shown in appendix A. Thus the potential from an
infinitesimally thin wire is expressed as

¢(rae) =L -

Zwreox In(|r - r*|/1 meter) eq. (2.2)

Where |r - r*| is the distance from the field point given by the
- Positional vector r and the source point given by the positional vector
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r’. Using the law of cosines, the distance between the source point

and the potential point can be expressed as
2 2
-] = 0+ -2rrcos(B N eq. (2.3)
Substituting eq. (2.3) into eg.(2.2), the equation for the potential

becomes , ,
B B,0) = - - —AIn( + 1 - 2recos(g, - o) ? eq. (2.4)

Using the property of logarithms the potential function canbe

expressed as

¢(rar,,8c3s) et

2 2
- Alnlr +r’ - 2rricos(B, - 6)) eq. (2.5)

If an infinite number of infinitesimally thin line charges are place
around the conductor surface, the charge becomes a surface charge.
Thus summing all A_'s, the potential function can be expressed as

follows

- 2 2
B B8 =- e 3 A(Inle + 7 2rrcos(g - 0)

eq. (2.6)
The infinite number of line charges is now replaced by the surface
charge o. Since these line charges are infinitely long, the surface
area would be infinite so the integration will be done on a per unit

length bases. This reduces the 3-dimensional problem to a 2-
dimensional problem. Thus, replacing the sigma sumation with an
integral and A, With @, the potential function becomes

BE,8,0) = - Il S 2rrcos(@_ - 6)) ds

b eq. (2.7)

S

Assuming that the charge distribution on the surface of the conductor
€an be expressed as a Fourier series the surface charge distribution o
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in eq. (2.7) becomes

k a
a(f) =a,+ > (¢ cos(mf ) + a_sin(mg ) eg. (2.8)

m=1

Substituting eg.(2.8) into eq.(2.7) and integrating around the conductor
surface the potential ¢ becomes

k

e { J l'\a' +> ( g ,cos mﬁ )+<7 sm(mﬁ }ln(rz+r’2-2rr’c05(ﬁc'9)) ds
4re °m=1 ™

3 eg. (2.9)

s
i
41re J
Q

j [cr +§ a cos(mﬁ c__)+<7 sm(mﬁc))]ln(r' +r’ -2r'r' cos(,B -9)) r’dB dl
0

eq. (2.10)
Separating eq. (2.10) into three integrals and assuming the charge

density is uniform for a small subarea the potential ¢ can be
expressed as

T

1 2r
¢ = n(r +r' - 2rr'’cos ﬁ -6)) r’dﬁ dl
4m.=
00
{ en
k . . ’2 2 b
-4“ Z cos(mﬁc) In(r +r* - 2rr cos(BC-G)) r dBcdl
Q
1 2T
2 2
¢ sm(mB ) In(r +r* - 2rr’cos(B -6)) r’dg dl
47re m— a2 ¥

eq.(2.11)
With a change of vau*ables, let the integrals equal the following
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1 27
{ 2 2
D=-——| |In(r +r’ - 2rrcos(f -6)) r’df dl eq.(2.12)
47rc:'D
00
1 2w
Dm= - { { cos(mf c) ln(r +r' - 2yt cos(ﬁ -8)) ’dﬁcdl
4re, eq.(2.13)
0
T 27r
PN 2
Dm= - 41re [ sm(mﬁc) 1n(r‘2+r" - Zr'r’cos(ﬁc-e)) r"dﬁcdl
eq.(2.14)
00
Substituting equations (2.12-2.14) into equatlon (2.11) the potential

¢ can be rewritten as

k k
¢ = Do, +2 D o +2D

m=1 m=1
Using Dwight (handbook of integral tables) the solutions for
egs. (2.12-2.14) when r2r’ become ©

egq.(2.15)

mm

0 =- Cln() rop? eq.(2.16)
o

»m+1

g, =) SO eq.(2.17)
250 mr

& swm+i_.

g =0 SO eq. (2.18)
250 mr

r<r’ the solution for egs.(2.12-2.14) become
D, =- Zin(e) < eq.(2.19)

%o
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) m-i
0 = (f‘)z cosml). e eq. (2.20)
€_mr
(o}
. am-1_.
D = (f"z SInfeg) - i eq.(2.21)
€_mr
(o]

Substituting eqs(2.16 - 2.18) into eq.(2.15) the solution for the
potential ¢ for one bare wire when r2r’ becomes

. J : (r’)m“c;s(me) o AL @)™ sinme) -
‘ £, 2e m=1 mr 2e m=1 mr'™" m
eq.(2.22)
Substituting egs.(2.19-2.21) into eq.(2.13) the solution for the
potential ¢ for one bare wire when r<{r’ becomes
p=- Dl 4 ! 5 E  eosme) L 1 SE)™ sinmo) ;
& 2e,m=1 mr'" & 2e,m=1 mr'™ ™
eg.(2.23)

Equations 2.22 and 2.23 are the near field potential functions due to
a Fourier series representation of the charge around a cylindrical
conductor.
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CHAPTER 3

APPLICATION OF THE METHOD OF MOMENTS IN DETERMINING
THE CAPACITANCE OF A BARE 2-CONDUCTOR SYSTEM

X

P(r,8)

FIG 3.1 BARE 2-CONDUCTOR SYSTEM

Observing the plane of symmetry, (Figure 3.1), the charge
distribution on wire 2 for a 2-conductor system is the image of that
on wire 1 thus the contribution of the sine terms will be identically
equal to zero. Even though it is not necessary to keep the sine terms
in the Fourier series representation of the charge density expression
it is done here to maintain continuity for developing the multiconductor
system. Using the sine terms allows non-restricted orientation of the
wires as will become more evident when deriving the multiconductor
Wwire bundle system.

A note about notation, for the remainder of this report super-
~ SCripts are indices used to indicate whether the source or potential
IS place on a particular wire and not exponents. For example o>
Indicates the charge is placed on the surface of wire 2. Powers are
' By using parentheses such as (0')2. Subscripts are used to
te the i-th potential matchpoint or the j-th source point.
The charge distribution on each wire (see figure 3.1) can be




expressed as follows

« :
ot =gt +j§1(aj.cos(jﬁci) & d;sin(jﬁci)) eq. (3.1)
7 _ 2.5, 32 ot
7 =] +j§1(0'j cos(jB.5) + f sin(j8_,)) eq. (3.2)

where g, is the angle between source matchpoints on
the conductor surface of wire 1, its’ center, and
the horizontal

B is the angle between source matchpoints on the
conductor surface of wire 2, its’ center, and the
horizontal

ot is the source charge density on the surface of

conductor one

o is the source charge density on the surface of
conductor two

¥

Matchpoints are corresponding points of source and potential points on

each conductor and the number of matchpoints depends on the number
of harmonics that are used in the Fourier series. For example, if one
harmoenic is used there will be 3 unknowns oy, @, o. for each
conductor. Therefore, to solve for the unknowns uniquely there must
be 3 matchpoints around each conductor. If k (number of harmenics)
is 2 then there will S unknowns so 5 matchpoints must be selected
around each conductor. In other words discrete points are selected

to represent the source and potential distribution around each
conductor. Equations 3.1 and 3.2 can be rewritten in short form
 Sigma notation as follows

k

n b » . .
A a-g +j§1(0'jcos(Jﬁcn) + o sin(j8.) eq.(3.3)
where n = 1,2

& Variable ‘n’ is used to denote the wire on which the charge is
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placed. Since the system is linear, superpecsition can be applied, thus
the total potential at a point ‘P’ (see figure 3.1) from a source on

wires one and two is given by

2
t 2, ok o2 .
=%t p = . (3.4
where ¢; = total potential at point ‘P’
L= the potehtial a point ‘P’ due to a source
on wire 1
2

® -~ the potential a point ‘P* due to a source
cn wire 2

Calculating the potential from a source charge from wire one as
defined in eq.(3.1), the potential qbé (using eq.(2.22) becomes

] r i+1 : > j+1 . .
¢1 ) r 1ln(r1)a’1_lk1 k (r 1) .cos(Jei) Aot k (r {) -sm(JGL) -1
P 6 ° 2 =t ] I 2e 5= w

eg. (3.5)
The potential cpg from a source charge on wire 2 as defined in
eg.(3.2) is expressed as

P,ln(r,) k (1 eos(j6,) < (53" siney) -
2= 12022, 2 9 2.1 g, undtal o2

€ B 'Zeo_j:l jrjz J 2e j=L jr% J
eq. (3.6)

where 6, is the angle between potential point ‘P*, the center of
source wire 1, and the horizontal

6, is the angle between potential point. ‘P?, the center of
source wire 2, and the horizontal

) is the vector from center to source matchpoints on
wire 1

I’ vector from center to source matchpoints on wire 2

ry vector from center of source wire { to point ‘P’

r, vector from center of source wire 2 to point ‘P’
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Substituting egs. (3.5-3.6)into eg.(3.4), the total potential at a point

‘P’ can be written in sigma notation as

o =§ r’ ln(r‘n) SNy { zk(r’n)-] j-c:os(‘]en) B k (f"n)‘jﬂsin(jen) .
Fn=l e ° Zo.f=4 T~ 75 S z i o
0 ‘_‘OJ = J n --o_]—i J &

where r2r’ % (3.7)
Now the potential function can be descritized using the following
change of variables
{ ri In(ry)
Dj_i SF ol e eg. (3.8)
0
2 r3 ln(ry)
Diire =n 2 B 5o eq. (3.9)
0

il (r‘i)j-*'i cos(j6 ) o
(+1) - eq. (3.
J.(J'H.) Zeojf‘l

gt o
y @ 3*singe,) -
- eq. (3.
1(J+1) 250 Jl‘}

2 (r"aj+i cos(j6,) R
1i+1) = : eg. (3.
i(j+1) 260‘]'!‘%

E 13 sin(je,)
1(J+1) 2e il eq.(3.13)
€yJ

 The problem now becomes one of bookkeeping, since it is necessary to
k&p track of the potential points as well as the source points on the
surface of each conductor and which wire has the source points and
Wwhich one has the potential points. Substituting equation (3.8-3.13)
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into eq.(3.7) the total potential at each matchpoint ‘i’ due to

corresponding unit sources from each matchpoint ‘j’ on wires one and
two is given by
1 - 2 2 ¥, 2 2 ) 2
E(Di #0751+ 7P+ *'E(D iG+1)%5 PiG+n 5
eg.(3.14)

110

or in shorthand sigma notation

§-§ pf a“+§(D“ e2+D " c}j“ eq.(3.15)

(j+1) 73 i(+1)

where i=1,2,...,(2k+1)
Let ‘m’ designate the wire on which the potential points are evaluated
then eg. (3.15) becomes

2 2052
#"= S |omn n+§ DI 1) % * D141y §) | 2316

where m—i,Z
i=1,2,3,..,(2k+1) for each wire

¢ is defined as the potential on wire
m at matchpoint i

The term Drgf‘ is defined as the potential at matchpoint ‘i’ on wire m
due to a unit source charge at matchpoint *j* on wire n.

| Since the number of wires in the system is 2, n=m = 2, eq.( 3.16)
- has 2(2k+1) unknowns which implies 2k+1 matchpoints should be
jdected around each wire to solve for the unknowns, namely oy, O’J.,
Ey The set of matrix equations that represent eq.(3.16) is shown in
©4.(3.17) in partitioned form.



i ) | . ]
11 ofte AL At 12 1
et (k*-')Di"'"Dl(k+1){D =L e S | A
n | 1
i1 11 i1 2 12 =12 2
D5yBog+1)P22 DZ(k+L){D2 D2t 1)P22 B2+ 1) || %
i ’1
e ~ 11 ~12
D=1)1 Dt 1) (e 1) 'D(k+1)1 Dty st || %k
D! pl ’D 2 pia &,
Dii+2)1 (k+2) k+t) P (k+2)i D2y e+t || 9t
At 42 1 |
D(2k+i)1 (2k+i)(k+1)|D(7k+1)i Di2k+1) k+1)| | Tk
| 2
21 21 224 =21 22 22 2‘>
DY 3-+-Df +1)P1 201 (k+1)}D L k+1)C1 DZ k+1) || %o
| 2
20 21 f20 st l22 22 522 22
D D3 (+1)P22-+07 (k+1){ 2102+ 1)P22" D 20c+1) || %
Dz 21 I T, =22 2
(k+1)1 (k+1)(k+1) { (k+1) 1 D+ ®+1) || %
21 + 3 oo 292 -2
et Tie2fen) Pt &2+t || UL
21 224 {D ) -2
(2k+1.)1 (@k+1) (erd) |2 @)L Dik+1) e+ 1)]| %

_h_ecomes

[O](a] = [¢]

=an be found using equation (3.19)

ecall the charge density around conductor 1 was given by

(o] = 01"} 19}

17

P(e+1)
2
q?(k+2)

2
? (2K+1)

eq.(3.17)

Rewriting equation (3.17) as a single matrix equation the potential

eq.(3.18)

Taking the inverse of the ‘D’ matrix, the solution of the charge density

eq.(3.19)




k %
Ui(ﬂci) = aé +j§1(d§cos(jﬁc1) - d}sin(jﬁci)) eq. (3.20)

where g, is the angle between source matchpoints on the
conductor surface of wire 1, its’ center, and the
horizontal

Integrating over the total surface of the conductor 1 ( 27 radians) the
cosine and sine terms vanish, thus the total charge on the conductor
surface is given by

1 27

q=| o' is=| '@, r 8 dl = 2rr o

s 00 eqg. (3.21)
where r ) is the radius of conductor 1

By definition the capacitance is the ratio of static charge on one
conductor divided by the potential between the conductors, thus

{
q  2myag f

C = x = 21, o
: - e 7 e 13.22)
ol-92 ol ¢?
where it has been assumed that d)i is equal to one volt and <p2 is at
ground potential or zero.

The value of capacitance derived for a two wire system using the

method of moments compares favorably with the closed form solution

7
‘eq.(3.23). ts ]

C = 0 . (3.23)
ek (/20 >

where d is defined as the distance between wire centers
r is defined as the radius of the conductor
€p is defined as the permittivity of air which is
i

,‘ equal to 8.85 pFm~
® tabulated results of the transmission line capacitance computed
' the method of moments vs the closed form solution is shown in

&
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table 3.1. Analysis of the table indicates that the ratio of center-to-

center separation to conductor radius ( d/r) requires more Fourier
terms or harmonics when the ratio is small. For larger separations
fewer harmonics are required to approximate the closed form solution.
The table also indicates that only a few harmonics are required before
the approximate method (the method of moments) converges to that of
the closed form solution. Table 3.1 also shows the difference in the
number of Fourier terms and the CPU time requirements when the
system under consideration is a ribbon cable (R) or a wire bundle (B).
The reason for this difference will become clearer when multi-
conductor systems are studied in the next section but for now the
reason for the difference is in the number of Fourier terms.

Since there is symmetry about the line shown in figure 3.1, the
sine terms cancel out. Therefore, when working with ribbon cables
only the average terms plus the cosine terms are used in evaluating
the charge density around the conductor. To be more precise 2k+1
terms (matchpoints) are used around the conductor when working with
wire bundles whereas only k+1 terms (matchpoints) of the Fourier
series are used when working with ribbon cables. Using this
symmetry reduces the number of terms as well as the amount of CPU
time required to calculate the capacitance.

The input data requirements to run the FORTRAN program for
a 2-wire ribbon cable or ripcord with no dielectric insulation
Surrounding the conductors are listed below.

. Type of configuration [ R ]

. Option [ 2 ]

. Number of wires [ 2 ]

. Number of harmonics NHC = [1,2,3,...,19]

. Are all wires solid 7 [y ]

. Do all wires have the same radius [ y ]

. Enter the radius of the conductors XRC = [1.0E-3 ]
- Enter the center-to-center wires separation [ XSEP ]

OO Wn.pWN
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The input data requirements to run the FORTRAN program for
a 2-wire wire bundle with no dielectric insulation surrounding the

conductors is listed below

—
Q

fO ooqghcn:p.uNH

. Type of configuration [ B ]
3 Optlon [2]
. Number of wires [ 2 ]

Number of harmonics NHC = [1,3,5,...,15]

Are all wires solid 7 [y ]

Do all wires have the same radius [ y ]

Enter the radius of the conductors XRC = [1.0E-3]

. Enter the horizontal distance between wire (1) and

wire (2) y(1,2) = (0,0)
Enter the vertical d1stance between wn"e(i) and
wire (2) y(1,2) = (0,0)

. Is the reference number the same as the ground

reference conductor? Enter y/n, PROMPT = [y]

Inside the brackets [ ] requires user input in the form of a value
or response to the program.




TABLE 3.1

Bare 2-wire ribbon cable capacitance computed by
the method of moments vs closed form capacitance

ratio trans. trans.
sep. to | closed line lin
cond. | form # of cap. cap.
radius | cap no. |Four. | wire [CPU | ribbon |CPU
value | of |Terms| bundle |[time | cable |time
d/r) | pF/m [harm.|B | R [ (pF/m) |(sec) | (pF/m) | (sec)
1 31|21(76.658] 10 |60.055( 10
3 7|4 |144.04| 30 |103.98| 15
o 1|6(176.99| 80 |137.41| 25
7 {1518 1189.77| 172 {160.44| 43
2.02:1|196.85| 9 |19]10(194.34| 322 |175.19] 70
11 123112]195.95( 541 {184.20] 106
13 (27|14|196.52| 872 |189.54| 152
15 |31]16(196.73|1229|192.66| 216
17 35|18 194.45| 300
19 (39|20 195.48| 384
1 3|2(38.514| 10 |36.918] 10
3 |714(40.081| 30 |39.934) 15
2.5:1 |40.133| S 11| 6]40.128| 80 (40.119| 25
7 |15]8 {40.130|172 |40.130] 43
9 [19|10]40.130(322 [40.130| 70
1 3|3 |28.602| 10 |28.245] 10
oti (28802 3 7 |4 |28.899| 31 |28.890Q] 15
S |11]6 [28.902] 82 [28.902] 25
1. 1313 |21.082] 10 - §21.034]
4:1 |21.122| 3 | 7|4 |21.121] 31 (21.121] 15
o-iivh 12142211 B28021.122] 25
i |33 |1/./931Q Fii.i3d0] U
S:  [17.754] 3 |7 |4 |17.754| 32 ([17.754| 15
S _[1116 17.754| 25
6:1 [15.780 1 | 3|3 [15.776| 10 [15.772] 10
3 | 714 |15.780] 32 ]15.780] 15
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CHAPTER 4

APPLICATION OF THE METHOD OF MOMENTS IN DETERMINING
THE CAPACITANCE OF A BARE MULTICONDUCTOR SYSTEM

Recall the definition of capacitance for a bare 2-wire system,
i.e., the ratio of static charge on one conductor divided by the
potential difference between the conductors

C=gq/V eq. (4.1)

This is true provided the charge on conductor 1 (g;) and the charge on
conductor 2 (qz) are equal in magnitude but opposite in sign, i.e.,

‘ 9= 92 eq. (4.2)
If however qs and gz are arbitrary, the charge on each conductor is
described in the following matrix equation

g1 Cit Ci2 by

Q| [C2at &2 @2 Ea44.3)

or G =Cudr + Ci2d2 eq.(4.4)
Q2 = Ca1®y + Cp2¢2 | | '
where ¢ is the absolute potential with respect to infinity. Equation
(4.3) can be expanded to the bare multiconductor case as shown in

eg.(4.5)

a1 Ci1C2-+ Cin| %1
9| | C21C22 Can| (%2

. . . . B eq. (4. 5)
I | CinCane O | [IN

S— L ¥ B R

e C; . are the terms of the generalized capacitance matrix.

qation (4.5) can be written as a matrix equation as follows

[q] = [Cl[¢] eq. (4.6)
To determine the charge on an n-conductor system the
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procedure is similar to that of chapter 2, where the n-conductor

system is described in figure 4.1

F1c: 4..1 BARE MULITICONDUCTOR SYSTEM

As before, assume a Fourier series representation of the charge
distribution around each of the n conductors as described below

K ;. .
Un(ﬂm) = a: +§1 (a:].ncos(jﬂcn) + O'jn sin(jg 4 n))
J= eq. (4.7)

where n=1,2,3,...,N
The potential at point ‘P* from a source charge from each wire as
described by equation (4.7) can be written as follows

y sy j+i - s ATPL . s
sy 4 kb ¥ cos(j84) Ll I ain(iey) -y
& R 2&0j=1 jr{ J 26°j=1 - jr*l J |

[ (4.8)
: ] ) i 1 . » j+ . .
2 rolnk) k (r,)3" cos(36.) k ()3 sin(j6,) -

2 T2 2 i 2 peeNYY Rk 2 z' 2

0 =~ y i = T | J
€ 2=t jrb I 2 =1 n)

L

0

eq. (4.9)
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e

k ) +1 . s . P
qu : -r Nln(rN)UN+ { zk (r N)J COS(JGN)UN+ { zk (r N) | sm(JGN)(;N
P € P 2e j=1 jrfll J 2e j=1 jr‘[ll J
eg. (4.10)
where cp; is the potential a point ‘P’ due to a source one wire 1
¢§ is the potential a point ‘P’ due to a source one wire 2
cp[: is the potential a point ‘P’ due to a source one wire N

0, is the angle between potential point ‘P’, center of
source wire 1, and the horizontal

0, is the angle between potential point ‘P’, center of
source wire 2, and the horizontal

O is the angle between potential point ‘P’, center of
source wire N, and the horizontal

r’, vector from center to source matchpoint on wire 1

r’, vector from center to source matchpoint on wire 2

r’y vector from center to source matchpoint on wire N

ry vector from center of source wire 1 to point ‘P’

r, vector from center of source wire 2 to point ‘P’

\ ry Vector from center of source wire N to point ‘P’

Using superposition, the potential at point ‘P* due to sources from all
N conductors is

N
£l .1 2 N _
¢p—¢p+¢>p+...+¢p— > ¢ eq. (4.11)

n
=1 P
ere o — : L ep .

re qbp— total potential at point ‘P* from each source wire

ming the contributions to the potential from all wires, as
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N r, ln( ) 3
b I » vj+i
qbp_n_l n n 0'2‘5' 1 k (r n)-] cos(jen) q { k ( )j+1 e
4 € 2e_j=1 . J g.+ B SinGe) -
0 oJ Jr% 1 2. i - o
28gimL Jf‘r], J
The potential functi
Tor oar be diseeitiead § eq.(4.12)
following change in variables escritized in terms of ‘D’ by the
D}, = - Tyt
y " eq.(4.13)
0
D2 | =" il '
l AR ————
€ eq.(4.14)
0
D!\iz- iy
i
¢ eq.(4.195)
0
> +1
i(j+1) -1 ‘
250 Jr‘] eg. (4.16)
B (r’ )j"'i -
i(+1) = 2" =Sy
2¢ jrd eq.(4.17)
N (P, )j+1
(g+1) = N RN
260 JYJ qu (4018)
a g o1l
11(J+1) 2k 7 sin(6y)
250 JI‘J eq~ (4-19)
~ s +J+1 .
2 _ P sinGe))
eq. (4.20)

i(j+1) ~ -
5 2¢_jrJ
- o
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N (r’N)J+isin(j6N)

D. (i+1) = .

N 2€ 5 jrd

Substituting equations (4.13-4.21) into equation (4.12) the total
potential at the i-th matchpoint due to a source on the j-th matchpoint

eq.(4.21)

is given by

~

¢>t=§ Doy +z M0 ol | eq.(4.22)
) J+1) i TG+ e
Again letting ‘m’ designate the wire on which the potential matchpoints
are to be evaluated equation (4.22) becomes

N k a
n_n n
P _ngi Dﬁ g, + g DL(J'H. o+ Dl(J+1)a' ] eq.(4.23)
Looking at eq.(4.23) there are Nx(2k+1) unknowns, therefore (2k+1)
distinct matchpoints must be selected on each conductor to uniquely

determine the charge density. A set of n matrix equations can be
written for the n-conductor system as follows

r Dii Diz . DiN 7] 'a_i‘ '¢i‘
DZi D22 DZN 02 .¢2
SRR | EN o I B
DNi DNZ... DiN a'N ¢N

Where each D™ submatrix is a (2k+1) (2k+1) matrix which relates
Sources on wire n to the potential matchpoints on wire m. A
Ypical submatrix is given below



mn ~mn mn ~mn ~mn 1
Dyy Dy - Digen) Dy2 o DY ()
mn ~mn mn ~mn ~mn
D51 022 - Dogeqy) D52 o Do)
Dmn=
mn mn ~mn =N
Dokstyt = PRueny+t)  Pk+1)2 - D2k+t)&e+t)
- eq. (4.25)
mn. s n m
where D i is defined as before and vectors ¢ and ¢ " are
: T
m
a, ¢
" = |.K|eqa26) M= | Kl g @2n).
o Prs2
“n m
L Pok+1-

wheren=1,2,3,.....Nand m = 1,2,3,...N
ting eq. (4.24), the matrix equations in shorthand notation becomes

[Ol{o] = [¢] eq. (4.28)
olving for the charge density, eg. (4.24) becomes
| (o] = (01" (4] eg.(4.29)

W let T =D}, then eq.(4.29) can be expresssed as
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_ Tral

a (T T TN (@
2 2

a Tag L T o)
. | =| & 227 2N eq.(4.30)
N : N

a TNiTNZ' NN []®

where the T submatrix is a (2k+1)x(2k+1) matrix.
Recall the charge per unit length distribution on the i-th conductor as

k
3 a (Bm = a +_]§1 (at cos(jB ;) + cG sm(JB eq. (4.31)
The total charge per unit length on the i-th conductor is given as
i 2w
g = | B ds =| | cHB rydB)dl  eq.(4.32)
% 00

where oy = radius of the i-th conductor

ot = charge density of the i-th conductor

B .= angle between source matchpoints on
ci the conductor surface, its center, and
the horizontal

Substituting eq.(4.31) into eq.(4.32) and integrating around the
Mmmr surface, the charge per unit length on the i-th conductor

—
::1

+ 2 (a' cos(JBm) poa sm(JB r'cid(Bci) dl
eq. (4.33)

» the Charge density is integrated around the conductor, the sine
~°Sine integrals drop out leaving the average charge density term
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in the Fourier series, thus the charge per unit length around the

conductor is given by

12m
q,= | | dr, df_ dl=2mr_ ol eq. (4.34)
QQ where i = 1,2,3,...,N
Thus the charge per unit length on each n conductors is given by
|
q =21, 9  eq.(4.39)
qp = 21T, ag eq. (4.36)
o gl
IN = 27rrcN q eq. (4.37)

Looking at equation (4.30) the charge density on the surface of the
i-th conductor can be expressed in terms of T as follows

N

- 1 2 |
¢ = Tyd + T 0" + . + T eq. (4.38)

Since only the average charge density is requred to describe the
charge on each wire, egs. (4.35-4.37), only the first term of the o
vector is used, see eq.(4.26). Thus, only the first row of the T
matrix is needed to determine the average charge density of the i-th
- conductor. Rewriting eq.(4.38), the average charge density is

is expressed in terms of T as follows

1 0;=T;1qbi + T;2¢2 + T;3¢3 + ...+ T;NcpN eq.(4.39)
3re 'l'1 j is defined as a 1xn vector whose elements consist of the
Arst row of the Ti' submatrix. Substituting eq.(4.39) into eq.(4.34)
& charge per unit length on the i-th conductor becomes
) S ]
q; = 21, 21 T.ljcp eq. (4.40)
where i=1,2,3,.....,N
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Since there are (2k+1) matchpoints on each conductor, the charge
per unit length on each conductor can be expressed as

(2k+1 e 2k+1 % 2k+1 N

qy = 2mry 2 T 1cp +2 Ty ¢+ .. 2 TiNcp eq. (4.41)
2kt L 2k+t 2k+1

gy = 2mry, 2 T cb +21T22 o2+ . 2 T2N¢ eq. (4.42)
£ i2k+1 im 2 2kl

IN = 2N Z T ;2_1 Tng 9+ - mgiTNNcp eq. (4.43)

or the charge per unit length on the i-th conductor can be expressed in

sigma notation as

N | 2k+1
2 T

m_

= 2mr eq. (4.44)

ql ci

j=1
where Tﬁ? is an element of Tij
b= 1,2,3,....N
Recall the matrix equation for determining the charge of an n-
_conductor system |

in the p-th row and g-th column

R < e -
2
9 C21 sz e O |9
i : : eq. (4.45)
q C C qu
N CNi NZ NN

riting eq. (4. 45) in 51gma notation the equatxon for‘ the charge
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N .
Gy = S Aer eq. (4.46)
=t A
where i = 1,2,3,...,N

Equating the two series, egs.(4.46 and 4.44), term by term
and assuming the potential is the same at all matchpoints for all n-
conductors the expression becomes

N . N 2krtingl 1 1,
.21 C; ¢J = '21 2mr, 21 T ¢ eq. (4.47)
J= J= m=

1=1.2,3¢e0.,00

Thus each term in the generalized capacitance matrix is found by

2k+1 -
Cij = 21rr~ci m§‘;1 TiJ. eg. (4.48)

Simply stated, the elements of the generalized capacitance matrix
Ci' can be found by adding all the terms in the first row of the ij-th
sugmatrix of T.




CHAPTER S

CETERMINATION OF THE TRANSMISSION LINE CAPACITANCE
FROM THE GENERALIZED CAPACITANCE MATRIX

To determine the terms of the transmission line capacitance
matrix from the generalized capacitance matrix, recall the matrix
equation to determine the free charge (g ) on each conductor for an

n-conductor system.

T n .
9] [agf] [Cy1Cip - CyN] [®
2

9| |d2r| | C21Cop - Conl |® e5.0)
. : L . N
an| o INE | SNt Gz G

U

C

where C is defined as the gener'ahzed capacitance matrix, q;. denotes
the free charge on conductor i, and ¢" indicates the potential on
on conductor i with respect to infinity. For this discussion, the n-th
conductor will be chosen as the reference conductor and the
transmission line voltages will be defined by e

Vo= @) i=1,2,3,000N eq. (5.2)
Therefore the free charge in terms of transmission line voltage is
given by

9f C11%42 [ Cimel) 1
92¢ °21 %227 C20N-1) ¥

=1. . : . eqg. (5.3)
IN-DF] | S SNED D] YN
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Where ¢ is defined as the transmission line capacitance matrix and it

is assumed that the reference conductor satisfies the following

constraint N-1
INe =72 Yif g, (3.9

To express the charge on the i-th conductor in terms of
transmission line voltages, subtract and add terms of eg.(S.1) as
follows

9= Cy8M-C M + (€567 -Cipe N +unt Cpd -Cpe™) +(Cpy @+t Cpe™)
eq.(38.5)
Factoring out like terms equation (5.5) becomes
N
aip = Cy (67970 + Cipl™ 47 +1.4 Cp@ 90 + 3 €8
m=
eq.(5.6)
Subsituting eq.(5.2) into eq.(5.6) the free charge on the i-th conductor
can be found as follows N
- ' N
%= Ci1Vet G2V e Oy Viney 2 Eim? )
eg.(3.7)
To solve for cpN express eq, (5.7) for each conductor and use eq. (5.4)
as a constraint, thus

N

N
- ] N
= CuV, + CoVy +uu+ Ci[N-i)v(N-i) +§1Cim¢ eq.(5.8)

N
k N
= CyVy + CppVp e+ Copiy)Vineny T2 Com® eq.(5.9)

m=1 <™

m=1

N
N

GeYy + CypVy e+ GepVen T2Cm? e9.(5.10)

1= C vV, +C Vo +...+C \% +§C N 5

ME N1 T o N-1)2V2 N-DN-1) Y N-D) T2 N-1)m®  eq.(S.11)

N
= = - N
ST O Yyt GeVa et CupenVinen) "2 Cm? - 26-(5-12)
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Adding egs. (5.8-5.12) and grouping like terms yields

N "N N
= rnzz'i Ci IV E_C 2 z*‘[mizlcma Vgt ot rg__icm(N-i) ViN-1)

N N N N N
2 Cim+ 2 Co z Ca *+++ 2 Cnm | @ eq. (5.13)

=1 m=i ~ m= m=1

Solving for cpN yields

C
St | met MKk
= - g eq. (5.14)
s [LSe ]
p=1 | m=L

To determine the terms of the transmission line capacitance
matrix, see eq.(5.3), from the generalized capacitance matrix, see
eg. (S.1), substitute eq.(5.14) into eq.(5.7)

N r N
LetA = EC and D=3 EC in egs.(5.7 and 5.14)
m=1" p=1 |m=1 P

respectively. Upon substituting D, A,» and the value of ¢ into
€4.(S.7), the charge on conductor one becomes
-, v 2SS
Qe = MartiieHE V e ke,
171272 L(N-1) "(N-1) B ket lemet mk 'k
eq.(5.15)
g the last term of eq.(5.15) the free charge on conductor
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N
= 2
e VYo ey Ve 5| 2 Cme Vit *EC m(N-1) (N-l)J

eq.(5.16)
Grouping like terms in eq.(S.16) the charge on conductor cne is

A A Al N
Tl P Ef Ty D—mz_fmz’vz*' “*Cnen 5 2Cn Vi

eq.(5.17)
Equation (5.17) can be expanded for the remaining conductors in
matrix form as follows ,
B Ai Ai M., 1

' © A (-1 zc Cop o -A ‘”Ec v
IN-DF| [T IN-1L D et N D mzy mIN-1) | | YN-1

=3 = = -l -

eq.(5.18)

In order for the matrix equations, egs. (5.18 and 3.3), to be
equal each term of the transmission line capacitance matrices must

be equal, therefore 5
e,.=C

i
1] ij DZ-'

M where i,j=1,2,3,...,(N-1)

eg.(5.19)
Substltm:mg the values of A, and D into eq. (5.19) produces the final
€quation for determining the terms of the transmission line

Pacitance matrix from the generalized capacitance matrix as shown
1egs (5.20).



(@]
(¢))

N NC
C
m§=1”“ m2=imJ
5 = Cij - eq. (5.20)
> [S¢
p=t |m=t P™

where i,j=1,2,...,(N-1)

It should be pointed out that the above development was based
on the fact that the last wire in the system was selected as ground
reference. The program, however, allows the user to start with
another ground reference or to change the ground reference. Caution
should be taken in interpreting the results of the transmission line
capacitance matrix. For example, if the system consists of 10 wires
and wire 4 is selected as reference, the elements of the transmission

line capacitance matrix whose row and/or column indices (subscripts).
are equal to or greater than that of the reference number must be
increased by one. Those indices which are less than the reference
number remain unchanged. In this example the position of the
elements in the transmission line capacitance matrix are described

as follows
position —) actual capacitance value

Bt — Ciy Cas 57 Biad Caa1: 72 1C2s2
Cas2 = C2y2 Cry3a = Ciy3 Cang 2 Lot
C313 > Cay3 Cis4 = Ciys Cysy =2 Cast
Cass —> Css5 Ciss —> Ciss Csy1 —> Cest
Cas9 = Cioy10 C1s9 = Cir10 Cast — Ci0s1

words, c,,4 actually describes the capacitance between wires
and five and C,, describes the self capacitance of wire 3, etc..
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An actual run of the program where wire one is selected as reference

is shown in appendix B tables(B.1-B.6). Table B.1 shows the
generalized capacitance matrix for the four wire system and table B.2
shows the transmission line capacitance matrix. In this example, iy
in the transmission line capacitance matrix actually describes the
self capacitance of wire 2. Element Cyo of the transmission line
capacitance matrix is actually the capacitance between wires 2 and 3,
and element ¢ 5 is the capacitance between wires 2 and 4. The data
listed in appendix B tables (B.1-B.6) are base on a bare wire system
as shown in figure S5.1. '

1.0
wire 4

wire 2
all dmensions in mm.
FIG 5.1 BARE 4-WIRE WIRE BUNDLE
The diagonal terms of the generalized and transmission line
€apacitance matrices are called the self-capacitance terms which is
e ratio of charge to potential of the i-th conductor when the other
Or'S are present but grounded. 1 The diagonal terms will
be positive since the potential and the charge have the same
. The off-diagonal terms are called mutual capacitance or
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coefficient of induction terms which are defined as the ratio of the

induced charge on the i-th conductor to the potential of the j-th
conductor when all conductors, except the j-th, are grounded. The
induced charge is always opposite in sign to that of the inducing
charge so the off-diagonal terms will always be negative or zero.

The reader may also note that the off-diagonal terms are not
equal at first but converge to the same value when more harmonics
are selected. The reason for this will be shown in chapter 6. It
sheuld be pointed out that the capacitance matrix should be and is
symmetric and positive definite, thus according to W. L. Brogan the
eigenvalues of the D matrix will be all positive and Cholesky’s
decomposition can be used to find the inverse of the D matrix. e
Even though the inverse can be quickly found in this manner, the
inverse of the D matrix is found using Newton-Raphson method with
maximum pivot. This inverting technique is copied from IBM
software library. Even though this technique is slower it is used
because when the diagonal terms converge to a common value it
implies that the user has a good representation of the charge
distribution around the conductor surfaces.

The input data requirements for running the Fortran program for
this wire bundle configuration are as follows

" Select Confi tion [ B ]

Enter Optior;gh[u? ]

Enter # of wires [4]

Enter # of cosine or sine terms around the
conductor, i.e., the # of harmonics around the
conductor NHC) = [1,5,9]

Are all wires solid ? [y]

Co all wires have the same radius [n]
Enter wire # no.= [ 1 ]

Enter radius of wire (1) RC(1)= [1.5E-3]
Enter wire # no.= [ 2]

. Is RC(2)=RC(1)? Enteli' y/nly]

Enter wire # no.= [ 3

anad

Q0PN



12.
13.
14,
19,
16.
AL

18.

49;

20.

21,

22

23¢

Is RC(3)=RC(2)? Enter y/n [ n ]
Enter radius of wire (3) RC(3)=[ 2.0E-3 ]
Enter wire # no.= [ 4]
Is RC(4)=RC(3)7 Enter y/n [ n ]
Enter radius of wire (4) RC(4)= [1.0E-3]
Enter the horizontal distance between wire (1)
and wire (2)

X(1,2) = 0.0 (meters)
Enter the vertical distance between wire (1)
and wire (2)

Y(1,2) =-4.0E-3 (meters)
Enter the horizontal distance between wire (1)
and wire (3)

X(1,3) = 4.0E-3 (meters)
Enter the vertical distance between wire (1)
and wire (3)

Y(1,3) = 0.0 (meters)
Enter the horizontal distance between wire (1)
and wire (4)

X(1,4) = 4.0E-3 (meters)
Enter the vertical distance between wire (1)
and wire (4)

Y(1,4) = -4.0E-3 (meters)
Is the reference number the same as the ground
reference conductor? Enter y/n, PROMPT = [y ]

Note that all relative distances are measured from the reference
wire, wire(1). The brackets [ ] indicate the actual value or response
which must be entered in the FORTRAN program. It should be
pointed out that the CPU time given in tables (B.3,B.5,B.7,B.9)

based on a VAX 750.
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CHAPTER 6

APPLICATION CF THE METHOD OF MOMENTS
IN DETERMINING THE CAPACITANCE OF A
DIELECTRIC COATED MULITCONDUCTOR SYSTEM

When working with dielectric coated wires, additional boundary
conditions are needed to solve for the unknown charge density residing
on the conductor surface as well as the dielectric surface. When a
dielectric is introduced into an electric field, it causes an additional
charge to be present on the conductor surface. This charge is a
results of the electric field passing through the dielectric. . The
charge on the dielectric, known as "bound charge”, induces a charge on
the conductor surface of equal magnitude but opposite in sign. This
additional induced charge plus the "free charge" residing on the
conductor surface must be taken into account when calculating the
potential and electric fields from a dielectric coated wire. It is
assumed that the dielectric coating is linear, homogeneous, and
isotropic. An n-dielectric coated conductor system is shown below.

P (l‘, 9) \(—\ﬁdn
g dnZ

\/“ 841 % ,7//,‘ g //% //%/
dl @"%% .
/

\ 4
7 .
o

N\

r

FIG. 6.1 DIELECTRIC COATED MULTICONDUCTOR SYSTEM
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The variables in Figure 6.1 are defined as follows:

Lot & radius of the i-th conductor
gy = radius of the dielectric of the i-th conductor

Bci = angle between matchpoints on the conductor surface,
its’ center, and the horizontal

By = angle between matchpoints on the dielectric surface,
its’ center, and the horizontal

0. = angle between point ‘P’, the center of source wire i,

and the horizontal

P = potential field point

a(By;) = surface charge density from bound charge on the
' dielectric surface .
a(B..) = surface charge density from bound and free charge on
L the conduotor surface
q; = the total static charge on the i-th conductor

¢, = the absolute potential of the i-th conductor

L the relative permittivity of the dielectric on the i-th
wire

Based on the knowledge gained from the development of a bare -
multiconductor system the following boundary conditions are assumed
to exist on each wire.

1. 2k+1 term Fourier series around the conductor surface and
21+1 term Fourier series around the dielectric surface

2. 2k+1 matchpoints around the conductor surface and 21+1
matchpoints around the dielectric surface

3. A constant potential is placed on each conductor surface and
it is assumed that the potential at each matchpoint is the
same. ,

4. The potential on the dielectric surface is equal to zero volts.

Note: 1. The term conductor surface denotes the conductor-
dielectric interface and the term dielectric surface
denotes the dielectric-free space interface.

2. 21+1 matchpoints are placed on the dielectric surface,
where 1>k. The increase in the number of terms is

needed to compensate for the decrease in accuracy since
the dielectric boundaries are closer to each other than
those of the conductor surfaces.
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The matrix equation which describes a dielectric coated multi-

conductor system is of the following form

pmn Dmn’ n d)m
Dm,n Dm,n, " ’ = s Eq.(6.1)

where m,n,m’,n’=1,2,...,N

The variables in equation (6.1) are defined as follows

D™ is defined as a submatrix which contains the potentials at

(2k+1) matchpoints on conductor m due to a unit charge at
(2k+1) matchpoints on conductor n. ;

D™ is defined as a submatrix which contains the potentials at
(2k+1) matchpoints on conductor m due to a unit charge at
(2L+1) matchpoints on dielectric surface on wire n.

is defined as a submatrix which contains the difference in
the normal component of the displacement vector at (21+1)
matchpoints "just inside" and "just outside” the dielectric
surface of wire m due to a unit charge at (2k+1) match-
points on conductor surface n.

®
is defined as a submatrix which contains the difference in
the normal component of the displacement vector at (21+1)
matchpoints "just inside” and " just outside" the dielectric
surface of wire m due to a unit charge at (21+1) match-
points on dielectric surface of wire n.

is defined as a vector containing the surface charge density
(from free and bound charge) at (2k+1) matchpoints on
conductor n

is defined as a vector containing the surface charge density
(from bound charge) at (21+1) matchpoints on the
dielectric surface of wire n.

¢" is defined as a vector containing the potentials at (2k+1)
matchpoints on conductor surface m

is defined as a vector containing the difference of the
normal component of the displacement vector at (21+1)
matchpoints on the dielectric surface of wire m.

It is assumed that the charge density on the i-th conductor
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surface is defined mathematically by the Fourier series as follows

: K -~
g == cJ'L + 2 cr cos(jB) + 2 0' sin(jB,;) e9.(6.2)
j=t b
and the charge density on the i-th dlelectmc surface is described by
" 1 1
o - 8 o' e 2 0' COS(Jﬁdl) +zia' sin(jfy)  eg.(6.3)
j=1 J=

The submatrices Dmn and D™ in the upper portion of eg.(6.1)
denote the potentials on conductor m due to a urut magnitude charge
on boundary n. The submatrices D™ and D™ ™'in the lower portion
denote the difference between the normal component of the
displacement vector just inside and just outside boundary m due to a
unit charge on boundary n. The boundary condition dencting the
difference between the normal component of the displacement vector
just inside and just outside is described mathematically as

follows

Do crloard] eq. (6.4)

The displacement vector ‘D’ can be expressed in terms of the electric
field intensity by the following equation.
D=¢E : eq.(6.9)

- Substituting equation (6.5) into equation (6.4) the difference in the
normal component of the displacement vector in terms of electric
field intensity is

csE[i_1 » eoE'.?1 =€ rE°E:1 - egE?1 =0 eg. (6.6)
or eFr - E2 =0 eq. (6.7)

where

Dn normal component of the surface charge density " just
inside" the dielectric
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= normal component of the surface charge density " just
outside” the dielectric

e = dielectric constant of the dielectric -

€, = dielectric constant of air and equal to 8.85x10"

= relative dielectric constant

E' = normal component of the electric field intensity "just
inside" the dielectric

E° = normal component of the electric field intensity "just
outside” the dielectric

To determine the electric field from the potenital function when
a dielectric is present, recall that when r2r’ the potential is given by

k i1 " i+
_ ’ln(r) ()3 cnsue) ()3 *sin(i6)
(r,0) =- a-. . 2—- a.
i € ZE° Ei J jr] €o _]zi J JIJ
eg. (6.8)

The electric field intensity is obtained from the potential fmctmn using

Laplace’s equation, i.e, . _
E(r,B) = -Vo(r,0) eq.(6.9)

The del operator ‘V’ can be expressed in cylindrical coordinates as follows
v=23@ .1 25@g eq. (6.10)

equation for the electric field

Applying eq.(6.9-6.10) to eq.(6.8) the
8,9,10,12

intensity when r2r’ is as follows ™

Y A k . i "

E(r,6) = ‘TO;AP * ZLso Eictj(r"/r)ﬁi cos(j6) r + sin(j6) 6
J':

it - ,

2— 2 0’ ’/r' sin(j6) r - cos j6) 6

, eg. (6.11)
r<r’ the equation describing the potential is given as
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, bl k j .
= In(r?) 1 (r )Y cos(iB)
d(r,0) = £ + a. -
€o 2€9 =1 g j(l'")'] 1
Loso Edsnge g
260 J—i i j(l’")‘]-i

Applying egs. (6.9-6.10Q) to eq.(6.12) the equation for the electric field
intensity when r<r’ is a follows

k . - .
Er8 = 0 - - 3 9, /e | cos(il) ¢ - singjo) 6
=
-—1—'2k“(/’)i’1 in(j6) r + i6) 6
e _1UJ. r/r sin(jO) r cos(j6)
J_.

eq. (6. 13)
Rewriting equation (6 1) for all N-conductors, the matrix equation,
in partitioned form becomes

E the vectors in equation (6.14) are described below

it ' pl2 pl2t | pIN pINT Rty pal

ERE Di’Z’E"'}Di’NDi’N’ 7 &

o2t g2t |p22 22’ | g 2N || 2 ¥

DZ’iDZ’i’ 212 g2t HDz NN | 2] i

,,W IDN2 N i...EDNN N | IR R

'LDN’iDN’i’{DN’Z oN'2'| [pNNGNNY| | N 0|
eq(6.14)
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Fgd P o ] r ok "

o 75 y

. 3 p BN i

J J ¢

7 ! :

o = O“j]. o = { q‘fl = ¢3

% ;.J’ :

a i
L KT Lot 170 L Dpcrt
eg.(6.15) eq.(6.16) eq.(6.17)

Where a typical submatrix in eq. (6.10) is defined as

mn mn T mn mn
(D71 D12 -+-Df (2 Diy e Dy L2L+1)
m mn mn mn
‘ D21 D21 D"(Zk+1 Dy e D2(2L+1)
™ = : : Do = |
mn’ mn
D(2K+1)1"‘D(2k+1)(2k+i) Diok+1)1 - D(2k+1)(2!_+1)
- eq.(6.18) ~ :  eq.(6.19)
m’n m n - m’n’ pm n’ -
Dn Dy D1(2k+1) Dy 1(1_+1)
n m’n
, D21 22 D2(2k+1) | D21 DZ(L+1)
Dm n s - : ° Dm’n, :
Dm’n Dm’n _ m n’ rn n’
@L+1)1 " “(2L+1) 2k+1) DaL+1)1 - DL+t eL+1)
L eq.(6.20) ] eq.(6.21)
Rewriting eq.(6.14) in shorthand matrix notation the potential
Decomes
[Dl{e] = [¢] eq. (6.22)
solution for the charge density in eq.(6.22) becomes
GEINED . (6.23)

T= D'i, then the partitioned set of matrix equations for finding
| charge density for n-dielectric coated conductors becomes
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r‘fij [ Ti1 Tu’}T Tigr Tanitiy T i

7' Yo Yeandiee T g {_T__'N_m_’ 5

”2’ 1 2122 loge e willonmian o°

v ot TeeelTz Tz | Ton T | ©
= R T B :

":, Ny TNi’ Tz Tz | T e o

d et etz Tz } NN

RS  eq.(6.24

It should be noted that the charge densities in eq.(6.24 and
6.14) are the charge densities from "bound" and “free" charges. This

combination of charges produces the potential and electric fields.
Since the potential is not removed from the conductors the electric
field intensity remains approximately the same.s Since the E-field
remains the same Poisson’s equation in integral form must be
modified to incorporate the total charge enclosed. Thus, when a

- dielectric is present Poisson’s equation becomes

rr

q
E'n ds = —2-80C eq. (6.25)

0

4 J

What this means is the free charge densities are increased, bound
Surface charges of opposite sign are induced, and the total surface
harge densities remains unchanged. This also means that the
Otential and electric-field functions given by equations 6.8, 6.11,
2, and 6.13 are valid BOTH inside and outside the dielectric. In

WDr'ds, the dielectric is replaced with an equivalent surface
butxon
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The relationship between the total charge on the i-th conductor

surface and "free" and "bound” charge is given in eq.(6.26).
9; = 9¢ - 9 eq. (6.26)
Recall the set of matrix equations which relates the free
charge on a conductor to that of the potential, i.e.,

- o
9p| | C11C2 - Cyin| ¢
52

dof ‘321‘:22 -~ CoN

(o

eq.(6.27)

: : .
9N CN1ch Cani| |#

Rewriting eq. (4. 34) the equatlon for the "free" charge on the i-th
conductor is given by

2T

aormdﬁ dl = 21rr' a'o eqg. (6.27)

0 where r; = radius of the i-th conductor
i
g = average charge density of
°  the i-th conductor
B.; 1s the angle between match-
points on the conductor
surface, its center, and the

horizontal
ly, the bound charge on the i-th dielectric bouhdary is given
1 2rm
G == crl ry; 484dl = 2w ry o g eq. (6.29)

Q0
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Where the variables in eq.(6.29) are defined as follows

Py = the radius of the dielectric of the i-th wire
.» measured from the center of the wire
g = the average charge density on the
dielectric surface of the i-th wire
B4; = the angle between matchpoints on the
dielectric surface, the center of the
conductor, and the horizontal

The total charge at the conductor interface is shown in egs.(6.30-6.32)

qy =21 o] eq. (6.30)
= 21 . o e (6.31)

92 c2 % *F &

b, 1 N

I Zm'cNao eqg. (6.32)

The bound charge arising on each dielectric boundary is given by
egs. (6.33-6.395) )

qip = 27Ty 9, eg. (6.33) -

Gy, = 210y, 0 eq. (6.34)

qi;lb= 21T 4 %, eq. (6.35)
Thus the free charge on each conductor is

4¢= G + 9ip eq. (6.36)

Gor = 9o + 95y eq. (6.37)

INFT IN T INb eq. (6.38)

1 general terms, the free charge on the i-th conductor is given by
%= G T 2
*Ng at equation (6.24), the charge density on the i-th conductor can
itten as '

+2mrgdd eq.(6.39)
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X 1 2 N
g = Tucp +T.li,0 + Tiqu +Ti2,0+... + TiN‘p + TiN’O

eg. (6.40)

g Fo T ole T g+, + T oh (6.41)
g = i1ql> 12¢ 1N¢> eg. (6.

Similarly, the charge density on the dielectric of the i-th conductor is
found by b |

{ 2 N
V=T Tttt e+ T eq. (6.42)

. .9
Since only the average term of either o or ¢ vector is needed it is

only necessary to look at the first row of either vector, thus the
charge density on the i-th conductor is

ot =Thole Lo + Thie" eq. (6.43)

Similarly, the charge density on the dielectric of the i-th conductor is
f 4 L 1.1 1| .2 { N
i’ _ -
Uo - Ti,1¢ + Ti,2¢ + see + Ti,N¢ eq- (5.44)

Substituting equations (6.43 and 6.44) into equation (6.39), the total
- charge of the i-th wire can be found by

. 1 1 1 i i 1

Gl

tion (6.45) can be rewritten in sigma notation as eq. (6.43)
N, . Ny
q = 2mr JgiTijqu + 2mry %Ti, i@ eq. (6.46)

_' 2K+1 matchpoints were selected around the conductor and 2L+1
€points around the dielectric equation, (6.45) becomes

b N 2k+1 1p al+l o
Qe = 21 > 2 e ¢> try = Tpled | eq.(6.47)
™ J':i 1q=1 ‘LJ
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Equation (6.47) can be expanded to a set of matrix eguations as

follows
. - ) AP
Z’.I%-{r 2%‘-1_[_1q zxg*T 2+t .
9 r w0 ; r iR T g ¢
if et 2y 1 a2 Ty | et 2 TN 2 Ty
=2 ) T :
] 2k+1 21+1 il 2k+1 211
1 { ! 1 N
INg rchgiTN‘i TNZINY | | T Z TNNTan T ||| ¢
. L+ “the 2 il
| eg. (6.48)
Recall the matrix equation for determining the charge density
of an n-conductor system
e O - 1irra
ig| ~1'C1 Cpgee "Nl TP
d¢] | C21C22 Can| | ¢
= 3 ) eg.(6.49)
. . . . &N
anel | GOz G

~ In order for equation (6.48) to be equal to equation (6.49), each term
of the [C] matrix must be equal to the corresponding term in
eq.(6.48). Thus, the terms in the generalized capacitance matrix can
be found as follows

eq. (6.50)

{ bl . LodeSgurasht
< Ti? is an element of Ti' submatrix in the first row and p-th

and T19

ij is an element of Tij submatrix in the first row and
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g-th column. Note also that the first summation is around the

conductor surface and the second summation is around the dielectric
surface. To determine the actual capacitance between each wire, the
transmission line capacitance, substitute eq.(6.50) into eq.(5.20).
To show some of the anomalies of wire bundles an example is
given in figure 6.2. Tabulated results of the wire configuration are
shown in Appendix C tables C.1, C.2, and C.3. Table C.1 uses one
harmonic when determining the capacitance, table C.2 uses 3
harmonics, and table C.3 uses 5 harmonics. The capacitance matrix
should be symmetric but when only a small number of harmonics are
used the off-diagonal terms are not the same as can be observed in
tables C.1, C.2, and C.3. This dilemma is due to the matchpoint
selection as shown in figures 6.3a and 6.3b. Recall that the
| potential and electric field intensity functions developed earlier are
based on vectors r and r’, where r’ is the vector from the center of
the source wire to the source matchpoint and r is the vector from the
center of the source wire to the potential matchpoint on the potential
wire. In these figures only the conductor surface is shown but the
same analogy applies to the dielectric surface as well.

FIG. 6.2 3-WIRE WIRE BUNDLE




(@)}
(@8]

The wire data for figure 6.2 is given below

1. 18 AWG, 16 strands using 30 AWG wire
2. Relative permittivity 3.5 to 6.5

3. Egquivalent conductor radius 0.6 mm

4. Dielectric radius 1.235 mm

5. Wire separation 2.59 mm

"2 mp,
POTENTIAL
SOURCE
mp; designates the i-th matchpoint

POTENTIAL
WIRE

FIG. 6.3A MATCHPOINT SELECTION OF WIRE BUNDLES

mey O\ : SOURCE

WIRE

mpl designates the i-th matchpoint

SOURCE
WIRE

FIC. 6.3B MATCHPOINT SELECTION OF WIRE BUNDLES
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From figures 6.3a and 6.3b, the horizontal wires (1 and 2) will be

considered a ribbon cable and the vertical wires (1 and 3) will be
considered a wire bundle. In ribbon cables, the matchpoint selection
is such that when evaluating the charge the off-diagonal terms will
be the same because the distance is the same as is evident from
figures 6.3a and 6.3b, i.e.,

"12 7 "% |
‘”%2 - "éi
2 =21
However when looking at wires 1 and 3
ri3* 3y
rfy * vy
SERET

Recall that the sum of the first row of the inverted D matrix,
the T matrix gives the capacitance values Ci' as was described in
- equations (6.40-6.50). These coefficients are based on r and r’ and
since r is different for wires 1 and 3, the coefficients of the charge
 densities will be different. This explains why the values of the
Capacitance matrix are different at first but when sufficient number
Of harmonics are taken around the conductor and dielectric surfaces a
tter representation of the charge densities is obtained when more
|rmonics ( or matchpoints) are used.
~ Figure 6.2 is broken up into two parts to show how a ribbon
‘ * and wire bundle converge and how they both compare to test
SULS. Figure 6.4 shows each configuration whose properties are
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the same as those shown in figure 6.2.

Ribbon cable Wire bundle

FIG. 6.4 RIBBON CABLE AND WIRE BUNDLE CONFIGURATIONS

There are many varieties of dielectric coatings; polyvinyl
chloride (PVC) is just one of them. According to Belden typical
dielectric constant or permittivity of PVC can vary from 3.5 to 6.

5.15

The measured value of capacitance was obtained using an

~ HP 3577a network analyser and a 3 meter length of 2-wire ripcord as
. described above. The capacitance measurement was taken at 1 mHz.

~ The calculated values for the ribbon cable and wire bundle are shown
in Appendix D tables D.1 and D.2. These values are graphically
shown in figure 6.5, page 56..

There are a lot of variables which contribute to the range of
=apacitance values beside the variance in permittivity. The




FIGURE 6.5
Measured capacitance vs calculated capacilance
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The input data requirements for running the FORTRAN program

for the dielectric coated 3-wire wire bundle shown in figure 6.2 are
listed below

. Enter type of configuration: [ B ]

. Enter option (IOPT) = [ 1]

. Enter # of wires in the system NW = [ 3 ]

. Enter # of cosine or sine terms around the conductor

i.e. the # of harmonics around the conductor NHC = [1,3,5,7,9]

. Enter # of cosine or sine terms around the conductor

i.e. the # of harmonics around the dielectric NHD = [{,3,5,7,9]

. Are all wires solid? Enter y/n. [ Y ]

. Do all wires have the same r-adlus'7 Entery/n[Y]

. Enter radius of the conductor XRC = [ 6E—3]

. Are all dielectric radii the same? Entery/n[Y ]

Enter radius of dielectric RD = 1.235E-3

I[s tf']1e relative permittivity the same for all wires? Enter y/n

Y

12. Enter relative permittivity of dielectric ER = 3.5 or 6.5

13. Enter the horizontal distance between wire(1) and wire(2)
XL, 2y = 2/59E-3

14. Enter the vertical distance between wire(1) and wire(2)
Y{1,2)=0.0E<3

15. Enter the horizontal distance between wire(1) and wire(3)
X(1,3)'=0.0E-3

16. Enter the vertical distance between wire(l) and wire(3)
Y(1,3) ==2.59E-3

17. Is the reference number the same as the ground reference

conductor? Enter y/n, prompt = [ Y ]

The input data requirements for running the FORTRAN program

for the dielectric coated 2-wire wire bundle shown in figure 6.6 are
listed below -

|
- 1. Enter type of configuration: [ B ]
2. Enter optlon (IOPI; g3
3. Enter#ofmmmthesystemNW [2]

. Enter # of cosine or sine terms around the conductor

1.e. the # of harmonics around the conductor NHC = [1,3,5,7,9]

ter # of cosine or sine terms around the conductor

1 8. the # of harmonics around the dielectric NHD = [1,3,5,7,9]
» Are all wires solid? Enter y/n. [ Y]

—OWENo i SAWN

—
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7. Do all wires have the same radius? Enter y/n [ Y ]
8. Enter radius of the conductor XRC = [ .6E-3]
9. Are all dielectric radii the same? Enter y/n [ Y ]
0. Enter radius of dielectric RD = 1.235E-3
1. I[s t[*}e relative permittivity the same for all wires? Enter y/n
Y
12. Enter relative permittivity of dielectric ER = 3.5 or 6.5
13. Enter the horizontal distance between wire(1) and wire(2)
X(1,2) =0
14. Enter the vertical distance between wire(1) and wire(2)
Y(1,2) =-2.59E-3
15. Is the reference number the same as the ground reference
conductor? Enter y/n, prompt = [ Y ] -

The input data requirements for running the FORTRAN program
for the dielectric coated 2-wire ribbon cable shown in figure 6.6 are

listed below

. Enter type of configuration: [ R ]

. Enter option (IOPT) =[ 1]

. Enter # of wires in the system NW = [ 2 ]

. Enter # of cosine or sine terms around the conductor '
i.e. the # of harmonics around the conductor NHC = [1,3,5,7,9]
. Enter # of cosine or sine terms around the conductor

i.e. the # of harmonics around the dielectric NHD = [1,3,5,7,9]
. Are all wires solid? Enter y/n. [ Y ]

. Do all wires have the same radius? Enter y/n [ Y ]

. Enter radius of the conductor XRC = [ .6E-3]

. Are all dielectric radii the same? Entery/n[Y ]

. Enter radius of dielectric RD = 1.235E-3

. I[sYtiie relative permittivity the same for all wires? Enter y/n
. Enter relative permittivity of dielectric ER = 3.5 or 6.5

. Is the reference number the same as the ground reference
conductor? Enter y/n, prompt = [ Y ]




CHAPTER 7

APPLICATION OF THE METHOD OF MOMENTS
IN DETERMINING THE CAPACITANCE OF
MULTICONDUCTOR COAX CABLES

shield

FIG.7.1 MULTICONDUCTOR COAX CABLE
In determining the capacitance for a multiconductor coax cables
it is assumed that the charge on the shield is described by

N
q= g = -igzqi eq.(7.1)
where q_ = the charge on the shield
KT
where i=2,3,4,...,N

In the program that determines the capacitance, it is assumed that the
Inner wires are bare and that they are surrounded by a dielectric
- Which is linear, homogeneous, and isotropic, with a relative
Permittivity of €.y see figure 7.1.
The capacitance is found in the same manner as that described
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in chapter 4 for bare multiconductor systems with one exception, that

being, when the charge is on the shield the potential on the inner
wires is found using eq.(7.2). The implication here is that r<r’,
i.e., the magnitude of the radius vector of source matchpoints is
larger than the magnitude of the radius vector of the potential match-
points, thus eq.(7.2) is used.

L kK (fdcos(j6) (r)sin(j6)
In(r?) 1
d(r,8) = - g = + g, — + q; p-
P 2€ jgi I i) : I ) .
eq.(7.2)

When the source matchpoints are on one of the inner conductors, the

magnitude of the potential vector is greater than that of the source
vector, i.e. r2r’ thus, equation (7.3) is used to determine the
potential

k b T o RN U
6) =-q o 1 (&)< “cos(jf) .t 7 “sin(i6)
¢(r,6) = - a@ — . jgi 7 = + 5 jzi o =

eq.(7.3)

Once the exception is implemented, the generalized capacitance
and the transmission line capacitance are found as that described in
chapters 4 and 5. The closed form solution for the capacitance of a

coax cable with a single wire at the center of the shield, see figure

1.2, is given by eq.(7.4).13
35.6¢€,

C/l = W eq.(7.4)

where b =inside radius of outer conductor
a =radius of the inner conductor
e _=relative permittivity of dielectric
between conductors
C/1= per unit length capacitance (pF/m)



FIG. 7.2 SINGLEWIRE COAX CALBLE
The transmission line capacitance computed by the method of
moments compares favorably with the closed from solution in eg.
(7.4). The tabulated results of the transmission line capacitance
matrix computed by the method of moments vs the closed form
solution is shown in table 7.1. The dielectric is assumed to have a
permittivity of 3.5.
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TABLE 7.1
Approximate vs closed form solution for coax cable
closed | closed | no. of Approx
ratio | form | form |harmonics|Approx | Approx CPU
b/a cap. Ind. |/Fourier | Cap. Ind. time
(eF/m) |(nH/m) | terms |(pF/m) | (MH/m) | (sec)
1.25:1} 872.16;| 44,63 1/3 872.539| 44.63 010
3/7 872.59| 44.63 030
1.5:1 | 479.94| 81.09 1/3 480.22| 81.09 010
' 3/7 480.22) 81.09 030
2.0:1 | 280,751 138.63 | L3 280.91| 138.63 | 010
3/7 280.91| 138.63 | 030
3.0:1 | 177.431218.72 | i3 177.24] 249,72 | 010
3/7 177.24] 218.¢2 | 030
4.0:1 | 140.371277.26| 1/3 140.46| 277.26 | 010
3/7 i40.46] 277 =8 | 030 .
$0:4.1420844324.89 1., -1/3 120.98| 321.89 | 010
3/7 120.98| 321.89 | 030

Ancther important parameter in the discussion of wires is the

many texts and is reproduced here for comparative analysis.

M
L/l = 2—7;’ In(b/a) = .2 In(b/a)

13

inductance. The closed form solution for inductance can be found in

eq.(7.9)

where b = inside diameter of the outer shield

a = the radius of the inner conductor

M, = permeability of dielectric

1 L/l = per unit length inductance (nH/m)
L IS assumed in equation 7.5 that the dielectric is non-ferrous.

fore the permeability is independent of the medium and has the
of that in air, that is, 4mx10™‘Henries. The approximate values
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of inductance are based on the development of W. T. Weeks, from

[BM. 14 It was found that the matrices [C], [G],and [L ], for a
homogeneous medium are related to a matrix [ K ] which is
independent of the medium and depends only on the geometry of the
configuration. Stated mathematically, the matrices are related to the
[ K ] matrix as follows

[C]l=¢[K] eg.(7.6)
[Gl=qlK]=(a/a[C] | eq.(7.7)
[L]=pldic=/pa[C] eg.(7.8)

where u = permeability of air 0.47 nH/m
€ = permittivity of medium (pF /1 m)
o = conductivity of medium (Q /m)
C = capacitance/meter (th/ m)
G = conductance/meter (2 /m)
L = inductance/meter (nH/m)
What this means is to calculate the inductance simply remove the
dielectric and calculate the capacitance of the bare wires, take the

inverse and multiply by ue, where € is actually ¢, for bare wires.

Due to the symmetry of the coax configuration in figure 7.2, the
values of capacitance and inductance remain unchanged for any number
 of harmonics.

To test whether or not the coax model using the methed of

‘moments compares favourably with known test results, various

ples were taken from Belden. L Comparisions were done on the

following types of cables

1. Broadcast and computer cables type 9889
with cellular polyethylene as a dielectric

2. Broadcast and computer cables type 9259
with cellular polyethylene as a dielectric
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3. MATYV cables type 8212 with cellular
polyethlene as a dielectric

4. Broadcast and computer cables type 8267
with solid polyethylene as a dielectric

Cellular polyethylene has a relative permittiviy of 1.6 and solid
polyethylene has a relative permittivity of 2.3. The pertinent data
for the above examples is shown in Appendix E. A comparision of the
test data from Belden and that using the method of moments is shown

in table 7.2.
TABLE 7.2
Calculated capacitance verses
measured capacitance for coax cable

measured | calculated | %
Type cap. cap. error
coax pF/m pF/m

| 5889 | 85.3 | 85.487

9259 | _56.8 | 57.425
8212 | 56.8 | 58.626
8267 | 101 109.93

oo e b PSS!
ool tofi~{

When dealing with multiconductor coax cables which do not
exhibit this symmetry it becomes necessary to use more terms of the
Fourier series. An example of a simple multiconductor coax cable
- which does not exhibit this symmetry is shown in figure 7.3.
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FIG. 7.3 MULTICONDUCTOR COAX CABLE .

The output data for this configuration is shown in tables (F.2-
F.11) in appendix F. Note that at first that the off-diagonal terms
are not equal but with the addition of more Fourier terms the off-
diagonal terms converge to a common value. This convergence is due
simply to the increase in the number of matchpoints which more
~ precisely represents the charges on the conductor and dielectric
- surfaces. The difference in the off-diagonal terms is compounded
because of the relative closeness between the wires. To compensate
for this condition more terms of the Fourier series will be required.
F The input data requirements for running the Fortran program
for this coax cable configuration are as follows

Configuration [ C ]

Option [ 2 ]

Number of wires [4]

Number of harmonics [1,3,5,7]

Are all wires solid 7 [y]

Do all wires have the same radius [y]

Enter inside radius of coax shield RCX [ 3.76E-3]
(meters)

SED L 02 P~
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8. Enter radius of the conductor XRC [.5775E-3]
(meters)

S. Enter relative permittivity of dielectric CER [3.5]
10. Enter the horizontal distance of conductor (2) with
respect to the center of the coax cable X(1,2) =

0.0 (meters)

11. Enter the vertical distance of conductor (2) with
respect to the center of the coax cable Y (1,2) = 0.0
0.0 (meters)

12. Enter the horizontal distance of conductor (3) with
respect to the center of the coax cable X(1,3) =
2.59E-3 (meters)

13. Enter the vertical distance of conductor (3) with
respect to the center of the coax cable Y (1,3) =
0.0 (meters)

14. Enter the horizontal distance of conductor (4) with
respect to the center of the coax cable X(1,4) =
-2.59E-3 (meters)

15. Enter the vertical distance of conductor (4) with
respect to the center of the coax cable Y(1,4) =
0.0 (meters)

16. Is the reference number the same as the ground
reference conductor? Enter y/n, prompt =y

Note, in item 16 above it is ALWAYS assumed that the shield is the
reference wire and the answer to the question is always ‘y’ when
working with coax cables. Note also that all relative distances are

- measured from the reference wire, that being the shield.The brackets
[ ] indicate the actual value or response which must be entered in the
fORTRAN program.

It should be pointed out that the CPU time given in tables (F.3,
.3, F.7, F.9) are based on a VAX 750.
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CHAPTER 8

APPLICATION OF THE METHOD OF MOMENTS IN

CETERMINING THE CAPACITANCE FOR A SHIELDED
MULTICONDUCTOR WIRE BUNDLE

shield

FIG. 8.1 SHIELDED MULTICONDUCTOR WIRE BUNDLE

The determination of the capacitance and inductance for a
shielded multiconductor wire bundle is similar to that of a multi-
conductor coax cable. It is however, a little more complex. It is
assumed that the charge on the reference wire, the shield, is that
which is described in eq.(7.1). To complete the matrix for the
shielded multiconductor case, it is assumed, in the program, that
there is a dielectric on the shield having the same radius and a
relative permittivity of 1. The program also requires the user to
assume one more harmonic on this fictitious dielectric than that of
the shield. This is done to insure that the matchpoints on the
dielectric do not fall onto the same position as that of the conductive
shield. Equation (7.2) is used when determining the MN and the MN’
terms of the D submatrix when the source is on the shield. Equation
(8.1) is required to satisfy the boundary condition at the dielectric to
air interface, i.e., the difference in the normal component of the flux
density when the source is on the shield. Equation 8.1 is used in



determining the M’N and the M’N’ terms of the D submatrix when the
source is on the shield. Equation 8.1 was obtained from eq.(6.13).
- (e “1} -

0=0r- 20’ r'/rmi(cosmer-sinmee)
o m=1
(e -1 " 4
2 T (r/r)™ " (sinmé r +cosmé 6)
o m=t ™
eg.(8.1)

The diagonal M’N and M’N’ terms of the D submatrix can be shown to
be those obtained from eq.(8.2). Equation (8.2) was obtained from
egs.(6.13 and 6.11), here again r<r’

7, (er- 1) k
0=-1 Eo- ZEO Eicos(JG)O' +sm(36)a‘ eq.(8.2)

When the source is on the inner wires eq.(8.3) is used, equation (8.3)
was obtained using eg. (6.11), here r2r’.

~ (esl) K
0 =((e-1) /e o (r/T) r+T 2 T (e /m) ™ (cosme r +sinmé 6)
o m=1
( -i) k -
—ZT- = /0™ (sinmé - cosmé 8)
o m=L ™

eq.(8.3)

Once the above considerations have been implemented, the generalized
and the transmission line capacitance matrices can be found using the
same techniques developed in chapters 4 and 5.

To verify that the program works an example is used to
compare the approximate method, the method of moments, with that
°F a closed form solution. The configuration is shown in figure 8.2

68
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FIG. 8.2 SHIELDED DIELECTRIC COATED WIRE
The quuation which describes the charge on the conductor is
given by Gauss’s law which states that the surface integral of the
normal component of the electric flux density D over any closed
surface equals the charge enclosed. Mathematically this is written as
follows

E=Q e (@8.4)

S where D = the flux density

1 ds= rde¢dz r
therefore

1 2w

[ (D) (rd¢dz 1: ) =Q eq.(8.9)
QQ

Ne solution becomes

b= 7%; - eq. (8.6)

lying eq. (8.6) to the boundary shown in figure (8.2) the flux density
 radius b from the center of the conductor becomes
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0= Q_ - egq.(8.7)
b~ 2nb e A

but the flux density can be expressed in terms of electric field
intensity using eq.(8.8)

D=cE eg. (8.8)
Thus, inside the boundary at r = b, E becomes
E,= %b— r b eq. (8.9)
and outside the boundary at r = b E becomes
E-= E%ZT 5 r>b ~ eq.(8.10)
The potential is given by
Q c
O - e O NP * e R e
dV = dl = Znsirr‘ dpo. + ZTrEZr'r drr
v a a o
eq.(8.11)
Solving eq.(8.11) the potential becomes
-_0Q by, Qs
V= Zre; In(7) + Zre, In(g) eq.(8.12)

By definition the capacitance is defined as follows
c=F eq.(8.13)

Substituting eq.(8.12) into eq.(8.13) and assuming the charge is 1
coulomb the capacitance can be found as follows

1
C= eq.(8.14)

In(b/a) + 21r162 In(c/b)

27rsi

OF in terms of relative permittivity the capacitance C becomes
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2me
= 2 eq.(8.15)
(1/€r.i)ln(b/a) + (1/er_2)ln(c/b)

The following values for the variables shown in figure 8.2 are listed

below
a=1mm
b=2 mm
c=3mm
€ny= 3.5
€0 1.0

The resulting capacitance value for this configuration is
C=92.18198 pf

Using the program results in the same value with just one harmonic

selected.

An example of a shielded multiconductor system is shown in
figure 8.3. This configuration is simply a 3-wire ripcord or ribbon
cable placed inside a piece of convoluted conduit which was wrapped
with aluminum backed cellophane to form the shield. The output data
for this configuration is shown in tables (G.1-G.8) in appendix G.

a2
€= & =8.85x10

all dimensions in mm.
FIG. 8.3 SHIELDED 3-WIRE RIPCORD
Agrin note, the off-diagonal terms are not equal but with additional
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Fourier terms, they will converge to a common value. Note also in

tables (G.2,G.4,G.6,G.8) the CPU time requirements for running the
shielded multiconductor configuration.

The input data requirements for running the Fortran program
for the shielded multiconductor configuration in this example are listed
below

. Enter type of configuration: [ S ]

. Enter option (IOPT)=[ 1]

. Enter # of wires including shield NW= [ 4 ]

. Enter # of cosine or sine terms around the conductor

i.e. the # of harmonics around the conductor NHC = 1,3,5,7 ]
. Enter # of cosine or sine terms around the dielectric
i.e. the # of harmonics around the dielectric NHD = [ 2,4,6,8 ]
. Are all wires solid inside shield? Enter y/n [y ]

. Do all wires have the same radius? Enter y/n ( y ]

Enter inside radius of shield RCX = [ 3.76E-3 ]

Enter radius of the conductor XRC = [.57735E-3 ]

10. Are all dielectric radii the same? Enter y/n [ N ]

11. Enter wire # NO.= 1

12. Enter radius of dielctric of wire (1) RD(1) = [ 3.76E-3 ]
13. Enter wire # NO=[ 2]

14. Is RD(2) = RD(1)7 Enter y/n [N]

15. Enter radius of dielctric of wire (2) RD(2) = [ 1.11E-3]
13. Enter wire # NO = [ 3 ]

14. IsRD@) =RD(2)? Entery/n [ Y]

15. Enter wire # NO = [ 4]

16. Is RD(4) =RD(3)?7 Entery/n [Y]

e/, I[s [\;P}e relative permittivity the same for all wires? Enter y/n
. Enter wire # NO.= 1

- Enter the relative permittivity of wire(1) ER(1) = [1.00]
. Enter wire # NO=[ 2]

. ISER(2) =ER(1)? Enter y/n [N]

. Enter the relative permittivity of wire(1) ER(2) = [ 3.5 ]
- Enter wire # NO = [ 3 ]

- ISER(3) =ER(2)? Entery/n [Y]

- Enter wire # NO = [ 4

- ISER(4) =ER(3)7 Enter y/n [Y]

» Enter the horizontal distance of conductor(2)

With respect to the center of the shield X(1,2) = [0.0 ]

OOJOY U SAWN




25. Enter the vertical distance of conductor(2)

with respect to the center of the shield Y(1,2) =[0.0]
26. Enter the horizontal distance of conductor(3)

with respect to the center of the shield X(1,3) = [ 2.59E-3 ]
27. Enter the vertical distance of conductor(3)

with respect to the center of the shield Y(1,2) =[ 0.0 ]
28. Enter the horizontal distance of conductor(4)

with respect to the center of the shield X(1,4) = [ -2.59E-3 ]
29. Enter the vertical distance of conductor(4)

with respect to the center of the shield Y(1,4) = [0.0]
30. Is the reference number the same as the ground

reference conductor? Enter y/n, PROMPT = [ Y ]

Note in item 30 the shield is considered ground as well as the
reference conductor. The answer to item 30 will always be Y for
shielded multiconductor wire bundles. Caution, when interpreting the
data in tables (G.2,G.4,G.6,G.8,G.10) the reference wire is the
shield which is wire 1 so C“ is actually the self capacitance of wire
two, C22, and C, 5 is the transmission line capacitance between wires
2 ard 3, i.e., Cyq. The remaining transmission line capacitance
terms must be interpreted accordingly.

A simple test to see if the capacitance terms of the shielded 3-
wire ripcord are within the proper limits is to check it against the
coax model using €. equal to 1.0 and 3.5. The results using the coax
model when g = 1.0 are shown in appendix H and those results using
€.= 3.5 inappendix F. The output data files for the shielded 3-wire
ripcord are in appendix G. Comparing the results of all three
appendices shows that the capacitance values of the shielded 3-wire
ripcord are within the limits of the coax model when e.=1.0 and
. €.=3.5. In other words

1.0, ~s 3.9
Cij <Cij <C1j

‘Where C:* 0 are the capacitance terms of the coax model when £, = {.
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Cisj are the capacitance terms of the shielded 3-wire ripcord
C?.‘S are the capacitance terms of the coax model when
e.=3.5
5
It should also be pointed out that the program can only handle
shield which are circular. To handle elliptical shields or other types

of geometries the program would have to be modified.
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CHAPTER 9

APPLICATICN OF THE METHOD OF MOMENTS IN DETERMINING
THE CAPACITANCE MATRIX FOR A DIELECTRIC COATED WIRE
BUNDLE OVER A GROUND PLANE

oA m
& 4 az i

i
_— ' . » m

FIG. 9.1 DIELECTRIC COATED MULTICONDUCTOR
SYSTEM OVER A GROUND PLANE
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To determine the capacitance of dielectric coated wires over a

ground plane requires the use of the "methed of images". This method
replaces the ground plane with image wires which are the same
distance below the ground plane as those wires above the ground plane.
There are however some subtleties which must be taken into account.
The charge density on the image wires is defined as -o(-8;) and
-7(-84;)» depending on whether the charge is on the surface of the
conductor or dielectric respectively, see figure 9.1.. Note, however,
the source angle § has the same orientation on the image wires as

the wires above the ground plane. Finally, the potential on the wires
above the ground plane has an absolute potential of ¢, whereas the
absolute potential of its image is given by -¢. The total difference
between the potential of a wire above ground with its image is 2¢.
Noting the symmetry of the system, the voltage of the i-th conductor
with respect to the ground plane is Vi which is equal to ;- Since
there are 2n conductors in the system (n above the ground plane and

n image wires below the ground plane) the matrix equation which
determines the charge density of the system is defined as follows

o g [ A o
|5 g || A | | gt

| where m,n = 1,2,3,...,2N and the variables in eq.(9.1) are defined
as follows:

|

D™ is defined as the potential at 2k+1 matchpoints on |
the conductor surface of wire m above and below the
ground plane due to 2k+! source charges on the

conductor surface of wire n
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is defined as the potential at 2k+! matchpoints on the
conductor surface of wire m above and below the
ground plane due to 21+1 source charges on the
dielectric surface of wire n.

is defined as the difference in the normal component
of the flux density "just inside” and "just outside" at
21+1 matchpoints on the dielectric surface of wire m
above and below the ground plane due to 2k+1 source
charges on the conductor surface on wire . -

is defined as the difference in the normal component of
the flux density "just inside" and "just outside" at

21+1 matchpoints on the dielectric surface of wire m
above and below the ground plane due to 21+1 source
charges on the dielectric surface of wire n.

a is defined as the charge density a 2k+1 matchpoints
on the conductor surface of wire n above and below
the ground plane

oV is defined as the charge density at 21+1 matchpoints
on the dielectric surface of wire n above and below
the ground plane

® is defined as the absolute potential with respect to
infinity at 2k+1 matchpoints on the conductor surface
of wire m above and below the ground plane

0™ is defined as a vector containing the difference of the
normal component of the displacement vector at (21+1)
matchpoints on the dielectric surface of wire m above
and below the ground plane




The submatrices DEE, Dr?mT’ Dr—n’F, and DrE in eg.(9.1) are given
more precisely as follows
_D(i)(i) _pb ph+t) p(t)(@n)
) peE pEer) e

pmn - D(n+1)(1) D(n+1)(n) D(n+1)(n+1) ".’D(n+i)(2n)
D(n+2)(1) D(n+2)(n) D(n+2)(n+1) D(n+2)(2n)

P2 e p@ne+l)  penEn
eq.(9.2)

LW phe gher) e’ ]
Y@ @@ RO g

N TE N [ R TS AN Tk
gD’ )@’ e gl @
g2 ) pt2 ) pn+2) 20

g@N @@’ @i+ (e @)’

eq.(2.3)
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pltren)

@)
D (n+1)*(2n)
D (n+2)*(2n)

. pl2n’(2n)

-
eq.(9.4)

ot @’

pr@ny
D(n+1) ’(Z2n)?
D (n+2)*(2n)’

'D(Zn)’(Zn)’

—_—

eg.(9.3)

Each term in the submatrices described in egs.(9.2-9.5) is also a

Sbmatrix which contains the matchpoints around a particular boundary
illustrated below



r~ mn mn mn
DYy Dy -0y o)
Dr?? _;nln D3 S+ 1)
Dmn - "
Dmn
(2K+1)1 (21<+1)(21<+1)
eq. (9.6)
m n n m n
DY} D5 D1(2k+1)
n
921 22 D2(7k+1)
' =
(7!_+1 (21_+1)'2. k+1)

eg.(9.8)

Dmn

(2L+1)tL -
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mn
Dy L2L+1)

mn
D5 2(2L+1)

Dmn
(7kﬂ-1\(7L-‘-i‘

eq.(8.7)

m’n’
Di(l_+1)
m n’
2(L.+ 1)

mn

(2L.+1) (2L.+1)
eq.(S.9)

The charge density on the i-th conductor surface above the ground
plane is given by tthe Fourier series in equation (5.10) and that of

its image in eq.(S. 11)

~

K~
a'c = a +'2 cos(JﬁCL) - 2
T~ Uco Jgi 03By - Z
Using the properties

| =1
g.=-q -2
c c°j=i

Ina similiar manner, the charge dens1ty on the i-th dielectric surface
d its image is given by egs. (9.13-914) respectively

. sin(j8 ;)

sm(- 3 B

eg.(9.10)

eq.(9.11)

f even and odd fmctlons eg. (9.11) becomes

cos(jB;) + 2

A

s1n(3 B

eg.(9.12)
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. . o
aé = 050+j§1 UéJCOS(Jﬁd ) +j§1 ay.sin(jBy)  eg. (9.13)
o S L ~i . L ':'L P
gy =- do-jgi UdeOS(JBdi) +J§10dj s1n(3ﬁdi) eq.(9.14)
The vectors an, an,, q)m, and Om, can now be expanded as shown below

} average

terms

cosine
r terms

sine
> terms

]
o
avg.
} image

terms

cosine
image
terms

sine
+ image
terms

average
terms

cosine

r
terms

sine
terms

m_

avg. 817

} image
terms

cosine
image
terms

sine
+ image
terms

L

~“m
P

“m
P2

~

m
“® 2K+t

eq.(9.17)

image
wires 1

\

m)
0y
m,

0y

eq.(9.18)

tions(9.15-9.18) have incorporated the fact that the charge on the



image wire is the negative of that of the wire above ground and the
potential of the image wire is the negative of that of the wire above
the ground plane. Mathematically this is expressed in egs.(%.18-
2.24).

Pl = gh eq.(9.19)
N+2 2 ¢ o_2
: ot eq.(9.20)
L eq.(9.21)
¢N+1 =- ¢1 = -y eg.(9.22)
V2= - g2 = v eq.(9.23)
oM = gN= N eq.(9.24)

The potential at a point ‘P’ due to a unit source charge at 2k+1
matchpoints on the i-th conductor surface above the ground plane is
described by eq.(9.25)

n ir'; In(ry) k (r' )J+1cos(36) 1 ko L )J ism(_]e)
¢ (r.,0.)=- +
e =% € 2°J 1J Jr{ ZEJ =\ J Jl"‘i}

where i=1,2,3,...N r, 2r'; eq. (9.25)

1:"l =T, O Ty depending on the boundary the unit source
is residing
r. = vector length from center of source wire to potential
point ‘P’
the potential at point ‘P* due to a unit source charge at 2k+1

Matchpoints on the conductor surface of the i-th image wire is given
Y eq. (9.26)
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where i=N+1,N+2,...,2N r'1>r;

ri= PUee T 4 dependmg on the boundary the unit source
is residing
r. = vector length from center of source wire to potential
point ‘P’
In a similar manner the potential at a point ‘P’ due to unit source
charges at 21+1 matchpoints on the i-th dielectric surface above the
ground plane is described by eq.(9.25) and those of its image by
eq.(9.26) after substituting 1 for k.
When r,<r’, the potential due to a unit charge on the i-th wire

above the ground plane is described as follows

olne) , k r)icosie) k.~ @MsinGe))
¢ (r.,8.)=-ar —— > T, 1 e ™ r
p il o €, =R Jr’J 0j=1 73 J,.:i.]

where i=1,2,3,...N o o
r’} = r; or ry; depending on the boundary the unit source
is residing
r. = vector length from center of source wire to potential
point ‘P?
l When r‘i<r" t the potential function of the i-th image wire is described
as follows

=, In(r3) k ~ (r.)icos( i6,) k =, )Msin(i6.)
¢P(!'i: J= +a"' 21 S ¢ - LJ %é S o {I_ll
%o Soj=1 3 JI"J %o =t 3 Jl"i']
(5.28)

where i=N+1,N+2,...,2N r<r’
I, = Ty Or ry; depending on the boundary the unit source
is residing
r. = vector length from center of source wire to potential
point ‘P’
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The electric field intensity can be obtained from the potential

functions using Laplace’s equation shown in eq.(9.29)

E(r,0) = -V ¢(,0) eg. (9.29)
The del operator (V) in a cylindrical coordinate system is expressed
in eq.(9.30)

PN B A S
V= = Tt = 38 8 eqg. (9.30)

Applying eq.(9.29) to eq. (9.25), the electric field intensity from the
i-th wire above the ground plane when r2r’ is given by eq.(9.31)

- - . , -+1 ] ~ 4 ) N ~
E(r,,8,) = as 10 : R % aJ} (ri/r'i)J [COS(JGi) r, + sin(j6,) ei}

kK : s
B o > ; (rl/r.) j*i in(j8,) rl— cos j&,) 911

where i=1,2,3,...,N eqg. (9.31)

When r<{r’ the equation describing the electric intensity from i-th
wire above the ground plane is described by eq.(9.32)

~

putr (5 )
Er,6) = 0 ZL 2 7 /o3t | cos(j0) T, - sin(je) 6

k A . - ~ ~
= 1 l b J-l . 3 -
e Jzi O‘J. (ri/r'i) s1n(_]61) r+ cos(JGi) 6i

where i=1,2,3,...N eg.(9.32)
The electric field intensity from the i-th image wire when r2r’ is .
ibed by eq.(9.33)




~ ~ . l'" /I‘ -~ k ~ . . -~ ~
i 1 3 +1 . T
Elr,,6) =-a Leo l1"i 3% ng crjl(r'i/r'i) J [cos(JGi) r, + sin(j€;) eiJ

k 2, 1 A
+2_16- = dl ,/r)l i [ZSin(Jel) - COSjei)eiJ

where. i=N+1 ,N+2,...,2N eg. (9.33)
When r<r’, the equation describing the electric intensity from the i-th
image wire is given by eg.(9.34)

= K, : i
1 ) -1 . & % .
Erp,8) = 0 + 5 jgicj% (r/F)377 | cos(§6) £, - sin(je)) 6,

e .53 by : )
- %Eo E at (r*./r';)J : sin(jei) r+ cos(jei) 6.l
where i=N+1,N+2,...,2N eq.(9.34)

Dm’n Dm '’ submatrices can be determined.

The terms of the Dmn submatrix in eq.(9.2) are obtained from the
coefficients of the charge densities of the potential function described
in eq.(9.25), if the wire is above the ground plane, and eg.(9.26)

if it is the image wire. The following substitutions are for the
diagonal terms :

| B =y eq.(9.395)
and for the off-diagonal terms
r‘l =T, and r; to be determined eq.(5.36)

. The variable r, is calculated using the Pythagorean theorem where the
Sides are determined from the wire separation and the radius of the
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conductor of the potential wire. The potential wire is the wire in

which the terms of the potential function are evaluated.

The terms of the Dmn’ submatrix in eg.(9.3) are obtained in a
similar manner. The diagonal terms are obtained using eg.(5.27)
when the wire is above the ground plane and eq.(9.28) when the wire
is an image wire. To calculate the diagonal terms, substitute the
following into the appropriate equation

r'=ry; and r=rg eq.(9.37)

The off-diagonal terms, however, are determined by dsing eq.
(9.25) (for wires above the ground plane ) and eq.(9.26) (for image
wires) after substituting the following change of variables

r} = ry; and r; to be determined eg.(9.38)

The variable r; is calculated using the Pythagorean theorem where the
sides are determined from the wire separation and the radius of the
of the dielectric of the potential wire.

The off-diagonal terms of the D™ submatrix in eq.(9.4) are
obtained by substituting eq.(9.31) into eq.(6.7) which is rewritten
here as eq.(9.39) the results of which are shown in eg.(5.40)

¢ El-E2=0 eq.(9.39)

where E" = normal component of the electric
intensity vector just inside the boundary
E° = normal component of the electric
intensity vector just outside the bo
- = relative permittivity of the dielectric
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A (€.-1) ’ p~ (e k ") " 4
= lri/r)a, rt+ =2 (ri/ri)-] cos(jé) r + sin(j€,) 8, o'j.

o o j=1

(Er'i) k j+1 ~ -~ ~
twper Flelet/r ) Sin(j8,) r;- cos j6,) 6, a}

eq.(9.40)
where €_ is the relative permittivity of the dielectric
1=1,2,34..4,N
The off-diagonal image terms of the pon submatrix are
obtained by substituting eq.(9.33) into eq.(9.39) the results of which
are shown in eq.(9.41)

i _
EDET | e nk

| 0=-0 Lr - rs > o+ (r'i/r'.l)j'*'1 [cos(jei) r + sin(je.l) él:,

RSV il i ;
5> 0. w)/r) i |sin(§6) r - cos 36,) 6,

where i=N+1{,N+2,N+3,...,2N eq. (5.41)
- Thus the off-diagonal terms are obtained by using eq.(9.41) replacing
the variables as shown below

r"i = Py and r=to be determined  eq.(9.43)

:E!'E variable r, is calculated using the Pythagorean theorem where the
are determined from the wire separation and the radius of the
the dielectric of the potential wire.

To cbtain the diagonal terms of the D™ ™ submatrix replace the
les shown in egs.(9.40-9.41) with those shown in eq.(9.42).
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r‘i = and ry = S eg.(9.42)
then take the dot product with respect to a unit normal vector to the
boundary. il

The diagonal terms of the 0™ ™ submatrix in eq.(9.9) are
obtained by substituting egs(9.31and 9.32) into eg.(9.39). Equation

(8.32) is used for E;and eg.(9.31) is used for E?]. The results are

shown in eq.(5.44)
| s IR k & i .
| 1 Lo, g+t =
=- ; T o v 2 -sr_(r-l/ri’).l (r; /ri"'] ]Cﬁs(ﬁi} o
Q 01_1

=l

: o =
k :

j= i 5 " p: i, 1 3 -l

{tﬂ . <-z/ra>”'} sin) ei} o] J.Zl[ e/ -

) sy dtL
(r i/rl) v

Ty R o SR, o ¢ S S
lsm(Jel) r -er.(r'i/rg_)-I - (/T COS(JGI) el}ci

o<

eq.(5.44)
This expression, eg.(9.44), can further be simplified by noting the
fact that at the boundary, the source, and potential matchpoints have the
same radius, i.e. |
| ri =T =rg eg.(9.49)

Suostititing eq. (9.43) into eq.(9.44) reduces the equation to the



e9g

&,
Q =-1e—or'l — Ii (e .+ 1) cos(JG)r o (2] sm(JG; 6

(\)

o oj=1

k
1 a8 T
+ 2_60 21 l:-(sr+i)szn(J61) T - (er,-i)cos(jsi) & 0—3

eq. (9.46)

~ ~

Since only the normal component is desired, i.e. n = Tp the dot
product of of the unit normal vector with eg.(9.46) results in a
further simplification as shown in eq.(9.47)

7, (Er'i- 1) k
0=-1 ;. == 3 J—zi cos(j6. )O'J +sm(36) o eq.(9.47)

The off-diagonal Dm,n,ter‘ms, however, are obtained by using
eq.(9.40) by replacing the following variables
r"i =ry and ry = to be determined eq.(5.48)

Again r; is found by using the Pythagorean theorem where one side is
the center-to-center separation of the wires and the other side is the
dielectric radius of the potential wire.

The diagonal image wire terms, of the Dm 'n’ submatrix are
found by substituting egs. (9.33 and 9.34) into eq. (9.39) where eq.
(9.33) is Eri and eq.(9.34) is E?f The results are shown in eq.(9.49)
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H k - & -~
¢ el b | 1 ni=1 3 +1 e
e &, o +EJ§1M e e/ /) J cas(j€))

OJ—i

[-e /e e ’/r)J“] sin(j6;) e}m—- 2 H'er(ﬁ/f’ij'i :

~

-er(ri/r’i)j-i - (rj’./ri)j"'il cos(j8,) éi } o

< Sd o ary "
(ri/r) ' }sm(JGl) r+ :

eg.(9.49)
The variables r; and r’;in eq.(3.49) for the image wires of the

diagonal D™ are replaced by the following change of variables

r =Ty = r = T4 eq.(9.50)

Substituting eq.(9.50) into eq.(9.49) results in the following
reduction.

~N . ~ k ~ ~ -
iy od 1 ; E R A >4
=1 ;. o'g T Jgi (er+i)cos(J6.l) ry ( €. 1)sm(361) Gi a;

~

{ . 5.,
1 jo-e : E
2e Jgi -(e.+1) sin(j6) ry - (e~ 1) cos(j6) 6, |}

eq.(9.51)

~

2ince only the normal component is needed in eg. (9.51), n= Lis
1:(9.51) finally reduces to

|~ (e Dk ~
2> cos(j6)) a-] - sin(j€,) aJ eg.(9.52)

o} o j=1
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The off-diagonal image wire terms of the e

found by using eg.(9.53)

submatrix are

~{e 1) ~ ~ (e-1) k

=L /r)e o - E S /e (cos(36.) -+ sin(i8) 8.) o
0 & 3% 2, gi(rl/rl) (cos(j6,) r + sin(j€,) 8.) a:j
(E -L) k +i " A e

- ero JZl(r"l/r'i)-] (sin(j8)) r - cos j6,) 8, ) ch]i

eg.(9.53)

where r’ i~ T4 and r; to be determined by using the Pythagorean
thereom where one side is the center-to-center separation of the
wires and the other side is the dielectric radius of the potential wire.

Now that all the elements of the matrix equation, eg.(9.1),
have been identified and defined, the charge density can be determined
by first rewriting the set of equations described in eq.(9.1) in matrix
notation as follows

Dl[o] = (] eq.(9.55)

then, as before, invert the D matrix to obtain the charge density from
which the generalized capacitance matrix can be determined as
described in chapter 6. Before inverting the D matrix, symmetry can
be used to reduce the order of each of the submatrices to an NxN
submatrix, i.e., an NxN submatrix around the conductor and an NxN
submatrix around the dielectric-air interface. This can be
accomplished by using the equations described in egs.(9.19-9.24)
Wwhich takes into account all the charges of the system but reduces the
the number of equations needed to describe it to only N equations and
- and N unknowns. The elements of the new B matrix are determined
5)' adding the coefficients of like terms of the image wire from
S counterpart above the ground plane. Thus the new matrix equation
S of the form shown in eq.(9.55)
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where m,n,m’,n’=1,2,3,...,N eq.(9.55)

The 5 matrix is obtained as follows: 5ij = Dij + Di (N+3) g
A" = pid’s piONHD’ BT = ot 4 pP D g

Bi,j,= Di,j, + Di, (N+3) ,. More exactly, the terms of the Smn sub-
matrix can be found by adding the cofficients of like charge densities
of the image wires to their respective counterparts above the plane.
The coefficients of @y, 7., and @, for the 57 s bmatrix for the i-th
conductor are determinecg by addiJng eq.(9.26) to eq.(9.25)

What has been shown in the above analysis is that the number
of unknowns has been reduced from 2N(2k+1) to N(2k+1), a significant
reduction of the order of the matrix which is to be inverted. The
- Peduction of the order of the potential matrix D to 0§ reduces the CPU
time to invert substantially. Placing all these terms in the 5 matrix
and inverting produces the generalized capacitance matrix from which

Ission line capacitance matrix can be found as described in
ters 4 and 5.
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Since there exists a closed form solution for one bare wire over

a ground plane, it is compared here to the approximate method
developed above. The capacitance model for one bare wire over a

ground plane is well known. The formula for calculating it is shown

in eq.(9.89). 2
TE

cosh-l (d/2r)

A comparison of the closed form solution and the approximate

o

eg.(9.85)

solution using the method of moments is shown in table 9.1.

TABELE 9.1
Approximate vs closed form solution of
capacitance for one bare wire over a

ground plane
ratio of closed | no. of |Approx.
height to | form |harmonics| Cap.
conductor | Cap. | /Fourier | (pF/m)
radius (pF/m) | terms _
i/2 |54.791
1.8:1 57.8035
3/6  |57.803
/2  |41.666
2.0:1 42.243
5/6  |42.243
1/2  |31.477
3.0:1 | 31,880
5/6 |31.560
172  JE8s8 8¢
4.0:1 26.961
3/6 26.961
172  [a4.258
3.0:1 | 24.268
/6  |24.268
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Since a closed form solution for a dielectric coated wire is not
available, the method of moments approximation is compared to
results obtained from testing. The results of this comparison are
shown in table 9.2 and figure 9.3, page 95. Table 9.2 also shows a
comparison of the method of moments to that of test results using a
bare wire approximation.

TABLE 9.2
Test vs bare apprpoximation vs dielectric approximation
height | test bare | dielectric
above |. cap/m | cap/m | cap/m
gnd. | value | value value

(mm) | (pf/m) | (pf/m) | (pf/m)
3.5 70.0 |27.344 | 65.666
12.51 25.7 | 16.819% £35.801
19,51 21.4 | 14.846 | 1T
28.9 | 18.5 |13.464 | 17.542
53.5 | 14.4 [11.683 | 14.629
103.5 10.8 110.261 | 12.465
193.0 8.4 9.5659] 11.453

The test setup is shown in figure 9.2

myicn soscs
G 3 S e .
=297 mm il 330 m /J.gm.t.z.on clips A
able—"{: ?1‘__}=_=E]=J GR1688 bridge
— _‘m br:.dge

Fig. 9.2 TEST SETUP TO MEASURE CAPACITANCE
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The dielectric coated wire under test had the following parameters

ry=3.5 mm
r.=0.915 mm
€= Sant
height = varied from 3.5 mm to 153.5 mm
From figure 9.3, it is shown that the method of moments
approximation for determining the capacitance of a dielectric coated
wire over a ground plane is favorable to that of test results.

The capacitance model when there are more wires in the
configuration is now investigated. Figure 9.4 shows the parameters
which are used for this configuration. Again as with other multi-
conductor configurations, the diagonal terms of the capacitance matrix
are not equal but with additional terms will converge to one value as
seen in appendix J, tables( J1-J3).

FIG 9.4 DIELECTRIC COATED MULTICONDUCTOR
SYSTEM OVER A UNIFORM GROUND PLANE
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The input data requirements for running the Fortran program

for the dielectric coated multiconductor configuration of the above
example are listed below

. Enter type of configuration: [ P ]

. Enter option (IOPT) = [1]

. Enter # of wires in the system NW = [3]

. Enter # of cosine or sine terms around the conductor

i.e. the # of harmonics around the conductor NHC = [1,3,5,7,9]

. Enter # of cosine or sine terms around the dielectric

i.e. the # of harmonics around the dielectric NHD = [1,3,5,7,9]

. Are all wires solid? Enter y/n [y]

. Do all wires have the same radius? y/n [y]

Enter radius of the conductor XRC = [ .2E-3]

. Are all dielectric radii the same? Enter y/n [y]

Enter radius of dielectric RD = [.4E-3]

I[s tl'}e relative permittivity the same for all wires? Enter y/n

G

12. Enter relative permittivity of dielectric ER = [3.5]

13. Enter height of wire(1) above ground plane H(1) = [1.0E-3]

14. Enter height of wire(2) above ground plane H(2) = [2.0E-3]

15. Enter height of wire(3) above ground plane H(3) = [1.0E-3]

16. Enter horizontal distance between wire(1) and wire(2)
X(1,2) = [1.0E-3]

17. Enter horizontal distance between wire(1) and wire(3)

X(1,3) = [2.0E-3]

~OWONN U AWN—

—
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CONCLUDING REMARKS

An approximate solution for finding the capacitance of multi-
conductor systems such as ribbon cables, wire bundles, multi-
conductor coax cables, shielded wire bundles, and dielectric coated
wire bundles over a ground plane has been developed based on the
method of moments. The results show that for known solutions as
well as some test data that this method gives a good approximation.

It has been shown that several computer runs may be necessary before
the desired degree of accuracy becomes apparent. The speed of
convergence is dependent on the configuration, the fastest being a
single wire coax cable. The more symmetrical the configuration, the
faster it will converge. Convergence also depends highly on the
relative closeness of the conductors. The closer the conductors are to
one another the more terms of the Fourier series will be needed
before convergence is realized. The configuration which converged

the slowest was the shielded dielectric coated wire bundle. This was
due to the fact that all terms of the Fourier series were required,
i.e., the average, cosine, and sine terms. Convergence of the shielded

wire bundles was slow also due to the relative closness of the
conductors.

The following is a list of observations and conclusions made for the
Various types of systems discussed in this report.

L. A computer model has been developed for the computation of the
Capacitance for a closely spaced multiconductor system in a linear,

mogeneous or nonhomogeneous, isotropic medium assuming TEM
mode of propagation.

4. The method of moments approach for a bare 2-wire system is a
~ Very good approximation to that of the closed form solution.

» The method of moments using a Fourier series approximation for
R charge distribution around a conductor converges rapidly for
¥ @ few matchpoints (or terms of the Fourier series).
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4. Care must be taken in selecting matchpoints so as not to destroy
the symmetry of the matrix or to cause one of its rows or
columns to become dependent.

3. A larger number of Fourier series terms (or matchpoints) should
be used around the dielectric surface than around the conductor
surface in order to maintain the same degree of accuracy.

6. The speed of convergence is directly proportional to the geometry
of the configuration. Those geometries which possess a high
degree of symmetry converge faster than those systems which do
do not. The speed of convergence is also directly related to the
relative closeness of the conductors. The closer the conductors
are to one another the more harmonics are needed to have the off-
diagonal terms of the capacitance matrix converge to the same
value. The speed of convergence of configurations which have
wires that do not all lie in a horizontal plane converge slower than
those that do due to the matchpoint selection around the conductors
and dielectrics.

7. A larger matrix is necessary to describe multiconductor wire
bundles, coax cables, shielded wire bundles, and wire bundles over
a ground plane than those describing ribbon cables. The order of
the matrix for coax cables, etc, is n(Zk+1) compared to n(k+1) for
ribbon cables. "n" is the number of wires in the system and k is
_ th;f number of harmonics around the conductor or dielectric
surface.

8. The method of moments approach for determining the capacitance
of a coax cables compares extremely well to that of the closed
form solution.

9. The method of moments approach for determining the capacitance of
a shielded wire compares extremely well to that of the closed
form solution.

- 10.The method of moments approach for determining the capacitance
of one bare wire over a ground plane compares favorably to that of
the closed form solution.

11, The method of moments approach for determining the capacitance
- of one dielectric coated wire over a ground plane compares
favorably to that of test resuits.

Pm)gr‘am resented in this report runs in quad precision on a
X:\X-? Q. EPU times are presented in tables along with output
ta for the respective configurations. Also along with the CPU
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time is the elapsed time. This time is the actual time required
before results are avaliable and depends on the number of users on
the system. The VAX-750 is also limited as to the size matrix it
can invert. The dimensions in the program are set to these limits,
the limits being 15 wires and 1Q harmonics around the conductor
and 10 around the dielectric. Ten harmonics implies that 21
Fourier terms are used around the conductor as well as 21
Fourier terms around the dielectric. These dimensions are based
on configurations which contain wire bundles, coax, and shielded
wire bundles. Using the above limitation implies that the largest
matrix the VAX-750 can invert is.a 630x630 matrix. Any
combination which does not exceed this limit will work. For
example, if the configuration contains 30 dielectric coated wires
then the user will have to redimension the program. If for
example 5 harmonics are selected around the conductor and
dielectric surfaces the order of the potential matrix, "D1" in the
the program, will be described as follows.

no. of harmonics around conductor NHC=35

no. of harmonics around dielectric NHD=5

no. of Fourier terms around conductor = NFC = 2xNHC+1=11
o. of Fourier terms around dielectric =NFD = 2xNHD+1=11

total no. of Fourier terms = NF = NFC + NFD = 22

order of the D1 matrix = NWxNF= 30x22=660

Notice in this example the size of the matrix is 660x660Q0 which is
too large for the VAX-750 to invert. If the user attempts to
dimension the variables in the program an error message will appear

when a link is attempted. The message will be "insufficient virtual
address space to complete the link, image file not created'. Toruna
30 wire configuration that has a dielectric coating on the wires
- Tequires the user to limit the number of harmonics selected to only 4, -
L., NHC and NHD cannot exceed 4 in this example.
| A program listing of the capacitance model is given in appendix
N and a listing of the subprograms, their function, and description of
Variables in each subroutine is given in appendix J.

Some topics for future interest involve obtaining valid models
_)tbe Structures which contain discontinuities in the geometry, non-
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cylindrical conductors, as well as determining other system

parameters such as: system stability, signal bandwidth, delay
characteristics, radiated emissions, and crosstalk for PC boards and
connectors. Also crosstalk due to various sources such as: high
frequency sinusoidal, pulsed, transients, and impluse signals, and
various loads containing not only resistive loads but combinations of
capacitve and inductive loading as well.

Another point of interest would be to compare the results
obtained by the method of moments to that using finite element
analysis. Finite element codes can be obtained from MaciNeal-
Schwendler Corporation in Milwaukee, Wisconsin or from Ansoft
Corporation in Pittsburgh, Pennsylvania. These are just two of
of the finite element codes that are available today.
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APPENDIX A

ELIMINATION OF REFERENCE AT INFINITY

Recall eqg.(1.1) for determining the potential at an arbitrary
point in space from an arbitrary reference point.

6(r,6) - ¢lr_,6) = - =i— X In(r/r) eq. (A. 1)
(o}

If the charges add up to zero, then the system is balanced. That is
for every positive charge in the system there is an equal an opposite
charge. Now consider the balanced system shown in figure A.1,
where the reference point is denoted by rp and T is the potential
point from sources +A and -A.

+ A

r2

FIG. A.1 ELIMINATION OF REFERENCE VECTOR
The potential from the positive line charge +A is given by

By (c)) - 9(c}) =+ 'z‘zire—o An(r, /) eq.(A.2)

the potential from the negative charge -A is given by
¢2 (1"2) ¢(1"2) = + Alﬂ(l"z/l”z) eq. (A.3)



The total potential at point r is found by using superposition as

follows

Substituting egs(A.2-A.3) into A.4

function becomes

6,) = ¢, (1) + ¢, (o)

PR | ) o iy
= T AT
or

LniRE LY 'y _ ,

cpt 5 : Al In(r L /r 1) ln(rz/ T 2)

B

ot e { ' . ) ’

cpt 21reo A ln(ri/r'z) ln(r'z/r' 1.)

¢t—

qbt—-

(pt—-

2Te
o)

eg. (A.4)

, the equation for the potential

Aln(ro/T5) + 6(c*y) + o(c’,)

eq(A.S)

eq(A.6)

+ ¢(r’

+0(0°)) + o)
eq(A.7)

If the reference point is placed at infinity the ratio of r5/ry
approaches 1 and by definition the potential at infinity is equal to
zero. Thus the potential function can be expressed as follows

Aln(r L / rz)

eg. (A.8)

~ Adding and subtracting r, from eg. (A.8) and regrouping
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27&'50 A | In(ry) - In(ro) - In(r,) + In(ro)
eg. (A.9)
Zée A ln(lf'i/l*o) - In(r,/ro) eq. (A.10)

v let ry equal | meter since r is measured in meters the result is
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b, =- —— {M(r‘l) - In(r,) } eg.(A.11)
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APPENDIX B

Tables (B.1-B.10Q) are output files for a 4-wire bare wire bundle.

TABLE B.1
Qutput data for the generalized
capacitance matrix with 1 harmonic
on the conductor and 1 harmonics
around the dielectric (units F/m)

column 1 2 F 4

row A A A A A A AT A A A A A A A A A A A A S A A A e A A A A A e e A Ao e sk Ao ke ke ok

1 * 6.5948E-11 -2.3354E-11 -3.583iE-i1 -4.1886E-12
-1.9404E-11 5.3082E-11 -4.5056E-12 -1.3299E-11i
-3.3832E-11 -5.1901E-13 7.7349E-1 s NaE-1 1

2
3
4 -4,1925E-13 -1.4337E-11 -2.0169E-11 4.5347E-11

% % % % %

TABLE B.2

Cutput data for the transmission line

capacitance matrix with 1 harmonic
on the conductor and 1 harmenic
around the dielectric (units (F/m)

column 1 2 3
oW R Hde A A A dedede oo A A Fee deede e Aok dedede

1 * 4.8766E-11 -9.6929E-12 -1.6283E:R1
*

2 , 4.8899E-12 7.1209E-11 -2,00G9CEE1

3 *-{.7225E-11 -2.3640E-11 435V 04

CPU time 00:00:30.39 ' elapsed time 00:00:01.74
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TABLE B.3
Output data for the generalized
capacitance matrix with 3 harmonics
on the conductor and 3 harmonics
around the dielectric (units F/m)

column 1 ) v <4
row P P . 0 000000 00000880 essresedddsssssddddddddd o s

7.2839E-11 -2.1440E-11 -3.8113E=t]" <X 0190F-13
-2.1795E-11 8.3714E-11 -2.36438=gn s -1 1
-3.8101E-11 -2.6032E-12 8.0868E-11 -2.1{75E-ii
-5.8883E-13 -1.4030E-11 -2.1335e-{1" &5 60E-11

HOWw N~
% % % % % %

TABLE B.4

Qutput data for the transmission line

capacitance matrix with 3 harmonics
on the conductor and 3 harmonics
around the dielectric (units (F/m)

column { 2 3
POW AR A A A A A A A A A A K

1 * 4.9546E-11 -7.4352E-12 -1.6710E-11
2 : -7.6652E-12 7.4708E-11 -2.4562E-11
3 * -|.681i9E-11 -2.475ZE-11 4.330580
CPU time 00:02:37.08 elapsed time 00:05:40.20




TABLE B.S
Output data for the generalized
capacitance matrix with 5 harmonics
on the conductor and S harmonics
around the dielectric (units F/m)

column 1 2 2 B

row P 2. 8. 0.0.0.0.0.0. 0000200000000 0L 0L e s s ssss s e e s

1 * 7.3299E-11 -2.1740E-11 -3.8S88E=11 -5.6686E-13
2 : -2.1784E-11 8.3737E-11 -2.38478=12 =1.3972E-11
3 * -3.8627E-11 -2,4053E-13 B8.1168E-11 =2 1220E-11
4 : -§.5029E-13 -1.3964E-11 -2.1282E-11 4.807SE-11

TABLE B.6

QOutput data for the transmission line

capacitance matrix with S harmonics
on the conductor and S harmonics
around the dielectric (units (F/m)

column 1 2 3
FOW AR AAHAA A A AA A A A A KA

1 * 4,9574E-11 -7.4491E-12 -1.67§7E-11
*

2 o -1.4693E-12 7.5000E-11 -2.4608E-11

3 * -1.674%E-11 -2.4600E-11 4.3216E-i1

CPU time 00:08:25.83 elapsed time 00:19:08.79

1Q7



TABLE B.7
Qutput data for the generalized
capacitance matrix with 7 harmonics
on the conductor and 7 harmonics
around the dielectric (units F/m)

~

column 1 i 3 4
row AR AR AR A A AN AN A A AN A AR AR AR AN AN AN

1 7.3339E-11 -2.17454-11 -3.8566E-11 -5.4859E-13
-2 173ZE-11 "S5 3T41E-11" -2 393 ErNEmemna -1 1
-3.8568E-11 -2.3936E-12 8.1166E-11 -2.1191E-11
-5.4966E-13 -1.3966E-11 -2.1192E-11  4.806ZE-11

* % % % % %

2
3
4

TABLE B.8

Output data for the transmission line

capacitance matrix with 7 harmonics
on the conductor and 7 harmonics
arourd the dielectric (units (F/m)

column 1 2 3
POW AARAAA A A A A A A A A A He oA Fe e

1 * 4.9578E-11 -7.4601E-12 -1.6701E=11
2 : -7.4588E-12" " 7.5004E-11" -2:40 Par ey
3 * -1.6751E-11 -2.4580E-11 4.318E

CPU time 00:19:35.63 elapsed time 00:52:07.33
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TABLE B.S
Output data for the generalized
capacitance matrix with 9 harmonics
on the conductor and 9 harmonics
around the dielectric (units F/m)

column 1 2 3 4
FOW  FFRAAA A AAAAA A A A A AR A AAA A A KA A A A A A A

7.3343E-11 -2.1754E-11 -3.8572E-11 -5.4969E-13
-2.1753E-41 S5.3741E-11 -2.3943E-12 =1 .5966E-11
* -3,8572E-11 -2.3940F-13 8.1171E-11 -2.1191E-1t
© -5.4967E-13 -1.3966E-11 -2.1191E-11 4.5060E-11

*

*
*
*

D wWw N -

TABLE B.1Q

Output data for the transmission line

capacitance matrix with 9 harmonics
on the conductor and 9 harmonics
around the dielectric (units (F/m)

column 1 2 -
FOW AR AA A A A A A A A A A HeSeAeHe Fe e

1 * 4.9578E-11 -7.4595E-12 -1.B/01E -1t
*

2", -1.4892E-12 " 7.5008E-11 -Z.4073E~=EL

3 * -1.6751E-11 -2.4579E-11 4.31968-14

CPU time 00:36:02.26 elapsed time 00:40:46.02
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APPENDIX C

Tables (C.1-C.10) are output files for a 3-wire wire bundles as shown in

figure 5.2
TABLE.C. 1

Output data for the generalized
capacitance matrix with 1 harmonic
on the conductor and { harmonic
around the dielectric (units F/m)

column % 2 3
FOW  FRAFAAAAA A A R AA A A A A A A A A S A AHe

1 * §.1479E-11 -3.0863E-11 =3.7512E-11
*

2 o -3.7212E-11" 3.2074E-11 <2086 1F-11

3 * -3.3288E-~11"-2.6090E-1'Pa3,.3226E-1 1

TABLE C.2

Output data for the transmission line

capacitance matrix with 1 harmonic
on the conductor and 1 harmonic
around the dielectric (Ln'1i2ts F/m)

column 1
FOW  RAAAAAAAAAAA A AA A A At At Sedede

{ * 4.1376E-11 -1.1275E-11
2 % -1.6628E-11 4.2682E-11
CPU time 00:00:54.42 elapsed time 00:01:19.43
TABLE C.3

Output data for the generalized
capacitance matrix with 3 harmonics
on the conductor and 3 harmonics
arournd the dielectric (units F/m)
column 1 2 3
row 2. 0. 0.0.0.2.0.2.0.0.0.0.0.0.0.0.0.0 0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.0.4
5.6586E-11 -3.7982E-11 -3.7227E-11

*
2 % -3.7924E-11 3.5010E-11 -2.1848E-11
* -3.7187E-11 -2.1806E-11 3.4311E-11
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TABLE C.4

Output data for the transmission line
capacitance matrix with 3 harmonics
on the conductor and 3 harmonics
around the dielectric (units F/m)

column i
row AR A A A AR A A AN AN AR RN AN AN

1 * 4.,4024E-11 -1.283%E-1!
2 ¥ -1.2821E-11 4.3291E-11
CPU time 00:07:02.63 elapsed time 00:09:57.58

TABLE C.5

Qutput data for the generalized
capacitance matrix with 5 harmonics
on the conductor and 5 harmonics
arourd the dielectric (units F/m)

column 1 2 3
FOW AR A A A A A A A Ao He e

1 * 5.6842E-11 -3.7827E-11 -3.758ZE S
*

2 4, =3.7758E-11 3.4912E-11 -2.192

3 * -3,7628E-11 -2.1849E-11 3.4741ENa

TABLE C.6

Output data for the transmission line

capacitance matrix with S harmonics
on the conductor and S harmonics
around the dielectric (Lmizts F/m)

column {
FOW  HFAAA A A A AR AA I A KK

] "4, 3922511 41,2917
*
2. . .-1.2850E-11 4.3740E B8

CPU time 00:25:21.92 elapsed time 00:35:19.43
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TABLE C.7

Output data for the generalized
capacitance matrix with 7 harmonics
on the conductor and 7 harmonics
around the dielectric (units F/m)

column i pA 3
FOW AR AA A A A A A AAA A A A A Aok

i * 5.6853E-11 -3.7718E=1it +8.7680E-11
*

2 4 -3.7TN9E-11 3.4865E~F e tat OF-1 |

3 * -3,7676E-11 -2.1914E-11 " 4826E-1 1

TABLE C.8

Output data for the transmission line

capacitance matrix with 7 harmonics
on the conductor and 7 harmonics
around the dielectric (units F/m)

column i
FOW  FHFAAAH A A AR A AAAAA A A A A H

I * 4.3875E-11 ~1.2901FE~1§
*
2 4 -1.2904E-11 4.3835E-11

CPU time 00:59:20.96 elapsed time 01:25:47.86

TABLE €.9

Qutput data for the generalized
capacitance matrix with 9 harmonics
on the conductor and 9 harmonics
around the dielectric (units F/m)

column 1 2 3
FOW  RAAHHAAAHAAAAA A HAAA A A AA AR A K HH

i * 5.6847E-11 -3.7687E-L1 =S8 ECOE-1 1

*

2 » -3.7697E-11 3.4851E-blumioOF-11
3 * -3.7650E-11 -2.19208 18NS 4044E-1 1



This is a list of output data files for the ribbon cable and wire bundle

shown in figure 6.4

APPENDIX D

TABLE D.1
QUTPUT DATA FOR RIBBON CABLE
cap. cap. |CPU
g?‘ Er_=3.5 6r~=6'5 time
harmonics | (Pf/m) | (Pf/m) | (sec.)
{ 33.108(38.149| 15
3 37.704|46.951| 44
5 38.734|49.684| 108
i 38.962|50.448| 220
9 39.015|50.655] 400
11 39.027|50.711| 644
TABLE D.2
OUTPUT DATA FOR WIRE BUNDLE
cap. cap. | CFl
jry e.=3.5 |€.76.5 | time
harmonics | (Pf/m) | (Pf/m) | (sec.)
1 36.548(44.198| 24
3 38.238(48.352| 88
S 38.630(45.622| 480
7 38.706|459.919|1142
9 38.721(49.988|2187
i1 38.724(50.005|3602
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APPENDIX E
Cable data from Belden

Broadcast and Computer Cables

Standard AWG Insulation &
Lengths (Stranding)| Nominal

Descrniption =" Dia.inin. Caore 0.D. m Matenal 3
B Nom Nom. db/ | db/
. o mn D.C.R : F/m| MBZ {4001 (100 m

9889 | 500 | 1524 | 15.6| 18(Sokd) | Cedular | 216 | 5.49 |Ductoi®witn| 50 | 78% | 26 | 853 | 50| 3.3 | 108
wai3se | 1000 | 3048 | 29.6| .041bare Poty- 424AWG 100| 4.9 (181
7 | soC | 2000 | 6096 | 60.5( copper | etnyiene tinned 300| 93305
S I\ 8.50/M° 116 | 295 Copper drain . 500 | 13.6 | 446
21.30Km | - wwes | Black PVCijacket. 1000 | 18.8 | 61.7
250M°
MNG-88/U Type 82(Vkxm
o888 | 100 | 305 | 81| 23(Soid) Poty- 238 | 6.04 |Barecopper| 75 | 68% [.205 | 673 | 100| 34115
E‘_ 'wazo0s3 | 500 | 1524 | 39.0( .023bare | ethyiene x x | 28w 200| 5.1 (187
! : %\, 1000 | 3048 | 747| copper [Tl 478 | 1214 9;inmm o = g 1:.: g;:
stoet coverage Planum vorsien, 900 | 120 | 394
Duai a7 | eee8SSESenpane 132. | 1009 | 127 | 41.7
RGSU Type 154.20/km
9289 | 50 | 152 | 20| 22(7x30) | Ceduiar | 242 | 6.15 |Barecopper| 75 | 78% | 173 | 568 | 50| 21| 69
wi3se | 100 [ 305 | 40| .031bare Poly- 280M° 100 30| 98
_E""‘__ soc | U500 |U-152.4| 18.4| copper ethylene 8.5¢km 200| 45148
500 | 1524 | 19.1| 15.00um’ 95% shweid - 40| 665|217
U-1000 (U-304.8| 35.7 | 49.2(wkm | -146 | 3.71 coverage | Black PVCjacket 700| 8.9 |292
1000 | 304.8 | 367 For CCTV apphcanons. 900 | 10.1 | 33.1
100% Sweeo Tested 1000 | 109 | 35.8
5-300 MHz
For Plenum version,
RG-89/U Type see 89259 on page 131.
s2e1 |- 25 | 78 13| 22(Soid) Poty- 242 | 6.15 (Barecopper| 73 | 68% |.210 | 689 | 50| 24| 79
50 | 152 | .22| .025bare | ethyiene - : 270M° 100( 34|12
== |Tec | 100 | 305 | 43| ‘copper e 890km [—— 200( 49 (1831
. | U600 |U-152.4| 185| covered | - : 95% shieig | Bl Jacket 00| 71|233
500 | 1524 |-192| see - 7 coverage Plonusm version, - 700( 85312
U-1000 |U304.8( 380 ssom see88241onpage 131. | o00( 109 (388
RG-39/U 1000 | 3048 | 38.9 | 180.50/%m 1000 | 120 | 38.4
JAN-C-17A 5000 | 1524.0 | 1920

Broadcast Cables

AWG Insulation & Nominal No. ot N Nominal Naominal
(Stranding) Nominal o Shields & | Nom. Capacitance Attenuation
2 &5 Vel
Oescrniption Dia.inin. Core 0.D. Matenial v
~ Nom Nam. ] y
. D.C.H. D.C.R Prop. [pF/1t.| pF/m| MHz J

8283t | U-500 |U-152.4 18.1 | 23(Sokd) Poly» | 242 | 6.15 [Barecopper| 75 |ee% (205 | 673 | so| 24| 79
— soc | 500 | 1524 [ 188 | .c23bare | emyiens 280M 100(, 324|112
_-_—— - U-1000 | U-304.8| 352 | conper 8.504m 200} 48-118.1
1000 | 304.8 | 38.1 | coversd | -146 [ 37 95% snisid | Biack non-contaminating 400| 70(230
sinel coverage | PVCiacket. 700| 9.7 |318
no-ssau oM 500 | 11.1 | 384
MIL-C-17D 154.20/m 1000 | 120 | 394
9204t | U-500 |U-152.4| 18.1 | 23(Soiic) Poly- 242 | 6.15 |Barecopoer| 75 | 66% | 205 | 673 | 50| 24| 79
— soc | 500 | 1524 | 187 | .023bare | etnyiene 260UM° 100| 34112
— U-1000 |U-304.8| 352 | copper 8.50Vkm 200( 49161
1000 | 304.8 | 36.0 | coverea | -146 | 371 95% shiekd P'N'g‘m‘l 400| 70230
LC-17F stoel coverage jacket. 700| 9.7 |31.8
7w 900 11.1 | 36.4
154.200km 1000 | 12.0 | 39.4
New | U-500 |U-152.4| 17.0 | 22(7x30) | Cotar | 242 | 6.15 [Barecopper| 75 [ 78% | 173 | 588 | 50| 21| a9
9888t | 500 | 1524 | 17.5 | .031bare Poty- 260M° 100| 30| 98
wa1ase | U-1000 (U-3048| 326 | copper | etnylens 8.50/xm 200( 45148
1000 | 3048 | 338 | 15.00M 95% shieid 400| 88 (217
49.20/m | 148 | 37 coverage x:m 700| 89 (292
sty 900 | 10.1 | 331
Spplications. 1000 | 10.9 | 358

100% Sweep Tested

5-300 MMz

tPasses the VW-1 Verncal Wire Flame Test.
Reques: quotanons of RG U cables not ksied
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MATYV Cables

Insulation &
Narrimal
CoreQ.0.

Trade &
u.
Type

Number

Shields &
Matenal
Nonr.

Standard
Lengths
Ola.inim.

Narr.
O.C.H.

Descriptionr

et = -
o A
Ve. Capacitance
of dn/ | ans
Prop. |pF/ F/m| MHz 1001t|100m

U-500¢
Black
White

9100 1524 | 112 | 20(Soiid) | CeMutar | 242 | 6.15 |Duooonai®| 75 | 78% [ 173 | ses | so | 1.8 | s9!
e —— Regiicie 032 Poty- +40% 100 | 28 a.si
“_,= 9282 Ccopper stfylene alumnum 200 | 38 12_51
Lt. Beige| brasd 500 | 62 | 203
8oC 148 | AT 100% Sweep Tested
e Y Y 100% snieia | L0724 S %0 | 84 | 278!
A Black covemee ]
: U-1000| U048 21.3 ; i
Black !
White !
Lt Bege
20000 | 609.6
RG-53/U Type Black .
9101 | 1000¢ | 3048 | 40.4 | 20(Soud) | Cetuiar | .242 | 6.15 | Duobonall | 75 | 78% | 173 [ se8 | so | 1.8 | 353-
—_— Raciatad 032 Poly- x x - 0% 100 | 26 | 85
e 9377 cooper ethylene | .385 | 9.78 | alumwnum 200 | 38 | 125
[ TS = brag - 500 | 62 i203
stool 146 100% sieid | Black PVCjacket. 900 | 84 . 278
coverage | 100% Sweep Tested i
5-450 MHz :
os1* !
(1.3mm) gaivamzea steel |
RG-59/U Type 3 |
8212 | U-5000 {U-152.4| 155 | 20(Sokd) | Celuiar | 242 | 615 | Bare 75 |78%|173 |88 | 0| 18 ul
s0C | 500¢ | 1524 | 183 | .032bare Poly- copper 100 | 26 | as
L, U-1000¢{U-304.8| 30.0 | copper sthylene brmd . 200 | 38 | 125
[\ S 1000+ | 3048 | 309 280M . s00 | 82 | 203
: 20000 | 6092 [ 655 | s | 148 | 371 850km | Blackpolyetylensjacket. | 900 | g4 | 278
asom’ 95% shieid | 100% Sweep Tested
RG-8%/U Type 113.20/km coverage | S-4S50MHz i
9274 | 500s | 1524 | 16.4 | 20(Sond) | Cetular | 242 | 6.15 | Bare 75 | 78% | 173|568 | s0| 1.8 33
= goC |U-10004{U-304.8| 303 | .032bare Poty- copper 100 | 26 | as
ot — 1000¢ | 3048 | 31.2 | cooper etylene brat 200 | 38 | 123
[ . 2000+ | 609.6 | 66.1 35M° ; 500 | 62 {202
stom | <148 | 371 11.500km PVCijacxet. %00 | 8.4 | 278
61.5(UM’ 95% smeid | 100% Sweep Tested
RG-59/U Type 201.8(Vkm coverage | 5-450MHz
9890 | 10000 | 3048 | 222 | 20(Solid) | CoMuiar | 242 | 6.15 | Duoiod® | 75 [78% [ 173 (588 | s0| 1.8 | 59
20C 032 Poty- +53% 100 | 28 | as
w. copper atryiene aumnum g 38 | 125
. brasd + " 62 (203
stool .148 | 371 fiooaing Black polyethylene jacket. 200 | 84 |28
81.50/M° 12.5/M° | 100% Sweep Tested
Flosded Burial 201.8Q%m | 41.00/om | 5450 MHz
Canie 100% shield
RG-533/U Type coverage

# Spoois are one piecs. but length may vary = 10% from iength shown.
Request quotations of RG/U cables not listed.




Broadcast and Computer Cabies

Nomnak

Insuullan& Narmrinap
a.no- . * | Capacitance
Cam(lﬂ. Material 4
Nanr: dt/ | db/
Inchr
ety .H UAC.RV

Qlainim.
Nonr.
0.C.H.

Oescription

9252 | 100 | 305 | 2.1|22(27x36)| Poly- |.160|4.06| Tinnea | 50 | 66% | 30.8 101.0, 50| 4.5]14.8)

S —— - A 1354 U-500 (U-152. 9.7 .028 ethylene &Dﬂﬂf | | 100| 7.0|23.0!

s 500 | 152.4.| 9.4| tinnea M’ 200/ 10.0|32.8|

80C | 1000(U-304.8) 18.4 | copper | 096|244 17.14Ukm E‘;gf"m"‘"’"'""g 400| 15.249.9|

MIL.C-17F 1000 | 304.8 | 19.0 | 17.1(uM" 97% shieid {acket. 700/ 21.2]69.6 |

M17157-00001 56.1(Vkm coverage 900 25.0|82.01

(RG122/U) 1000| 26.5 87.0!

aPL i

8218 | 100 | 305( .8|28(7a34)| Poty- |.101|258| Tinned | 50 [66%|30.8|101.0 so| 88|27

E wa1354| 500 | 1524 | 4.4 | .019bare | ethyiene ? 1m¢. ‘.| = | 100| 89(|292

S | 1000 | 3048 | 8.1 | copper 0.3/M* 200| 12.0 {39.4

soc | ! \ , |-080 152 33.80km | Black PVClacket.. 400| 17.5|57.4

‘ stost 3 [ 88% shieid 700| 24.1 | 79.1

RG-174/U 7O’ coverage 900|28.2|92.5

MIL-C-17D 318.30/km 1000130.0198.4
Broadcast Cables

Standara AWG Insulatian & Naormmnal Nao. ot Nominal Naminal
Lengths . |(Stranding)| Nomnal a.o Shields & " | Capacitance Attenuation

Description 5 [sIFRLILA CoreQ.D. Maternial
; Nam. Narm. dbs | abs
Proii; /
. D.CH. mﬂ e i il pF/mIODH 100

8287+ | 500 | 1524 | s5.0 13(7&1) Poly-- |.405[1029| Bare | 50 |ee% |30 [101.0] 16| s2
X copper 100 22| 72
1.20M° , 200 32|105

2.90/Km Pvmc mm. 400} 47|15.4

6.10km 97%shield| "VClacket. : 700| 639|228

caverage 00| 8.0(28.3

1000| 8.9(29.2

4000|21.5|70.5

1524 | 67.5| 13 Poly- | .425[10.80| 2siver | 50 |66%|30.8 [101.0] so| 1.6f 5.2!
304.8 {133.0{ (7x.0296) | ethyiene coated ;83 §'§ 1;.:

.089 i

silver 285 | 7.24 7OUM° gl:gmon-conwmmg 400| 47)|15.4

coated 2.3(/km jacket. 700| 6.9(22.6

copper 98% shield 900| 8.0{28.3

1.73(UM’ coverage 1000| 8.9|29.2

5.70km 4000/ 21.5|70.5

39| 19(Soid) | Poly- |.212|538| 2siver | 50 |66%(30.8(101.0] 50| 3.1(10.1

185 .035 | ethyiene coated 100| 45(14.8

: 19.1{ siver cooper ; 200| 6.4{21.0
U-304.8 359| coaed | 118|295 250M° gv"g""""m 400| 922|302
38.7| copper .30/ jacket. 700{ 12.5{41.0
s.osom |- 97% shieid 900| 14.3 | 489
28.40/kamr coverage 1000| 18.3|53.5("

tPasses the VW-1 Vertical Wire Flame Test.
Request quotations of RG/U cables not listed.



Solid Bare Copper Wire American Wire Gage

Naminal Olanmeter

Gage

Aesistance

(AWG) ar — ar68‘F
Mil Area P °
o ““ N et

Circular Weiqght

10 S0 - 2.60 10380. 31.43 9989 |
1 .0907 2.30 8234. 24.92 1.260 |
12 0808 205 6530. 19.77 1.588 |
13 0720 1.83 5178. 15.68 2.003
14 .0641 1.63 4107. 1243 2.525
15 0571 1.45 3260. 9.858 3.184
18- .0508 1.29 : 2583. 7.818 4.018
17 .0453 1.15 2050. 6.200 5.064
18 .0403 1.02 1620. 4917 6.385
19 .0359 912 1200. 3.899 8.051 |
20 .0320 813 1020. 3.092 10.15 |
21 .0285 724 812.1 2.452 12.80 |
2 0253 .643 840.4 1.945 16.14
23 0226 574 511.5 1.542 20.36
24 .0201 511 404.0 1223 25.67°
25 0170 455 320.4 .9699 32.37
28 0159 404 253.0 7692 40.81
27 0142 .361 201.5 .6100 51.47
28 .0128 320 159.8 4837 64.90
29 0113 287 126.7 .3836 81.83
| 30 .0100 254 100.5 .3042 . 1032
31 .0089 228 79.7 2413 130.1
32 .0080 203 63.21° 1913, - 164.1°
33 .0071 .180 50.13 L1517 206.9
-34: .0083 .160 975 | - 1208 260.9
35 .0056 142 31.52 09542 331.0
38" .0050 127 25.00 07588 - - 4148
37 .0045 114 19.83 0613 512.1
38- .0040 102 15.72 04759° ..., 648.6"
= .0035 089 12.20 03774 847.8
4D s m- O _0_79. 9.61 _-_ - 1@__0-

Information from Nationas Bureau of Standards Copper Wire Tables—Handbook 100.
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Stranded Tinned Copper Wire American Wire Gage

Nornnai Approximate Q.D.
Stranding Q0.D.ot Circular Weight per

Strand Mil Area 1000

36 | 7/44 002 .006 .153 28.00 .085 371.0
34 | 7142 .0025 .0075 .191 43.75 132 237.0
32 | 7/40 .0031 .008 203 67.27 203 164.0
32 [ 19/44 .002 .009 229 76.00 230 136.4
30 | 7738 .004 012 305 112.00 339 103.2

i 30 19/42 .0025 012 305 118.75 359 ‘873
28 7736 .005 015 381 141.75 529 64.9

[ 28 | 19/40 .0031 016 408 182.59 .553 56.7
27 | 7135 .0056 018 457 219.52 664 51.47

| 28 7134 .0063 019 483 277.83 841 37.3
26 1036 .0050 021 533 250.00 757 41.48

, 26 [ 19/38 .0040 .020 .508 304.00 .920 34.43
2¢ i 732 .008 .024 610 448,00 1.356 23.3
24 | 10/34 .0063 023 .584 | 396.90 1.201 26.09
2 [ 19:36 .0050 024 610 475.00 1.430 21.08

] 24 | 41/40 .0031 023 .584 384.40 1.160 25.59
2 | 7130 .0100 .030 762 700.00 2.120 14.74

2 | 1934 .0063 .031 .787 | 754.11 2.28 13.73
2 [ 2636 .0050 030 762 650.00 1.97 15.94°

: 20 | 10/30 0100 .035 .890 1,000.00 3.025 10.32
20 | 1932 .0080 .037 .940 1.216.00 3.68 8.63
20 | 26/34 .0063 .036 914 1.031.94 3.12 10.05
20 : 41.36 .0050 .036 914 | 1.025.00 3.10 10.02
18 | 7126 0159 .048 1.22 1,769.60 538 5.88
18 : 16:30 .0100 047 1.20 1,600.00 4.84 6.48

| 18 | 19/30 .0100 .049 124 1,900.00 5.75 5.48
18 i 4134 .0063 047 1.20 1.627.29 4.92 6.37

| 18 | 65/36 .0050 047 120 | 1,625.00 4.91 6.39
16 : 724 .0201 .060 1.52 2.828.00 8.56 3.67
16 | 19/29 0113 .058 1.47 2.426.30 7.35 4.27
16 r 26730 .0100 .059 1.50 2.600.00 7.87 4.00 _
16 | 65/34 .0063 .059 1.50 2.579.85 7.81 4.02
16 | 10536 .0050 .059 1.50 2.625.00 7.95 3.99
14 [ 722 0253 073 1.85 4.480.0 13.56 2.31
14 i 19.27 0142 073 1.85 3.830.4 11.59 2.70
14 | 41/30 .0100 073 1.85 4,100.0 12.40 2.53

! 1 10534 .0063 073 1.85 4,167.5 12.61 2.49

—_1 | 7120 .0320 .096 2.44 7.168.0 21.69 1.45

e 2 1925 0179 .093 2.36 6.087.6 18.43 1.70

= 12 | 65/30 0100 095 2.41 6.500.0 19.66 7S, |

e 2 16534 .0063 .095 2.41 i 6.548.9 | 19.82 1.58 :

10 ! 3726 0159 115 2.92 | o336 | 2831 [ 1.11

T 4927 0142 ] 116 ! 2.95 . 98784 | 2989 i .09 |

—— 30 - ' osso T o0 1 116 295 1 105300 1 3176 1 98

e o
* 2= “'om Nauonal Bureau of Standaras Copper Wire Tables— Handboox 100.
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APPENDIX F

Tables (F.1-F.10Q) are output data files for a multiconductor coax cable

TABLE F.1

Qutput data for the generalized capacitance
matrix with { harmonic or 3 Fourier terms
(units F/m)
column 1 A 3 -

FOW AR AAAAA A XA A AR AR A AR A A A A AR A A AR A A A A A A A A R A A Ahh

i * 1{.3876E-10 -6.5517E-11 -1.10L3ESA0OESEMIBIE-10
2 : -6.4507E-11  1.2015E-10 -2.7824Edl aadsiB24F~1 |
3 * -1.0903E-10 -2.7548E-11 1.4515E-10 -8.5744E-12
4 : -1.0903E-10 -2.7548E-11 -8.5744E-12 {.4513E-10

TABLE F.2

Output data for the transmission line capacitance
matrix with 1 harmonic or 3 Fourier terms
(units F/m)

column 1 2 3
FOW  FARAA A AA A A A A A A e A A e Fe A

1 * 1.201SE-10 -2.7824E-11 -2.78¢8E=ts
¥ .

2 , -2.7548E-11 1.4515E-10 -8.5744E-12

3 * -2.7548E-11 -8.5744E-12 1.4518=18

CPU time 00:00:26.42 elapsed time 00:00:30.21

TABLEF:3

Qutput data for the generalized capacitance
matrix with 3 harmonics or 7 Fourier terms

| (units F/m)

- column 1 2 2 4

FOW A AA AR A A A A AA A A A A A A A AR A A A A A AR AR AR A A A A A A A A A A

§ * [.8661E-10 -5.9798E-11 -1.369ZE-105ES60ZE-10
-5.9880E-11 | 1.2140E-10 -3.07S8E-113e=350VO8E-1 1
-1.3687E-10. -3.0810E-11 1.7016E-10n-2.4647F-12
-1.3687E-10 -3.0810E-11 -2.48d7==1a " 1.7015E-10

7
3
o



TABLE F.4

Output data for the transmission line capacitance
matrix with 3 harmonics or 7 Fourier terms
(units F/m)
)

column 1 z 3
TOW  FFAAA A A AA A A A A A A He e

I * 1.2140E-10 -3.0758E-11 -3.0758E-11
2 ¥ -3.0810E-11 1.7015E-10 -2.4647E-12
3 * -3.0810E-11 -2.4647E-12 1.7015E-10

CPU time 00:02:32.78 elapsed time 00:04:08.32

TABLE F.5

Output data for the generalized capacitance
matrix with 5 harmonics or 11 Fourier terms
(units F/m)

column 1 2 3 4
FOWY AR A A A A H A A I AHRAHIHHIHH KA H A KA He K He K

* {.9523E-10 -5.9212E-11 -1.4152E-10 SIESESSE=10
¥ -5.9218E-11 1.2145E-10 -3.1116E-11 -3.1116E-11
-1.4152E-10 -3.1119E-11 1.7387E-10 = EENaE-12
-1.4{52E-10 -3.1119E-11 -1.2294E-12 TS eE =10

TABLE F.6

Output data for the transmission line capacitance
matrix with 5 harmonics or {1 Fourier terms
(units F/m)

*
*
*
*

column 1 2 3
FOW R AAAAAA A A A A AA A A A A A K

I * 1.2145E-10 -3.1116E-11 -3.1116E-11
2 & -3.4119E-11 1.7387E-10 -1.2294E-12
3 * -3.1119E-11 -1.2294E-12 1.7387E-10

CPU time 00:07:57.40 elapsed time 00:09:46.38
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TABLE F.7

Qutput data for the generalized capacitance
matrix with 7 harmonics or 15 Fourier terms
(units F/m)
column 1 2 8 -

row A A A A I AT A A A A A A A A A A A A A A A AR A A A AR AR A A AR A A A AN

i * 1.9690E-10 -5.9155E-11 -1.4238E-10 -1.4238E-10
¥ 5.9154E-11 1.2145E-10 -3.1149E-11 -3.1149E-11
* -1.4238E-10 -3.1148E-11 1.7452E-10 -9.9034E-13
¥ -1.4238E-10 -3.1148E-11 -9.9034E-13 1.7452E-10

TABLE F.8

Qutput data for the transmission line capacitance
matrix with 7 harmonics or 15 Fourier terms
(units F/m)

column 1 2 3
POW AR F A A A A AR H I A H A H K

1 * {.2145E-10 -3.1149E-11 -3.1149E-i1
2 : -3.1148E-11 1.7452E-10 -9.5034E-13
3 * -3.1148E-11 -9.9034E-13 1.7452E-10
CPU time 00:19:13.63 elapsed time 00:37:55.38

TABLE F.9

Output data for the generalized capacitance
matrix with 9 harmonics or 19 Fourier terms
(units F/m)

column 1 2 3 4
row T A A A A A A A A A A A A A A A A e A e e A A A e A e A A A A e e e e A A A Aok

B * 1,9726E-10 -5.91S1E-11 -1.4256E-10 -1.4256E-10
2 : -5.9151E-11 1.2145E-10 -3.1150E-~11 St o0E-11
B * -1.4256E-10 -3.1150E-11 1.7465E-10 -9.4112E-13
B : -1.4256E-10 -3.1150E-11 -9.411ZE-40 SR Tab5E-10

HOoW o




TABLE.F@

Cutput data for the transmission line capcitance
matrix with 9 harmonics or {9 Fourier terms
(units F/m)

column | Z 3
row 00 A A A A A A A A A A A A A A A A A A A A A A AeA A A i

{ * 1.2145E-10 -3.1150E-11 -3.1150E-11
2 % -3.1150E-11 1.7465E-10 -9.4112E-13
3 * -3.4150E-11 -9.4114E-13 1.7465E-10

CPU time 00:37:27.85 elapsed time 01:23:50.15

o]




APPENDIX G
Tables (G.1-G.10Q) are output files for a shielded 3-wire ripcord.

TABLE G.1

Output data for the generalized
capacitance matrix with 1 harmonic
on the conductor and 2 harmonics
around the dielectric (units F/m)

column 1 2 3 4
row A A A A A AR A A A A A A A A A A A A A A AR A AR AR AR AN AN A

* 7.2590E-11 -2.2850E-11 -4.5873EREHES4IS8Y3E-1 |
: -2.2992E-11 5.8842E-11 -1.7925E=hlasisgQ2sE-11
* -4,5298E-11 -1.8167E-11 6.8645E-11 =0 4797612
: -4.5298E-11 -1.8167E-11 -5.1797E-12 6.8645E-11

TABLE G.2

Output data for the transmission line
capacitance matrix with 1 harmonic
on the conductor and 2 harmonics
around the dielectric (units F/m)

column 1 2 3
FOW  FARAA A KA A A A A H A A A H K

i *. 5.8842E-11 -1.7925E-11 -i,. 79858t
2 : -1.8167E-11 6.8643E-11 -5.1797E+1&
3 * -1.8167E-11 -5.1797E-13 6.86908 11
CPU time 00:03:36.83 elapsed time 00:09:52.73

TABLE G.3

Output data for the generalized
capacitance matrix with 3 harmonic
on the conductor and 4 harmonics
arourd the dielectric (units F/m)

FOW Ao e e Ao A A4 A A AR A A A A A A Ao e A AR A e e e Ak Ak A e e ke ke

L * 1.2038E-10 -1.9746E-11 -7.1318E-11 -7.1318E-11
2 , -1.9791E-11 5.970SE-11 -1.9957E-11 -1.9957E-1t
3 © -7-1458E-11 -1.9980E-11 9.3560E-11 -2.1218E-12
4 . -7.1458E-11 -1.9980E-11 -2.1218E-12 9.3560E-11

1
2
3
4

()
N
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TAELE G.4

Output data for the transmission line
capacitance matrix with 3 harmonic
on the conductor and 4 harmonics
around the dielectric (units F/m)

column L 2 3

~
FOW  FAAARAAAAA AR AR KA AR AN KA A KA A A AAxAx

I * S5,9708E-11 -1.9957E-11 =1 888 7e-11
*

2 4 -1.9980E-11 9.3560E-11 -2.1208E-{2

3, * -1,9980E-11 -2.1218E-12__9.3560E-11

CPU time 00:22:23.18 elapsed time 00:39:39.22
TABLE G.5 '

Output data for the generalized
capacitance matrix with S harmonic
on the conductor and 6 harmonics
arournd the dielectric (units (F/m)

column 1 . 3 4
row A A AR A AR A A A AT AR AR AR AA AL AT AAT A A AN

1 * 1.3668E-10~1.9507E-14~7:9590E-dr=¥B890E-11
e : -1.9460E-11 S5.9701E-11 -2.0120E-11"-Z.0120E-11
B * -7.9699E-11" -2.0095E-{1 1.00GEE-10< =888 10E-13
., -7.9699E-11" -2.0095E-11 -8.8310E-13SSHGEREE10

TABLE G.6

Output data for the transmission line
capacitance matrix with 5 harmonic
on the conductor and 6 harmonics
around the dielectric (units F/m)

column i 2 3
FOWY FEAAAA A A e e A A A A A A A A A A

La*. 5.9701E-11 -2,0120E-11 =g QT st
2 : -2.0095E-11 _1,0068E-10 =8.G3 10013
3 * -2.0095E-11 -8.8310E-13 1.0068E-10
CPU time 01:12:26.54 elapsed time 02:17:40.03




TABLE G.7
Output data for the generalized
capacitance matrix with 7 harmoenic
on the conductor and 8 harmonics
around the dielectric (units F/m)

column 1 2 3 -

row A0 A A AR A A A A AR A A A AR AR AR AR AR A AR AR A AN

I * toE3E-10"-1.9518E-11" -8.2U0TE-tees i e 0B L E-1 1
2 : -1.9499E-1{1 5.9700E-11 -2Z2.010{E=aRe st g iE-11
3 * -8.2106E-11 -2.0091E-11 {.0265E-10 " =a/d8@5iE-13
4

*

» ~8.2106E-11 -2.0091E-11 -4.8951E-13 L 0Z68E-{0

TABLE G.8

Output data for the transmission line
capacitance matrix with 7 harmonic
on the conductor and 8 harmonics
around the dielectric (units (F/m)

column 1 2 b
FOW RHHAAAIAA K I A AH A A KA HH A IR HHH

i * 5.9700E-11 -2.0101E-11 -2.0101E-11

2 % -2.0091E-11 1.0269E-10 -4.8951E-13

3 * -2.0091E-11 -4.8951E-13 1.0269E-10

CPU time 02:45:09.82 elapsed time 05:20:15.67
TABLE G.9

Output data for the generalized
capacitance matrix with 9 harmoenic
on the conductor and 10 harmonics
around the dielectric (units F/m)

1 2 3 4
TOW Aok A A A AA A A A A A e A e Ak oA e AR AR Ak AR A ek

L : 1.4322E-10 -1.9529E-11 -8.2847E-11 -8.2B47E-11
4 » -1.9524E-11 5.9700E-11 -2.0088E-ii -2.0088E-11
: -8.2864E-11 -2.0085E-11 1.0331E-10 -3.6071E-13
' » -8.2864E-11 -2.0085E-11 -3.6071E-13 1.0331E-10
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TABLE G.10

Output data for the transmission line
capacitance matrix with 9 harmonic
on the conductor and 10 harmonics
around the dielectric (units (F/m)

column 1 2 3
row A A A A A A AN AR AR A A AN A A A v

{ * 5.9700E-11 -2.0088E-11 -2.0088E-11
2 % -2.0085E-11 1.0331E-10 -3.6071E-13
3 * -2.0085E-11 -3.6071E-13 1.0331E-10
CPU time 05:05:03.75 elapsed time 07:39:28.47
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APPENDIX H 128
Tables (H.1-H.10Q) are output data files for a multiconductor coax cable
when e = 1.0
P
TABLE H.1

Qutput data for the generalized capacitance
matrix with 1 harmonic or 3 Fourier terms
(units F/m)
column 1 2 3 B

FOW XA AR AAA AR A A AR A A A A AR AR XA A AR AAA R AR A A AA KK Aohx

* 3.9647E-11 -1.8719E-11 -3.1466E010=314466E-1 1
¥ -1.8431E-11 3.4330E-11 -7.9497E-12 ~71.9497E-12
-3.1152E-11 -7.8709E-12 4.1472E-14-2.4498E-12
-3.1152E-11 -7.8708E-12" -2.4498E-Tn a1 1

TABLE H.2

Output data for the transmission line capacitance
matrix with 1 harmonic or 3 Fourier terms
(units F/m)

column 1 2 3
FOW  FARAA A A A AAA A A A A H A A A H e H e

1 * "3.4330E-11 -7.9497E-12 *-7.945 N

2 : -7.8709E-12 '4.1472E-11 -2.44588-12

3 * -7.8709E-12 -2.4498E-12 4.i478 s

CPU time 00:00:28.7Q elapsed time 00:00:39.86
TABLE H.3

Output data for the generalized capacitance
matrix with 3 harmonics or 7 Fourier terms
(units F/m)

1
2
2
4

*
*
»
*

: 3.3318E-11 -1.7085E-11 -3.90I8ENIIL D EOE-1
» -1.7109E-11 3.468SE-11 -8.7880E-12 -8.7880E-12
:’ =3.9107E-11 -8.8029E-12 4.8614E-11 -7/.0421E-13

-3.9107E-11 -8.8029E-12 -7.0421E-13 4.8614E-11{




column

TABLE H.4

Cutput data for the transmission line capacitance
matrix with 3 harmonic or 7 Fourier terms

column

1

(units F/m)
2 3

row AR A AC A A AR AR AR AR A AR Ao A A Ao Ao e e A A

| * 3.4685E-11 -8.7880E-12 -8.7880E-12
2 % -8.8029E-12 4.8614E-11 -7.0421F-12
3 * -8.8029E-12 -7.0421E-13 4.8614F-11
CPU time 00:02:32.59 elapsed time 00:03:35.64

TABLE H.5

Output data for the generalized capacitance -
matrix with S harmonics or 11 Fourier terms

1

(units F/m)
z 3 -

row P2 0. 0 0. 0.0 0. 00 00 00 00000000 00 00 00 00 0.0 0000000 000 0.0

1

2
3
4

* % % % %

-4.0435E-11
-4.0435E-11

5.5780E-11 -1.6918E-11 -4.0434E-11 -4.0434E-11
-1.6919E-11 3.4700E-11 -8.8903E-12 -8.8903E-12

-8.8912E-12 4.9677E-figsuaa s TE =13
-8.8912E-12 -3.5127E-1 35488 RTE-11

TABLE H.6

Output data for the transmission line capacitance
matrix with S harmonic or 11 Fourier terms

column

(units F/m)

1 Z 3

POW A A A e S e e Ade AR AR A et Jede Jedeke
i -*  3.4700E-11 -8.8903E-12 -8.8903Es14

2§ -8.8912E-12 4.9677E-11 -3.5127E-13
3 * -8.8912E-12 -3.5127E-13 4.9677E-11
CPU time 00:08:04.68 elapsed time 00:11:52.35

(%)
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TABLE H.7

Qutput data for the generalized capacitance
matrix with 7 harmonics or 1S5 Fourier terms
(units F/m)

column 1 2 3 -
PO AR AAAAAAA A A A A A A A A A A A A A A A S A e e ek

{ * 5.6256E-11 -1.6901E-11 -4.0680E-11 -4.0680E-11
2 % -1.6901E-11 3.4700E-11 -8.8996E-12 -8.8996E-12
3 * -4.0681E-11 -8.8996E-12 4.9863E-11 -2.8295E-13
4 ™ -4.0681E-11 -8.8996E-12 -2.8295E-13 4.9863E-11

TABLE H.8

Qutput data for the transmission line capacitance
matrix with 7 harmonic or 13 Fourier terms
(units F/m)

column 1 2 .
POW  FARAA A A A A KA A HAAHAH I A A A

1 * 3.4700E-11 -8.8996E-12 -8.8996E-12
z : -8.8996E-12 4.9863E-11 -2.B2958S8
3 * -8,8996E-12 -2.8295E-13 4.9863E-11
CPU time 00:18:51.82 elapsed time 00:52:19.69

TABLE H.9

Output data for the generalized capacitance
matrix with 9 harmonics or 19 Fourier terms
(units F/m)
1 2 3 4

W e e e et e e e A A oA A A A Ak A A A A e e
L * 5.6359E-11 -1.6900E-11 -4.0732E-11 -4.0732E-11

: -1.6900E-11 3.4700E-11 -8.5001E-12 -8.9001iE-12
: p0732E-11 -8.9000E-12 4.9901E-11 -Z.8889E-13
' =.0732E-11 -8.9000E-12 -2.6889E-13 4.9901E-1!




TABLE H.S

Output data for the transmission line capacitance
matrix with 9 harmonic or 19 Fourier terms
(units F/m)

column 1 2 3
FOW R A AA A A A A A AA A H A A

1 * 3.4700E-11 -8.9001E-1E=81900LE-12
2 : -8.9000E-12 4.9901E-1{ -2.6889E-13

3 * -8.9000E-12 -2.688S9E-13 4.9901E-1it
CPU time 00:37:24.70 elapsed time 00:54:05.02




132
APPENDIX I

Tables (I.1-1.5) are output data files for a dielectric wire bundle over

a ground plane.

TABLE I.1
Output data for the transmission line
capacitance matrix with 1 haromonic
around the conductor and 1 haromonic
around the dielectric for a 3-wire
diectric coated configuration over a
ground plane

column 1 2 ;o
row A A A A A A A A A A A A A A A A AR A A A e A A A

1 * 3.6835E-11 -1.111SE-11" <Z258€0E17
*

2 , -1.0808E-11 3.0903E-11 -1.0808E-ii

3 * -2.5560E-12 -1.1119E-11 3.65588-11

CPU time 00:01:56.48 elapsed time 00:02:36.43

TABLE 1.2
Output data for the transmission line
capacitance matrix with 3 haromonics
around the conductor and 3 haromonics
around the dielectric for a 3-wire
diectric coated configuration over a
ground plane

column 1 2 3
FOW FAAAAAA A A A AAA A A A AAAA A A A A A A

1 * 3,7027E-11 -1.0970E-11 -Z2.468E=ts
*

2 4 -1.0970E-11 3.1089E-ii -1.00%0e=11

3 * -2.4675E-12 -1.0970E~11 SOSEEvEwIN

CPU time 00:12:11.77 elapsed time 00:15:47.50




TABLE 1.3

Output data for the transmission line

capacitance matrix with S haromonics

around the conductor and S haromonics

around the dielectric for a 3-wire

diectric coated configuration over a
ground plane

column 1 2 3
FOW FAHAAA A A A A A A IR AHH I IR A A A A A FA A A

1 * 3.7029E-11 -1.096SE-1Ins=EiaERuE-12
*

2 ,-1.0969E-11 3.1087E-11 -1.0S68E-1{

3 * -2.4685E-12 -1.0969E-11 “3.7029E-11

CPU time 00:36:21.29 elapsed time 00:49:50.18
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APPENDIX J

The following is a listing of the individual subprograms which
make up the program for the capacitance model. A program flow
diagram is provided in figure J .1 to show which subroutines are
called by the calling program or subroutines.

Main - The main program is used in controlling the input from
the terminal and the output to data files.

Winfo - Subroutine which allows the user to input wire data while
minimizing the input requirements from the user.

Samstd - Subroutine which allows the user to input stranded wire
information while minimizing the input requirements and
then calculates and equivalent conductor radius when the
strands have the same radius.

Difstd - Subroutine which allows the user to input stranded wire
information while minimizing the input requirements and
then calculates and equivalent conductor radius when
the wires have a different strand radii.

Samrad - Subroutine which allows the user to input wire radius
information while minimizing the input requirements when
the conductors have the same radius.

Difrad - Subroutine which allows the user to input conductor
information while minimizing the input requirements when
the conductors have different radii.

Dinfo - Subroutine which allows the user to input various
dielectric radii.

Rpinfo - Subroutine which allows the user to input various
permittivities for the dielectric coating around conductors.

Size - Subroutine which multiplies all pertinent variables by a
constant to minimize computational errors when inverting
the D matrix.

- Subroutine which allows the user to input x,y coordinate
information based on the ground reference wire and then
calculates all remaining pertinent reference data for
ribbon cables.



Bgenxy -

Cgenxy -

P genxy -

Newref -

Cap -
Dia -
Ofdia -
Place -
Sum -

Trans -

Plane -

P -

Miny -

135
Subroutine which allows the user to input x,y coordinate
information based on the ground reference wire and then
calculates all remaining pertinent reference data for a
wire bundle

Subroutine which allows the user to input x,y coordinate
information based on the ground reference wire in this
case the shield and then calculates all remaining pertinent
reference data for a coax cable or shielded wire bundle

Subroutine which allows the user to input x,y coordinate
information based on the ground reference plane and then
calculates all remaining pertinent reference data for a
wire bundle over a ground plane

Subroutine which allows user to change ground reference
wire and then calculates all x,y coordinate information
based on the new reference wire (not used when a
ground plane is present)

Subroutine which calculates the generalized capacitance
matrix

Subroutine which calculates the diagonal terms of the D
submatrix

Subroutine which caluclates the off-diagonal terms of the |
D submatrix

Subroutine which places the calculated values of the
various D submatrices into the large D1 matrix

Subroutine which calculates the generalized cagacit.ance
matrix by summing certain rows of the large D1 matrix

Subroutine which calculates the transmission line
capacitance matrix from the generalized capacitance
matrix.

Subroutine which places the values of the generalized
capacitance matrix into the transmission line capacitance
matrix when a ground plane is present

Subroutine which used to reduce the order of the D1
matrix from 2N(Z2k+1) to N(k+1)

Subroutine which is a canned IBM program for inverting
a matrix using Gauss illimation with max pivoting. The
program has been modified to run in quad precision
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Mprt - Subroutine which places all output data in matrix form

A list of variable names which are passed from and to the
various subroutines is shown in tables (J1-J23). The tables consist of
variable names and descriptions of variable names, and their type,
i.e., integer, character, or real. The tables also tell if the variable
is an input and/or output variable from or to other subroutines,
screen, or file.

The various abbreviations used in the tables are listed below

TO - Terminal output to screen

TI - Terminal input from screen

PO - Program output to screen

PI - Program input from screen

PV - Program variable that is not passed
to other subroutines

PC - Program counter which is used only
in that program or subroutine

7.P1/0O- Program input variable which is
from another subroutine and then

passed to another

9. FO- Program output to a file

o SRt DA
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TABLE J.1
Variables used in Subroutine Main
! { input
variable description variable onutpput
name type type
Type of wibre configm‘ation,dbmdle 8
ribbon cable ‘R’, multiconductor coax
Conf cable ‘C’, wire bundle over a ground plane Char*1 | TI/O P1/O
!P’
option for either dielectric coated wires
bare wires
Iopt Iopt = 1 refers to dielectric coated wires I T1/O PI/O
~Iopt = 2 refers to bares wires and is used .
when inductance or coax cable is selected , i
Nw Number of wires in the system I T PL/O
Nhc | # of harmonics evaluated around conductor I 1 EEA0) PO
Nhd | # of harmonics evaluated around dielectric [ T1/0O PO
Nfc__[ # of Fourier terms around conductor I PO
Nfd | # of Fourier terms around dielectric [ PO
Total # of Fourier terms, for bare wire
Nf NFf=Nfc, for dielectric coated wires 1 PO
INF=Nfc+Nfd '
Md1 | dimension for C (generalized cap. matrix) [ PO
Md2 |[dim. for Cl1 (transmission line cap. matrix) I PO
Md3 |dim. for D submatrices I P
Md4 |dim. for D1 matrix (all D submatrices) [ PO
MdS |dim. for Lt vector (working vector) i PO
Mdé |dim. for Scr vector (working vector) I PO
Mq7 |dim. for Pctl & Rpl (Cap. & Ind. matrix I PO
» when ground plane is present respectively)
_Md8 [dim. for DI matrix in some subroutines i PO
dim. for RD1 matrix in some subroutines I PO
id10 [dim. for RD! matrix in some subroutines [ PO
Rel. permittivity of die. inside coax R*16 PO
t2 | Y/N response to Ref. # = Gnd. ref. R*16 TI
Conductor radius measured from center Kr*ie | T1/0 PO
_ Dielectric radius measured from center K16 | 11/0 FO
: Relative permittivity of dielectric R*16 | TI/O PO
W1 [ # of wires in system less reference wire 1l PO
Sl Generalized capacitance matrix R*16 | PI/O FO
Transmission line capacitance matix R*16 | PI/O FO
S Transmission line inductance matrix R*16 [ PI/O FO




TABLE J .1
Variables used in program Main (continued)

. ) input
varisble description variable outpput
nami type type
NWH | wires above gnd. when gnd. plane present [ SV

Transmission line Cap. matrix when gnd.

PCTL plane is present ] : R*16 | PI/O FO
D submatrices making up the potential matrix| R*16 | P1/O FO
D1 large matrix comprised of D submatrices R*i6 | TO PI/O

- SCR | working vector R*16 | TI/O PO

SAC1 | saved transmission line cap. matrix R*16 | PO FO
LT | working vector R*16 | PO FO
RD1 | reduced D1 matrix when ground present R*16 | PO FO
PCG | generalized capacitance matrix gnd present| R*16 | PO FO

SAPCTL [saved transmission line matrix gnd present | R*{6 | PO FO
PD1i | D1 matrix when gnd plane is present R*16| PO FO
NS number of strands in a wire [ P10
NX number of remaining solid wires in sys. 1 PI/O
RCL | Inductance matrix for coax cable R*16 | PO FO

| SMRC | smallest conductor radius in system R0 T PUTO

WRC | conductor radius before sizing R*16 | PO FO

AA1 | sizing constant to reduce inversion error R*16 | PO FO
X relative horizontal distance between wires | R*16 | PO FO
Y relative vertical distance between wires R*16| PO FO
SEP | wire-to-wire sep. measured from center R*16 | PO FO

| IREF | reference wire number R*16 | PO FO

H vertical height from ground plane R*16| PO FO
|_ON [ integer program counter I PL
1__KO integer program counter [ PC

_KU T['integer program counter I PC
KP T integer program counter [ 4

integer program counter I PC
integer program counter [ PL
integer program counter [ P
integer program counter [ =
integer program counter I e
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TABLE J.2
Variables used in Subroutine Winfo
. : input
variable description variable output
name type type
Prmptl | Y/N response to all wires solid char*1 £l
Prmpt2 | Y/N response to all wires stranded char*1 TI
Ns # of wires that are strand char*1 1l PO
Prmpt3 | Y/N response to all wires have same rad. | char*1 TI
Nx Remaining solid wires in system [ PO
Nw Total no. of wires in the system I PI
Smrc | Smallest conductor radius in system R*16 P1/0O
Re Conductor radius R*16 TS,
Conf Type of configuration selected char*1{ P1/O
WRC conductor radius before sizing R*16 P1/0O
Y /N response to remaining wires have TI
Prmpt< the same conductor radius char*1
Y /N response to all strands have the TI
Prmpt5 same conductor radius char*1
Y /N response to all wires have the TI
Prmpt6 same conductor radius char*1
TABLE J.3
Variables used in Subroutine Dinfo
variable S variable o
B description type og/té::t
Y /N response to are all dielectric radii char*1 TI
the same :
Radius of the dielectric R*16 TI
Total number of wires in the system b Pl
Dielectric radius measured from center R*16 | TI/O PO
no. of particular wire in system I TPy
Previous wire number I PV
Y /N response to previous dielectric &
radius = to present dielectric radius char*ll Tl
dielectric radius before sizing R*16 5]
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TABLE J .4
Variables used in Subroutine Rpinfo
. ; input
varg;bele description vart:lable output
i type
Y /N response to is relative permittivity
Prmpt 10 of the wires the same char*1 Tl
Xer | Relative permittivity of the dielectric R*16 TI
er Relative permittivity of the dielectric R*16 T1/0 PO
Nw No. of wires in the system i Pl
No no. of particular wire in the system i Tl PV
Ino Previous number of wire in system I PV
Y /N response to previous relative
Pmptiﬂ permittivity = to present value char1 Tl
TABLE J.5
Variables used in Subroutine Size
variable - variable| MPYt
e description type o&tg:t
| Smrc | Smallest strand or conductor radius R*16 Pl
N Power of sizing factor to min. error —— PV
AAL Sizing factor to minimize error R*16 PO
Iref # of reference wire set to 1 [ PO
Total no. of wires in the system I ki
Conductor radius K=xib 1 - PL/O
Dielectric radius measured form center R*16 P1/O
Option as to either dielectric coated I PI
wires or bare wires selected for system
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TABLE 1.6
Variables used in Subroutine Difstd
; L input
variable description varglable oStpp 3
name ype s
Nw | Total no. of wires in the system [ Pl
Ns No. of wires that are stranded in system [ i
Smrc| Smallest stand or conductor radius R*1i6 PO
Re Conductor radius R*16 PO
Conf Configuration selected char*1 Pl
N Dummy variable for no. of stranded wires| I PV
Rex Inside radius of shield of coax cable R*16 TI PO
No Current wire no. [ PV
Ino Previous wire no. 1 PV
Rstd Radius of one strand of wire [ hii
Nstd No. of strands comprising the wir‘g Ji TI
Y /N response to previous wire radius
Prmpt7 equal pr‘gsent wirEa radius char*1 Tl
WRC | conductor radius before sizing R*16 Po
XRC | eguivalent conductor radius R*16 PV
TABLE J.7
Variables used in Subroutine Samstd
. . inpat
vanr;;bele description va?aE;le output
YP type
Nw | Total no. of wires in the system I Pl
Ns | No. of wires that are stranded in system £ Pl
Smrc| Smallest stand or conductor radius R*16 PI
Re Conductor radius R*16 PO
Conf Configuration selected char*1 1
Oummy wire counter when coax
K or shielded wire bundle I PV
configuration is selected
|_Rex | Inside radius of shield of coax cable R*16 TI PO
| Rstd Radius of one strand of wire R*16 TI
f;msw No. of strands comprising the wire I TI
|—Xrc Equivalent conductor radius R*16 PV
N dummy variable for no. of stranded wires .. PV
_WRC | conductor radius before sizing R*16 PV
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TABLE J .8
Variables used in Subroutine Difrad
. i input
variable description vart‘lable oztpp Ut
name ype e
CONF | configuration selected char*1 Pl
NX | number of wires that are solid I Pl
NW | number of wires in the system I i
RCX inside radius of coax shield R*16 T1/0
N dummy counter [ PV
K dummy counter [ PV
___RC | radius of conductor fnte | 11/0 PO
WRC | radius of conductor before sizing R*16 =)
SMRC | smallest conductor radius in system R*16 )
NO | present wire number 1 TI B
INO | previous wire number i PV
TABLE J.9
Variables used in Subroutine Samrad
g ! input
variable description variable oug out
name type type
configuration selected char*1 Pl
number of wires that are solid I PlI |
number of wires in the system I |
inside radius of coax shield R*16 T1/0
dummy counter i PV
dummy counter I PV
radius of conductor R*16 | TI/O PO
radius of conductor before sizing R*16 PO
smallest conductor radius in system R*16 PO
TABLE J.10
Variables used in Subroutine RGENXY
: input
description va1:1a21e output
YP type
wire-to-wire separation R*16 T1/0
number of wires in the system [ Pl
horizontal cntr-to-cntr wire separation R*1i6 PO
vertical cntr-to-cntr wire separation R*16 % ¥
sizing constant R*16 Pl
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TABLE J .11
Variables used in Subroutine BGENXY
. 3 input
variable description vart'lable ouiF:J out
name ype o
NW | number of wires in the system [ Pl
X horizontal cntr-to-cntr wire separation R*16 TO PO
X vertical cntr-to-cntr wire separation R*16 TR
XVALUE horizontal cntr-to-cntr wire separation R*16 I
YVALUE vertical cntr-to-cntr wire separation R*16 14
" IREF | number given to reference wire I PI
AA1l | sizing constant R*16 Pl
TABLE J.12
Variables used in Subroutine CGENXY
) g input
variable description variable oStpput
name type type
NW | number of wires in the system [ Pl
X horizontal cntr-to-cntr wire separation R*16 | 10 PO
X vertical cntr-to-cntr wire separation R*16 QL PO
[REF | number given to reference wire I gl
XVALUE horizontal cntr-to-cntr wire separation R*16 TI
YVALUE vertical cntr-to-cntr wire separation R*16 T1
AA1l | sizing constant R*16 PI
TABLE J.13
Variables used in Subroutine PGENXY
( . input
"Y;Smat:ele description vag:bele og/té::t
number of wires in the system above gnd I Y
number of wires in the system 16 Pl
H vert. height of wire measured from cntr R*16 o1
X horizontal cntr-to-cntr wire separation R*16 e D
vertical cntr-to-cntr wire separation R*16 TPt
horizontal cntr-to-cntr wire separation R*16 TI
number given to reference wire i Pl
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TABLE J .14
Variables used in Subroutine NEWREF
: . input
vag;&;le description valeable output
e type
[GREF | ground reference wire numéter R*16 Tl
NW | number of wires in the system [ Pl
X horizontal cntr-to-cntr wire separation R*16 =L
¥ vertical cntr-to-cntr wire separation R*16 PO
IREF | number given to reference wire I PO
TABLE J .15
Variables used in Subroutine CAP
g f input
variable description variable oufput
name type type
PI | variable assigned to value of pi ®>1h PV
NW | number of wires in the system I PI
no. of wires in system less ref. wire I PO
NW! squared I PO
number Fourier terms around conductor i P1
no. of Fourier trms around cond.+avg.term [ P1/0O
number of Fourier terms around dielectric I Pl
no. of Fourier trms around die. + avg term [ P1/O
total trms around cond & die.*no. of wires I PI1/O
total Fourier terms around cond & die [ P1/O
angle of matchpoint on conductor surface R*16 PI1/O
angle of matchpoint on dielectric surface R*16 PI1/O
offset angle of matchpoint on conductor R*16 PI1/O
offset angle of matchpoint on dielectric R*16 PI1/O
present source wire I PI/O
present potential wire I Pl/O
hoizontal wire separation R*16 PO
vertical wire separation R*16 PO
horizontal wire separation R*16 Fl
vertical wire separation R*16 Pl
permittivity of dielectric - 1 R*16 P1/0O
permittivity of dielectric + 1 R*16 Pl/O
permittivity of dielectric R*16 P1/O




TABLE J.15 (cont.)
Variables used in Subroutine CAP
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. . input
variable description variable ouEp i
name type i
CONF | configuration selected char*! BlLAE
RC conductor radius R*16 PLA)
[REF | number of reference wire I PEAD
NHC | number of harmonics around conductor I P1/O
[OPT | opticn either bare or dielectric coated i P1/0O
NHD | number of harmonics around dielectric i P1/O
RD dielectric radius measured from center R*16 P1/O
D potential submarix R*16 BEAE)
MD1 | dim. of generalized cap. matrix )i B0
MD2 dim. of transmission line cap. matrix I PLLD
MD3 dim. of D submarices I B0
MD4 | dim. of large D1 matrix{potential matrix) I Bl
MDS dim. of Lt vector (working vector) [ Bl
VD6 dim. of SCR vector (working vector) i PI1/0O
MD7 dim. of transmission line cap matrix plane I Pl
MD8 dim. of D1 matrix in some subroutines i P1/O
MDS | dim. of reduced RD1 matrix [ PL/O
MD10 | dim. of reduced RD1 matrix I Pi/0
MM dummy variable (same as NFPW) I P1/O
MN dummy variable (same as NSW) [ Bl
D1 large potential matrix(contains D’s) R*16 P1/O
NWH | number of wires above the ground plane [ PO
MLD order of RD1 matrix for sub. MINV [ PO
. RD1 reduced D! matrix when gnd. plane present | R*16 PI1/O
LT working vector R*16 e
ISTE number given to step where MINV fails I P1/O
CG generalized cap. matrix R*16 |27 m]
“PCG__| generalized cap. matrix when gnd. present | R*16 PL/O
CER permittivity of dielectric inside coax R*16 P1/0O
PCTL | transmission line cap. matrix gnd. present | R*16 El/O
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TABLE J.lé
Variables used in Subroutine OFDIA
variable —r variable| lnput
wloen description type og/té:;m
BETA | angle matchpts makes with cntr. +offset R*16 PV
MPP | program counter max=NFC I i
AC angle matchpoint makes with wire cntr R*16 Pl
DELTC | offset angle matchpoints make with cntr R*16 Pl
CANG | cosine of BETA R*16 PV
SANG | sine of BETA R*16 PV
total horiz. dis between potential wire
Q1 matchpoint and cntr of sgm*ce wire R*16 PV
XSEP | cntr.-to-cntr. distance between wires R*16 Pl
RC conductor radius measured from center R*16 1
NPW | no. of present potential wire I Pl
Q12 Q1 squared R*16 PV
total vert. dis. between potential wire
Q2 matchpoint and cntr of source wire R*16 PV
822 Q2 squared R*16 PV
RO dis. to matchpt. from cntr. of source wire | R*16 PV
THETA | angle matchpt,source wire and horizontal R*16 PV
1 dummy varialble R*16 PV
CONF | variable used for type of configuration char*1 Pl
NSW | present source wire I Pl
IREF | no. of wire that is selected as reference N Pl
RC conductor radius measured from center R*16 1
IOPT | option either bare or dielectric coated I PI
NFC! | no. of Fourier terms less avg. term I Pl
RD dielectric radius measured from center R*16 Pl
D small potential submatrix R*16 PO
Al dummy variable R*16 PV
A3 | dummy varialble R*16 PV
_NHC | no. of harmonics around conductor I PI
1 program counter (matrix index) i PC
2 program counter (matrix index) e~ e
82 dummy variable R*16 o B
: dummy variable R*16 Y
J program counter [ PV




TABLE J .16 (cont)

Variables used in Subroutine OFDIA
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. ' input
vanr;;btale description variable ou‘t:put
type type
NHD | no. of harmonics around dielectric i Bl
AD angle of matchpt, cntr, and horizontal R*16 PI
DELTD | of set of matchpt. cntr. and horizontal R*16 PI
GMA | angle E normal makes with r direction R*16 PV
RHATN/| unit normal vector in r directon R*16 PV
THETN | unit normal vector in theta direction R*18 PV
JJ program counter (matrix index) I PC
ER1 | permittivity of dielectric - 1 R*16 Pl
J4 program counter (matrix index) I PC
B4 | dummy variable [ PV
TABLE J.17
Variables used in Subroutine DIA
) ! input
variable description variable outF:)p i
name - type b
ype
CONF | variable used for type of configuration char*1 Pl
present potential wire i Pl
dummy variable R*16 PV
conductor radius R*16 P
present source wire [ Pl
program counter [ P
no. of Fourier terms around dielectric bi Pl
small potential submatrix R*16 PO
option either bare or dielectric coating I PI
dummy variable R*16 PV
dielectric radius measured from center R*16 PI
no. of Fourier tmrs + avg. term [ Pi
dummy variable R*16 PV
permittiviyt of dielectric + 1 R*16 Fi
dummy variable R*16 PV




TABLE J .17 (cont)
Variables used in Subroutine DIA

! : input
Rt description vart‘xable oﬁtpput
name ype s
ek program counter (matrix index) [ PC
de program counter (matrix index) I PC
Al dummy variable R*16 PV
NHD | no. of harmonics around dielectric { Pl
J3 program counter (matrix index) I PC
J4 program counter (matrix index) [ PC
Al2 | Al squared R*16 =t
AD | angle of matchpt. cntr. & horizontal R*16 PI

DELTD | offset angle of matchpt,cntr,& horizontal R*16 PI
B2 dummy variable R*16 PV
B3 | dummy variable R*16 PV

ERZ2 | permittivity of dielectric +1 R*16 Pl
B4 dummy variable R*16 PV

TABLE J.18
Variables used in Subroutine PLACE

- . input
variable description variable ogtpput
name type type
NP | program counter (matrix index) [ FC

NF | total number of Fourier terms I PI

MM | no. of present potential wire I Pl

NN | no. of present source wire [ 1

LD | prod of NF * no. of wires - PI
D1 large potential matrix comprised of D’s R*16 PO

J program counter (matrix index) I PC




TABLE J .19
Variables used in Subroutine SUM
; . input
varg;%e description vart-‘lable output
¥Pe type
PI variable assigned to pi R*16 PV
EPS | variable assinged to value of permittivity R*16 PV
A3 dummy variable R*16 PV
NWH | no. of wires above the gnd. plane [ PV
CONF | variable assigned to type of configuration | char*1i Pl
MNW | dummy var. for wires (depends on conf) ) PV
NW | number of wires in the system [ PI
[ROW | dummy variable assigned to row [ PC
NF | no. of Fourier terms - o
IL program counter (matrix index) I PV
J program counter (matrix index) i PV
LD no. of Fourier terms * no. of wires I PI
Al | dummy variable R*16 PV
A2 | dummy variable R*16 PY
K program counter (matrix index) I PC
NFC | no. of Fourier terms around the conductor I &1
RD1 | reduced D1 matrix (gnd. present) R*16 Pl
D1 potential matrix R*16 Pl
IOPT | variable assigned to type of configuration | char*1 Pl
_PCG | general capacitance matrix (gnd. present) R*16 PO
CER permittivity of dielectric in coax cable R*16 Fl
conductor radius R*16 Pl
dielectric radius R*16 =1
used to add certain terms in matrix R*16 ¥
program counter{matrix index) b P
generalized capacitance matrix R*16 PO
program counter (matrix index) [ e
variable assigned to reference wire [ =1
dummy variable R*16 PV
potential matrix when gnd. plane is presnt | R*16 PV
program counter (matrix index) [ F
NW1 squared J Pl
no. of wires less reference wire [ Fi
transmission line capacitance matrix R*16 PO
program counter (matrix index) [ PC




TABLE J.20
Variables used in Subroutine P!

variable - variable| P
P description Ea output
YP type
NWH | no. of wires above ground plane [ PV
NW | no. of wires (real and image) [ &l
NP | program counter (matrix index) [ PC
NF | total no. of Fourier terms [ Pl
NK | program counter (matrix index) [ PC
NN | program counter (matrix index) i PC
N program counter (matrix index) I PC
MP | program counter (matrix index) i PC
[ program counter [ L
J program counter [ PC
RD!1 | reduced D1 matrix when gnd plane present | R*16 PO
D1 | potential matrix comprixed of D’s R*16 Pl
TABLE J.21
Variables used in Subroutine PLANE 4
variable o 2 variable SRt
B e description type otL;téJ:t
program counter (matrix index) I e
program counter (matrix index) I P
| program counter (matrix index) i P
. NWH | no. of wires above the gnd. plane b Pl
PCTL | transmission line cap matrix gnd. present | R*16 PO
PCG | generalized cap. matrix gnd. present R*16 Pl




TABLE J.22
Variables used in Subroutine MINV

. J input

variable description varglable o&put
name ype i
resultant of determinant R*16 PO
negative of the order of input matrix [ PC
order of input matrix [ Pl
program counter [ Pl
vector storing indices [ 1
vector storing indices [ =i

input matrix which inverted then outputed | R*16 P1/0O
largest value in matrix (pivot) R*16 PV
program counter (matrix index) I L
program counter (matrix index) I PC
program counter [ L
program counter (maltrix index) I rL
temporarily hold term of input matrix R*16 PV
program counter (matrix index) I PC
program counter (matrix index) I P
program counter (matrix index) i R
TABLE J.23
Variables used in Subroutine MPRT

< e input

description vart‘lable output

P type

input matrix to be printed R*16| PIFO
number of rows in A I PI
number of columns in A e Pl
literal input of title (hollerith form) CHAR FV
no. of characters in B I P
program counter I A
program counter (matrix index) [ P
max values of program counter i FL
program variable (matrix counter) I Pl




nNONNnOononNnOanNnNNNANNNAMaaNOONNONOOONaaNnaNnQaanaaaaaaaannan

153

APPENDIX K

The following is a listing of the FORTRAN capacitance model.

CONFIGURATIONS CONSIDERED IN THIS PROGRAM ARE RIBBON
CABLES, WIRE BUNDLES, RIBBON AND WIRE BUNDLES OVER A
GROUND PLANE, MULTICONDUCTOR COAX CABLES, AND SHIELD
WIRE BUNDLES

C(NW#**2) SIZE OF THE GENERALIZED CAPACITANCE VECTOR
FOR ALL, CONFIGURATIONS OTHER THAN WHEN A GROUND PLANE
IS PRESENT

Cl((NW=1)**2) SIZE OF TRANSMISSION LINE CAPACITANCE
VECTOR FOR EVERY CONFIGURATION OTHER THAN WHEN A
GROUND PLANES

NHC EQUALS THE NUMBER OF HARMONICS AROUND THE
CONDUCTOR SURFACE

NHD EQUALS THE NUMBER OF HARMONICS AROUND THE
DIELECTRIC SURFACE

NFC EQUALS THE TOTAL NUMBER OF FOURIER TERMS AROUND
THE CONDUCTOR SURFACE

NFD EQUALS THE TOTAL NUMBER OF FOURIER TERMS AROUND
THE DIELECTRIC SURFACE

NOTE: NFC MUST BE LESS THAN OR EQUAL TO NFD

NF EQUALS THE TOTAL NUMBER OF FOURIER TERMS AROUND
BOTH THE CONDUCTOR AND DIELECTRIC, I.E., NF=NFC+NFD
IS DIELECTRIC IS PRESENT OTHERWISE NF+NFC

D(NF,NF) SIZE OF SUBMATRIX OF THE LARGER D1 MATRIX

D1 (NW*NF,NW*NF) LARGE MATRIX DIMENSION IN MAIN PROGRAM
BUT IS DIMENSIONED AS D1((NW*NF)**2) IN SUBROUTINE CAP

LT(2*NF*NW) SIZE OF WORKING VECTOR

SCR( (NF*NW+1)/2) SIZE OF SCRATCH VECTOR

SCR AND LT ARE SCRATCH VECTORS OF DIFFERENT TYPE BUT
CAN SHARE STORAGE LOCATIONS

X(NW,NW) CNTR-TO-CNTR SEPARATION IN X DIRECTION
Y(NW,NW) CNTR-TO-CNTR SEPARATION IN Y DIRECTION

RPL(NW**2) SIZE OF TRANSMISSION LINE INDUCTANCE MATRIX
WHEN A GROUND PLANE IS PRESENT WHERE NW IS THE NUMBER
OF WIRES ABOVE THE GROUND PLANE

PCTL(NW**2) SIZE OF THE TRANSMISSION LINE CAPACITANCE
MATRIX WHEN A GROUND PLANE IS PRESENT

RL((NW-1)**2) SIZE OF THE TRANSMISSION LINE
INDUCTANCE MATRIX FOR ALL CONFIGURATIONS OTHER THAN
WHEN A GROUND PLANE IS PRESENT.
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NOTE: THE DIMENSIONS OF X,Y,RC,RD,ER,H, AND WILL BE
DOUBLED WHEN WHEN A GROUND PLANE IS PRESENT. FOR
EXAMPLE IF THERE ARE ARE FIVE WIRES ABOVE A GROUND
PLANE THEN THE DIMENSIONS WILL BE AS FOLLOWS:
X(10,10),¥(10,10),RC(10),RD(10),ER(10),H(10)

THE DIMENSIONS PROVIDED IN THIS PROGRAM FOR THE
VARIOUS MATRICES AND VECTORS ARE FOR UP TO 8 WIRES
WITH UP TO 10 HARMONICS ON THE CONDUCTOR AND 10
HARMONICS ON THE DIELECTRIC. ANOTHER WAY OF SAYING
IT IS 8 WIRES WITH 42 FOURIER TERMS ON THE CONDUCTOR
AND 42 FOURIER TERMS ON THE DIELECTRIC. ANY NUMBER OF
WIRES OR FOURIER COEFFICIENTS GREATER THAN THOSE
PROVIDED REQUIRE A CHANGE IN THE DIMENSION STATEMENTS

REAL*16 C(64),Cl1(49),D(82,82),D1(496,496)

REAL*16 RL(49),RPL(64),X(8,8),Y(8,8),PD1(8)

REAL*16 ER(8),H(8),PCTL(64),WRD(8)

REAL*16 RC(8),RD(8),CER,DET,WRC(8)

REAL*16 SAC1(49),2(49),RLB(49),ZB(49),SAPCTL(64),2ZP(64)
REAL*16 RPLB(64),ZPB(64),RCL(49),2C(49),2CB(49),RCLB(49)
REAL*16 RCB(49),RD1(88,88),PCG(8,8)

DIMENSION LT(992),SCR(248)

CHARACTER*1 CONF

EQUIVALENCE (SCR(1l),LT(1l))

FOLLOWING ROUTINE INPUTS PARAMETERS TO THE PROGRAM FROM THE
SCREEN

THIS ROUTINE ENTERS CONFIGURATION OPTIONS

WRITE(6,10)

FORMAT(/,15X,’'SELECT WIRING CONFIGURATION FROM
+ THE FOLLOWING LIST’,
+/,5X,’WIRE BUNDLE (B)’,
+/,5X, ’MULTI-CONDUCTOR COAX CABLE (C)’,
+/,5X,'WIRE BUNDLE OR RIBBON CABLE OVER A GROUND PLANE (P).’
+/,5X, "RIBBON CABLE (R)’,
+/,5X,'SHIELDED RIBBON CABLE OR WIRE BUNDLE (NOT YET AVAILABLE
+ (8),
+/,5X,'TWISTED PAIR (NOT YET AVAILABLE) (T)’,
+/,5X,'ENTER TYPE OF CONFIGURATION: (B),(C),(P),(R),(S),OR,(T)
+ CONF= ’,S)

READ(5,15)CONF

FORMAT(AL)

WRITE(6,20)CONF

FORMAT(//,25X,'CONF= ’ ,Al)

IF(CONF.EQ.’B’.OR.CONF.EQ.’C’' .OR.CONF.EQ.'P’.OR.
&CONF.EQ.’'R’.OR.CONF.EQ.’S’ .OR.CONF.EQ.’T’) THEN

GO TO 30

ELSE

WRITE(6,25)

FORMAT(//,25X,’INCORRECT INPUT SELECT AGAIN')

GO TO 5

END IF

WRITE(6,35)

FORMAT(/,15X,’NOTE: SELECT FROM THE FOLLOWING OPTIONS',//



0116
0117
0118
0119
0122
012
0122 40
0123
olzg
012
0126 45
°‘%Z
01
0129 50
0
013 g
60
65
70
75
80
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+,10X,’I0PT=1 IMPLIES DIELECTRIC COATED WIRES’,/,l10X,’NOTE:
+ SELECT THIS OPTION IF’,/17X,’(B),(P),(R),(S), OR (T) WAS
+SELECTED' ,//
+,10X,’IOPT=2 IMPLIES BARE WIRES’,/,10X,’NOTE: SELECT THIS OPTION
+ IF (C) WAS SELECTED’,/,l17X,’ OR INDUCTANCE MATRIX IS DESIRED’,/)
WRITE(6,40)
FORMAT(5X,'ENTER OPTION (IOPT)= ’,$)
READ(5, *) IOPT
IF(IOPT.LT.1.0R.IOPT.GT.2) THEN
WRITE(6,45)
FORMAT(//,25X, ' INCORRECT INPUT SELECT AGAIN’)
GO TO 30
END IF
IF(CONF.EQ.’C’.OR.CONF.EQ.’S’) THEN
WRITE(6,55) 4
FORMAT(/, 25X, 'NOTE: THE SHIELD OF THE COAX CABLE OR WIRE BUNDLE
&’,/,25X,'1IS ASSUMED TO BE A WIRE THAT IS NOT STRANDED’)
WRITE(6,60)
FORMAT(//,5X,’ENTER # OF WIRES INCLUDING SHIELD NW= ’,S)
READ(5, *)NW
ELSE
WRITE(6,65)
FORMAT(//,5X,’ENTER # OF WIRES (NW)= ’,$)
READ(5, * )NW
END IF
IF(CONF.EQ.’P’) NWm2*NW
IF(CONF.NE.’P’ .AND.NW.LE.1) THEN
WRITE(6,70)
FORMAT(/,’ ***ERROR*** NUMBER OF WIRES LESS THAN TWO.
+ ENTER AGAIN.',/)
GO TO 50
ELSE
IF(NW.GT.10) THEN
WRITE(6,75)
FORMAT(5X, 'NUMBER OF WIRES SELECTED OUT OF RANGE.’,/,5X,
&'PROGRAM DIMENSION STATEMENTS MUST BE MODIFIED.’)
GO TO 50
END IF
END IF
WRITE(6,85) :
FORMAT(5X, 'ENTER # OF COSINE OR SINE TERMS AROUND THE CONDUCTOR
+’,/,5%X,’(I.E. THE # OF HARMONICS AROUND THE CONDUCTOR NHC) = ’,S)
READ(5, *)NHC
IF(NHC.GT.20) THEN
WRITE(6,90)
FORMAT(//,15X,’INCORRECT INPUT, VALUE SELECTED EXCEEDS
& PROGRAM DIMENSIONS.’,/,
&15X, ' PROGRAM DIMENSION STATEMENTS MUST BE MODIFIED’)
GO TO 80
END IF
IF(IOPT.EQ.1l) THEN
WRITE(6,105)
FORMAT(5X,’ENTER # OF COSINE OR SINE TERMS AROUND THE
:g;g?zc?ngc',/,sx,'(x.s. THE # OF HARMONICS AROUND THE DIELECTRIC
- ',S)
READ(S, * )NHD
IF(CONF.EQ.’S’) THEN
IF(NBD.EQ.NHC) THEN



156

1174 WRITE(6,106)
1175 106 FORMAT(5X, 'NOTE: IF NHC IS AN ODD NUMBER THEN NHD SHOULD’,/,5X,
1176 &’BE EVEN AND ONE GREATER THAN NHC. REENTER NEW VALUES')
19177 GO TO 80
19178 END IF
{9179 END IF
1180 IF(NHD.GT.20) THEN
1181 WRITE(6,110)
0182 110 FORMAT(//,15X, ' INCORRECT INPUT, VALUE SELECTED EXCEEDS
&DIMENSION.’,/,15X,'PROGRAM DIMENSION STATEMENTS MUST BE MODIFIED’)
GO TO 100
END IF
END IF

NFC=NO. OF COSINE + SINE TERMS + AVG. TERM AROUND CONDUCTOR
NFD=NO. OF COSINE + SINE TERMS + AVG. TERM AROUND DIELECTRIC

oo

IF(CONF.EQ.'R’) THEN
NFC=NHC+1

NFD=NHD+1

ELSE

NFC=2*NHC+1
NFD=2*NHD+1

END IF

IF(IOPT.EQ.l) THEN
NF=NFC+NFD

ELSE IF(IOPT.EQ.2) THEN.
NF=NFC

END IF

MD1l=DIMENSION FOR C MATRIX
MD2=DIMENSION FOR Cl,RL,SACl,Z,RLB,ZB,RCL,ZC,ZCB,RCLB,
RCB MATRICES
MD3=DIMENSION FOR D SUBMATRIX
MD4=DIMENSION FOR D1 MATRIX NOTE: THAT D1 IS ALSO
DIMENSION AS (NW*NF)**2 WHICH IS MD8
MD5=DIMENSION FOR LT VECTOR
MD6=DIMENSION FOR SCR VECTOR
MD7=DIMENSION FOR RPL,PCTL,CAPCTL,ZP,RPLB,ZPB MATRICES
MD8=DIMENSION OF D1 MATRIX IN SOME SUBROUTINES
MDl=NW**2
MD2=(NW=1)**2
MD3=NF
MD4=NW*NF
MD5=2*MD4
MD6=(MD4+1)/2
MD7=(NW/2)**2
MD8=MD4 **2
MD9=(NW/2) *NF
MD10=MD9**2
NWH=NW/2
CALL WINFO(RC,RD,NW,CONF,6NS,NX,SMRC,WRC,WRD)
CER=1.0Q0
IF(IOPT.EQ.1) THEN
CALL DINFO(NW,RD,WRD)
CALL RPINFO(NW,ER)
END IF
IF(CONF.EQ.’C’) THEN
WRITE(6,115)

nNNnNnNnononaaonaa
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0233 115 FORMAT(5X,’ENTER THE RELATIVE PERMITIVITY OF THE DIELECTRIC’,
0234 +/,5X, ' INSIDE THE COAX CABLE. CER= ’,$)

0235 READ(S, *)CER

0236 END IF

0237 CALL SIZE(SMRC,AAl,NW,RC,RD,IOPT,IREF)

0238 IF(CONF.EQ.'R’) THEN

0239 CALL RGENXY(NW,AAl,X,Y,SEP)

0240 ELSE IF(CONF.EQ.’B’) THEN

0241 CALL BGENXY(NW,AAl,X,Y,IREF)

0242 ELSE IF(CONF.EQ.’C’.OR.CONF.EQ.’S’) THEN

0243 CALL CGENXY(NW,AAl,X,Y,IREF)

0244 ELSE IF(CONF.EQ.’'P’) THEN

0245 CALL PGENXY(NW,AAl,X,Y,IREF,H)

0246 END IF

0247 IF(CONF.EQ.'P’) GO TO 130

0248 WRITE(6,120) '

0249 120 FORMAT(5X,’IS THE REFERENCE NUMBER THE SAME AS THE GROUND',/

+,5X,’ REFERENCE CONDUCTOR? ENTER Y/N, PROMPT= ’,$)

READ(5,125)PRMPT2

FORMAT(AL)

IF(PRMPT2.EQ.’N’) THEN

CALL NEWREF(NW,X,Y,IREF)

END IF

IF(IOPT.EQ.l1) THEN

WRITE(6,135)NW,NHC,NHD,NHC,NHD,NFC,NFD

FORMAT('1’,80(’*’),//,6X,'GENERALIZED AND TRANSMISSION LINE CAP
+ACITANCE MATRIX PARAMETERS’,//,6X,'CONDITIONS:’,/
+,11X,13,’' WIRES ',/
+,11X,13,’ COSINE TERMS AROUND THE CONDUCTOR’,/
+,11X,I3,’ COSINE TERMS AROUND THE DIELECTRIC’,/
+,11X,I3,’ SINE TERMS AROUND THE CONDUCTOR’,/
+,11X,I3,’ SINE TERMS AROUND THE DIELECTRIC’,/
+,11X,I3," FOURIER COEFFICIENTS AROUND THE CONDUCTOR',/
+,11X,I3,’ FOURIER COEFFICIENTS AROUND THE DIELECTRIC’,/)

IF(NFD-NFC)140,150,150

WRITE(6,145)NFC

FORMAT(/,’ ***ERROR*** NUMBER OF COEFFICIENTS AROUND CONDUCTOR G
+IVEN GREATER THAN NUMBER AROUND DIELECTRIC.’,/,l14X,'BOTH SET EQU
+AL TO ’,I3,'.',/)

NFD=NFC

WRITE(6,155)

FORMAT(/,24X, 'PHYSICAL CHARACTERISTICS:’,//,10X,’CONDUCTOR
+’,15X, 'DIELECTRIC’,19X, 'RELATIVE’,/,12X, 'RADIUS’,19X, 'RADIUS
+’,20X, 'DIELECTRIC’,/,63X,’ CONSTANT’,/)

DO 165 J=1,NW

WRITE(6,160)J,WRC(J),J,WRD(J),J,ER(J)

FORMAT(3X,’RC(’,I2,')= ’,1PE10.3,’ (METERS)'’,1X,
+'RD(’,I2,’)= ’,E10.3,’ (METERS)’,1X,
EER(”,12,")= ’,1X,E10.3,/)

CONTINUE

ELSE IF(IOPT.EQ.2) THEN

WRITE(6,170)NW,NHC,NHC,NFC

FORMAT(’1’,80(’*’),//,6X,'GENERALIZED AND TRANSMISSION LINE
+CAPACITANCE MATRIX PARAMETERS’,//,6X,'CONDITIONS:',/
+,11X,13,’ WIRES ’,/
+,11X,13,’ COSINE TERMS AROUND THE CONDUCTOR’,/
+,11X,1I3,’ SINE TERMS AROUND THE CONDUCTOR’,/

+,11X,13,’ FOURIER COEFFICIENTS AROUND THE CONDUCTOR’)
WRITE(6,175)
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FORMAT(/,24X, ' PHYSICAL CHARACTERISTICS:’,/,10X,’'CONDUCTOR RAD

+IUs’,/)

DO 185 J=1,NW
WRITE(6,180)J,WRC(J)

FORMAT(3X,'RC(’,I2,’)= ’,1PE11.4,’ (METERS)'’,/)

CONTINUE
END IF
CALL CAP(NW,NFC,NFD,NF,RC,RD,ER, IREF,IOPT,C,Cl,D,D1l,SCR,LT

+,NHC,NHD,X,¥,MD1,MD2,MD3,MD4,MD5,MD6,MD7 ,MD8 , MDY, MD10, PCTL
+,CONF,PD1,CER,RD1,NWH, PCG)

RESULTS HAVE BEEN CALCULATED - MATRICES ARE PRINTED OUT

NWl=NW-1

IF(CONF.EQ.'R’.OR.CONF.EQ.’'B’) THEN

IF(IOPT.EQ.l) THEN :

CALL MPRT(C,NW,NW,’'GENERALIZED CAPACITANCE’,23)

CALL MPRT(Cl,NW1l,NWl,’'TRANSMISSION LINE CAPACITANCE’,29)
KN=1

DO 190 I=1,NW1l

DO 190 J=1,NW1l

SAC1l(KN)=Cl(KN)

KN=RKN+1

CONTINUE

ELSE

CALL MPRT(C,NW,NW,’'GENERALIZED CAPACITANCE FOR BARE WIRES'’,38)
CALL MPRT(Cl,NWl,NW1l,'TRANSMISSION LINE CAPACITANCE FOR

&BARE WIRES'’,44)

ON=1

DO 205 I=1,NWl

SAC1(ON)=Cl(ON)

ON=ON+1

CONTINUE ¢

CALL MINV(Cl1l,NWl1l,DET,LT(1l),LT(NW1l+1l))

MN=1

DO 210 I=1,NWl

DO 210 J=1,NW1

RLB(MN)=1.1126497Q-17*C1(MN)

MN=MN+1

CONTINUE

CALL MPRT(RLB,NW1l,NWl, 'TRANSMISSION LINE INDUCTANCE’,28)
END IF

ELSE IF(CONF.EQ.’'P’) THEN

NWH=NW/2

IF(IOPT.EQ.1) THEN

CALL MPRT(PCTL,NWH,NWH, ' TRANSMISSION LINE CAPACITANCE

+ OVER A GROUND PLANE’,49)

RL=1

DO 220 I1=1,NWH

DO 220 J=1,NWH

SAPCTL (KL )=PCTL(KL)

KL=RL+1

CONTINUE

ELSE IF(IOPT.EQ.2) THEN

NWH=NW /2

CALL MPRT(PCTL,NWH,NWH, ' TRANSMISSION LINE CAPACITANCE OF BARE

WIRES OVER A GND. PLANE’,61)
KP=]
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1351 DO 235 I=l,NWH

1352 DO 235 J=1,NWH

0353 SAPCTL(KP)=PCTL(KP)

1354 KP=KP+1

0355 235 CONTINUE

usé CALL MINV(PCTL,NWH,DET,LT(1),LT(NWH+1))

DO 240 I=1,NWH
DO 240 J=1,NWH
RPLB(KO)=1.1126497Q-17*PCTL(KO)
KO=KO+1
240 CONTINUE
CALL MPRT(RPLB,NWH,NWH, 'BARE WIRE INDUCTANCE OVER A GROUND
&PLANE’ ,40)
END IF
ELSE IF(CONF.EQ.’S’") THEN ’
CALL MPRT(C,NW,NW, 'GENERALIZED SHIELDED WIRE CAPACITANCE'’,37)
CALL MPRT(Cl,NWl1l,NWl,’SHIELDED WIRE CAPACITANCE MATRIX'’, 34)
IF(IOPT.EQ.1l) THEN
KR=1
DO 250 I=1,NW1l
DO 250 J=1,NW1
SAC1l(KR)=Cl(KR)
KR=KR+1
250 CONTINUE
ELSE
KS=1
DO 251 I=1,NW1l
DO 251 J=1,NW1
SAC1l(KS)=Cl(KS)
KS=KS+1
251 CONTINUE
CALL MINV(Cl,NWl,DET,LT(1l),LT(NW1l+1l))
KT=1
DO 252 I=1,NW1l
DO 252 J=1,NW1
Cl(KT)=Cl(KT)
RCL(KT)=1.1126497Q-17*C1(RV)
RT=KT+1
252 CONTINUE
3§ALL MPRT(RCL,NW1l,NWl, 'SHIELDED TRANS. LINE INDUCTANCE MATRIX'
&,38)
END IF
ELSE IF(CONF.EQ.’C’) THEN
CALL MPRT(C,NW,NW,'GENERALIZED COAX CAPACITANCE’,28)
ggLi MPRT(C1l,NW1l,NW1l, 'COAX CAPACITANCE MATRIX'’,23)
DO 265 I=1,NW1l
DO 265 J=1,NW1
SACl (KU)=C1l(KU)
RKU=KU+1
CONTINUE
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0403 CALL MINV(C1l,NW1,DET,

o CALt LT(1),LT(NW1+1))

0405 DO 270 I=1,NW1

0406 DO 270 J=1,NWl

0407 C1(KV)=Cl(KV)*CER

0408 RCLB(KV)=1.1126497Q-17*C1(KV)

0410 270 CONTINUE

0411 CALL MPRT(RCLB,NW1,NW1,’ .

3212 St ( 1,NW1l,’COAX TRANS. LINE INDUCTANCE MATRIX’,34)

413 END
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THIS SUBROUTINE ALLOWS THE USER TO ENTER INFORMATION CONCERNING
THE VARIOUS TYPES OF WIRES TO THE PROGRAM FROM THE SCREEN

o
o
o
w
aaoonn

0005 SUBROUTINE WINFO(RC,RD,NW,CONF,NS,NX, SMRC,WRC,WRD)
0006 REAL*16 SMRC,AAL
0007 REAL*16 RC(NW),RD(NW),WRC(NW),WRD(NW)
0008 CHARACTER*1 PRMPT1,PRMPT2,PRMPT3
0009 CHARACTER*1 PRMPTS,PRMPT6 , CONF
IF(CONF.EQ.’S’.OR.CONF.EQ.’'C’) THEN
WRITE(6,5) ;
5 FORMAT(/5X,’ARE ALL WIRES SOLID INSIDE SHIELD? ENTER Y/N ’,$)
READ(5,6) PRMPT1
6 FORMAT(AL)
ELSE
WRITE(6,10)
10 FORMAT(/5X,’ARE ALL WIRES SOLID? ENTER Y/N ’,$)
READ(5,20)PRMPT1
20 FORMAT(AL)
END IF
IF(PRMPT1.EQ.’N’) THEN
WRITE(6,30)
30 FORMAT(5X,'ARE ALL WIRES STRANDED? ENTER Y/N ’, $)
READ(5,40)PRMPT2
40 FORMAT(AL)
IF(PRMPT2.EQ.’N’) THEN
WRITE(6,50)
50 FORMAT(5X, 'ENTER 4 OF WIRES THAT ARE STRANDED NS= ’,$)
READ(5,60)NS
60 FORMAT(I2)
WRITE(6,70)
70 FORMAT(5X, 'DO ALL STRANDS HAVE SAME RADIUS? ENTER
&Y/N ', $)
READ(5,80)PRMPT3
80 FORMAT(Al)
IF(PRMPT3.EQ.’N’) THEN
CALL DIFSTD(NW,NS,SMRC,RC,CONF,WRC)
ELSE
CALL SAMSTD(NW,NS,SMRC,RC,CONF,WRC)
END IF
NX=NW-NS
IF(NX.EQ.NW) GO TO 130
WRITE(6,90)
90 FORMAT(5X, ‘DO REMAINING SOLID WIRES HAVE THE SAME
&RADIUS? ENTER Y/N ’, $)
READ(5,100)PRMPT4
100 FORMAT(AL)
IF(PRMPT4.EQ.’Y’) THEN
. CALL SAMRAD(NW,NX,NS,RC,SMRC, CONF,WRC)
ELSE
CALL DIFRAD(NW,NX,RC,SMRC,CONF,WRC)
END IF
ELSE
210 WRITE(6,110)
FORMAT(S5X,’DO STRANDS HAVE THE SAME RADIUS? ENTER Y/N ’, $)
120 READ(5,120)PRMPTS
FORMAT(Al)
NS=NW
IF(PRMPTS.EQ.’Y’) THEN
CALL SAMSTD(NW,NS,SMRC,RC,CONF,WRC)
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ELSE
CALL DIFSTD(NW,NS,SMRC,RC,CONF,WRC)
END IF
END IF
ELSE
WRITE(6,140)
FORMAT(5X,’'DO ALL WIRES HAVE THE SAME RADIUS? ENTER ¥Y/N ', §$)
READ(5,150)PRMPT6
FORMAT(AL)
NX=NW
IF(PRMPT6.EQ.’'Y’) THEN
CALL SAMRAD(NW,NX,NS,RC,SMRC,CONF,WRC)
ELSE
CALL DIFRAD(NW,NX,RC,SMRC,CONF,WRC)
END IF
END IF
RETURN
END
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0l c
3802 c SUBROUTINE FOR INPUTING THE DIELECTRIC RADIUS
03 c
%04 SUBROUTINE DINFO(NW,RD,WRD)
0005 CHARACTER*1 PRMPT8,PRMPTY
0006 REAL*16 RD(NW),WRD(NW)
0007 INTEGER NW,NO,INO
0008 REAL*16 XRD
1009 WRITE(6,10)
0010 10 FORMAT(/, 5X, 'ARE ALL DIELECTRIC RADII THE SAME? ENTER Y/N ’,§)

0011 READ(S5,20)PRMPTS
0012 20 FORMAT(Al)
0013 IF(PRMPTB8.EQ.’Y’) THEN

ROUTINE FOR ENTERING DIELECTRIC RADII IF THEY ARE THE SAME

L=
o
fory
w
anaan

2017 WRITE(6,30)
18 30 FORMAT(/, 15X, 'NOTE: THE RADIUS OF DIELECTRIC IS THE
0019 +’,/,21X, 'RADIUS FROM THE CENTER OF THE
0020 +’,/,21X,"CONDUCTOR TO THE OUTER EDGE OF
+',/,21X,’THE DIELECTRIC',/)
WRITE(6,40)
40 FORMAT(5X, 'ENTER RADIUS OF DIELECTRIC (RD)= ’,$)
READ(5, * ) XRD
DO 60 I=1,NW
RD(I)=XRD
WRD( I)=XRD
WRITE(6,50)I,RD(I) .
50 FORMAT(5X, 'RD(’,I2,')= ’,E11.4)
60 CONTINUE
ELSE

c ROUTINE ENTERING DIELECTRIC RADIUS IF THEY ARE DIFFERENT

DO 160 II=1,NW
IF(II.EQ.1l) THEN
WRITE(6,70)

70 FORMAT(/,5X, ’ENTER WIRE # NO.= ’,$)
READ(5,80)NO
80 FORMAT(I2)
WRITE(6,90)NO,NO
90 FORMAT(5X, 'ENTER RADIUS OF DIELECTRIC OF WIRE(',I2,’)’

&I/rzsx" RD(’,I2,' )= r,s)
READ(S5, *)RD(NO)
WRD(NO)=RD(NO)
ELSE
INO=NO
WRITE(6,100)
FORMAT(5X,’ENTER WIRE # NO.= ’,§)
READ(5,110)NO
FORMAT(I2)
WRITE(6,120)NO, INO
FORMAT(SX,’IS RD(’,I2,")=RD(’,I2,’) 2',/,5%,
+ ENTER Y/N ’,$)
READ(5,130)PRMPTY
FORMAT(AI)
IF(PRMPT9.EQ.’Y’ ) THEN
RD(NO)=RD(INO)
ELSE
WRITE(6,140)NO,NO
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140 FORMAT(5X, ' ENTER RADIUS OF DIELECTRIC OF WIRE(',I2,")’
&,/,25%,' RD(',I2,"')= ',S)
READ(S5,*)RD(NO)
WRD(NO)=RD(NO)
END IF
END IF
WRITE(6,150)NO,RD(NO)
150 FORMAT(5X,’RD(’,I2,")= L ELO. 3)
160 CONTINUE
END IF
RETURN
END
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SUBROUTINE RPINFO FOR ENTERING THE RELATIVE PERMITTIVITY
OF EACH WIRE

noan

0004 SUBROUTINE RPINFO(NW,ER)

0005 REAL*16 ER(NW)

0006 INTEGER INO,NO

0007 CHARACTER*1 PRMPT10,PRMPT1l
0008 REAL*16 XER

0009 WRITE(6,10)

0010 10 FORMAT(/,5X, IS THE RELATIVE PERMITIVITY THE SAME
0011 + FOR ALL WIRES? ENTER Y/N ’,$)
0012 READ(5,20)PRMPTL0

go13 20 FORMAT(AL)

0014 IF(PRMPT10.EQ.’Y’) THEN

THIS ROUTINE FOR ENTERING RELATIVE PERMITTIVITY IF IT IS
THE SAME

annan

WRITE(6,30)
30 FORMAT(5X, 'ENTER RELATIVE PERMITIVITY OF DIELECTRIC ER= ’,$)
READ(5, *)XER
DO 50 I=1,NW
ER(I)=XER
WRITE(6,40)I,ER(I)
40 FORMAT(5X,'ER(’,I2,')= ', ,E11.4)
50 CONTINUE
ELSE

c THIS ROUTINE FOR ENTERING THE RELATIVE PERMITTIVITY IF DIFFERENT

DO 150 II=1,NW
IF(II.EQ.1l) THEN
WRITE(6,60)
60 FORMAT(/,5X,’ENTER WIRE # NO.= ’,S)
READ(5,70)NO
70 FORMAT(I2)
WRITE(6,80)NO,NO
80 FORMAT(5X,’'ENTER THE RELATIVE PERMITIVITY OF ’,/,5X,’
&WIRE('IIzr') ER(',IZ,')- '1$)
READ(5,*)ER(NO)
ELSE
WRITE(6,90)
FORMAT(5X, 'ENTER WIRE # NO.= ’,S)
READ(5,100)NO
FORMAT(I2)
WRITE(6,110)MO, INO
FORMAT(5X,’IS ER(’,I2,’)=ER(’,I2,’) 2',/.,5%,"
& ENTER ¥/N ’,$)
READ(5,120)PRMPT11
FORMAT(Al)
IF(PRMPT11.EQ. 'Y’ )THEN
ER(NO)=ER( INO)
WRITE(6,125)NO,ER(NO)
FORMAT(5X,'ER(’,I2,’)= ’,E10.3)
ELSE
WRITE(6,130)
FORMAT(5X, 'ENTER RELATIVE PERMITIVITY OF WIRE(’,I2,’)
& ER(',I12,")= ’,$)
READ(5, *)ER(NO)
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150

WRITE(6,140)NO,ER(NO)
FORMAT(5X,'ER(’,I2,')= *,E10.3)
END IF
END IF
INO=NO
CONTINUE
END IF
RETURN
END
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0001 c

0002 c SUBROUTINE SIZE SIZES THE RELATIVE MEASUREMENTS TO THAT OF

0003 c THE SMALLEST RADIUS OF THE CONDUCTORS TO MINIMIZE COMPUTATIONAL
0004 c ERRORS

0005 c

SUBROUTINE SIZE(SMRC,AAl,NW,RC,RD,IOPT,IREF)
INTEGER NW,NJ
REAL*16 SMRC,AAl,RC(NW),RD(NW)
NJ=-1.0Q0*QLOG10(SMRC)
AAl=10**NJ
IREF=1
DO 10 K=1,NW
RC(K)=RC(K)*AAl
RD(K)=RD(K)*AAl
CONTINUE
RETURN
END
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&5X,

SUBROUTINE SAMSTD IS USED FOR ENTERING STRANDED WIRE
INFORMATION IF THE STRANDS HAVE THE SAME DIMENSIONS

SUBROUTINE SAMSTD(NW,NS,SMRC,RC,CONF,WRC)

REAL*16 RSTD,RC(NS),SMRC,XRC,WRC(NS)

INTEGER NS,NO,INO,NW,NSTD

CHARACTER*1 CONF
WRITE(6,10)NW,NS
FORMAT(//,5X, 'TOTAL NUMBER OF WIRES NW=
"TOTAL NUMBER OF STRANDED WIRES NS=

IF(CONF.EQ.’C’) THEN

WRITE(6,20)
FORMAT(/, 5X,
READ(S5, *)RCX
END IF

IF(CONF.EQ.’S’") THEN

WRITE(6,21)
FORMAT(/, 5X,
READ(5, *)RCX
END IF

IF(NS.LE.O) NS=NW-1

WRITE(6,30)

FORMAT(//,5X,’'ENTER STRANDED WIRE INFORMATION')
WRITE(6,40)
FORMAT(/,5X,

& RSTD= ',3)

READ(5,*)RSTD

WRITE(6,60)

FORMAT(5X, 'ENTER # OF STRANDS NSTD=

READ(S5, *)NSTD

"ENTER INSIDE RADIUS OF COAX SHIELD RCX=

"ENTER INSIDE RADIUS OF SHIELD RCX=

"ENTER RADIUS OF ONE STRAND OF WIRE

"h3)

IF(NSTD.EQ.7.0R.NSTD.EQ.10.0R. NSTD EQ.19.

GO TO 80
ELSE
WRITE(6,70)

FORMAT(//,20X, 'INCORRECT INPUT FOR THE NUMBER OF STRANDS.'
&20X,’'INPUT SHOULD BE 7,10,19,26,37,41,0R 65.
&20X,’ENTERED IS DIFFERENT TRY AGAIN, OTHERWISE PRGRAM’,/,
&20X,’MUST BE MODIFIED.',//)

GO TO 50
END IF

IF(NSTD.EQ.7)
IF(NSTD.EQ.10)
IF(NSTD.EQ.19)
IF(NSTD.EQ.26)
IF(NSTD.EQ.37)
IF(NSTD.EQ.41)
IF(NSTD.EQ.65)
IF((NW-NS).EQ.0)

N=NW

ELSE

N=NS

END IF
IF(CONF.EQ. "’
RC(1)=RCX
WRC(1)=RCX

' .OR.CONF.EQ.

XRC=3.0*RSTD
XRC=4.0*RSTD
XRC=5.0*RSTD
XRC=6.0*RSTD
XRC=7.0*RSTD
XRC=8.0*RSTD
XRC=9.0*RSTD
THEN

IF(CONF.EQ.’C’) THEN

WRITE(6,90)RC(1)

’S’) THEN

&OR.NSTD.EQ.26 .0R.NSTD.EQ.37.0R.NSTD.EQ.41.
&OR.NSTD.EQ.65) THEN

’IIZ’/I
', 12)

IF VALUE'

168

".8)

o/



90

91

100
110

FORMAT(/,5X,'INSIDE RADIUS OF COAX caBLE RC(1l)=
ELSE

WRITE(6,91)RC(1)

,E10.3

FORMAT(/,5X, ' INSIDE RADIUS OF SHIELD RC(1)= * ,E10.3)

END IF
END IF
DO 110 JJ=1,N
IF(CONF.EQ.’C'.OR.CONF.EQ.’S’) THEN
K=JJ+1
ELSE
K=JJ
END IF
RC(K)=XRC
WRC(K)=XRC
WRITE(S,IOO)K,RC(K)
FORMAT(5X,’RC(’,I2,’)= ' E10%39)
SMRC=RC(K)
CONTINUE
RETURN
END
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0001 o

0002 c SUBROUTINE DIFSTD IS USED FOR ENTERING STRANDED WIRE
0003 c INFORMATION IF THE DIMENSIONS OF THE STRANDS ARE OF
0004 C DIFFERENT DIMENSIONS

0005 cC

SUBROUTINE DIFSTD(NW,NS,SMRC,RC,CONF,WRC)
REAL*16 RSTD,RC(NS),SMRC,WRC(NS)
INTEGER NS,NO,INO,NSTD
CHARACTER*1 PRMPT7,CONF
IF( (NW-NS).EQ.0) THEN
N=NW
ELSE
N=NS
END IF
Do 170 JJ=1,N
IF(JJ.EQ.1l) THEN
IF(CONF.EQ.’C’.OR.CONF.EQ.’S’) THEN
IF(CONF.EQ.’C’) THEN
WRITE(6,10)
FORMAT(5X,’ENTER INSIDE RADIUS OF COAX CABLE RCX= ’,$)
READ(5, *)RCX
ELSE
WRITE(6,11)
FORMAT(5X, 'ENTER INSIDE RADIUS OF SHIELD RCX= ’,$)
READ(S5, *)RCX
END IF
RC(JJ)=RCX
WRC(JJ)=RCX
WRITE(6,20)JJ3,RC(JJ)
FORMAT(5X,’RC(’,I2,’)= ’,E10.3)
END IF
WRITE(6,30)
FORMAT(/,5X, "ENTER WIRE 4 NO.= ’,3)
READ(5,40)NO
FORMAT(I2)
ELSE
INO=NO
WRITE(6,50)
FORMAT(5X, 'ENTER WIRE # NO.= ’,$)
READ(5,60)NO
FORMAT(I2)
WRITE(6,70)NO, INO
FORMAT(5X,’IS THE CHARACTERISTICS OF WIRE('’,I2,’')=
+WIRE(’,I2,’).’,/,5X,’ENTER ¥/N ’, $)
READ(5,80)PRMPT7
FORMAT(Al)
IF(PRMPT7.EQ.’'Y’) THEN
RC(NO)=RC(INO)
WRC(NO)=RC(INO)
GO TO 130
END IF
END IF
WRITE(6,90)NO
FORMAT(S5X,’'ENTER RADIUS OF ONE STRAND OF WIRE(’,I2,’)
&RSTD= ’,3)
READ(S, *)RSTD
WRITE(6,110)NO
§0RMAT(5X,'ENTER # OF STRANDS OF WIRE(’,I2,’) NSTD=

READ(S, *)NSTD
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IF(NSTD.EQ.7) RC(NO)=3.0*RSTD
IF(NSTD.EQ.10) RC(NO)=4.0*RSTD
IF(NSTD.EQ.19) RC(NO)=5.0*RSTD
IF(NSTD.EQ.26) RC(NO)=6.0*RSTD
IF(NSTD.EQ.37) RC(NO)=7.0*RSTD
IF(NSTD.EQ.41) RC(NO)=8.0*RSTD
IF(NSTD.EQ.65) RC(NO)=9.0*RSTD

IF(NSTD.EQ.7.0R.NSTD.EQ.10.0R.NSTD.EQ.19.
&OR.NSTD.EQ.26 .O0R.NSTD.EQ.37.0R.NSTD.EQ.41.
&OR.NSTD.EQ.65) THEN

GO TO 130

ELSE

WRITE(6,120)

FORMAT(5X, ' INCORRECT INPUT FOR THE NUMBER OF STRANDS.',/,
&5X,'INPUT SHOULD BE 7,10,19,26,37,41,0R 65. 1IF VALUE'’,/,
&5X, 'ENTERED IS DIFFERENT TRY AGAIN, OTHERWISE PRGRAM' , /.,
&5X, 'MUST BE MODIFIED.',//)

GO TO 100

END IF

WRITE(6,140)NO,RC(NO)
FORMAT(5X,'RC(’,I2,')= ’,E10.3)
IF(RC(INO)—RC(NO))ISO 150,160
SMRC=RC(INO)
CONTINUE
CONTINUE
RETURN
END
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0001 c

0002 c ROUTINE DIFRAD IS USED FOR ENTERING SOLID WIRE INFORMATION
0003 (of WHERE THE WIRES HAVE THE SAME RADIUS

0004 c

SUBROUTINE DIFRAD(NW,NX,RC,SMRC,CONF,WRC)
REAL*16 RCX,XRC,SMRC,RC(NW),WRC(NW)
INTEGER NW
CHARACTER*1 CONF
IF(CONF.EQ.’C’ .OR.CONF.EQ.’S’) THEN
IF((CONF.EQ.'C’.OR.CONF.EQ.’S’).AND.NX.LT.NW) THEN
NX=NX-1 :
WRITE(6,10)NW,NX
FORMAT(//,5X, ' TOTAL NUMBER OF WIRES NW= ’,I2,
&/,5X,’TOTAL NUMBER OF SOLID WIRES NX= ’,I2)
GO TO 40
ELSE
WRITE(6,20)NW,NX
FORMAT(//,5X,'TOTAL NUMBER OF WIRES NW= ’,I2,
&/,5X,’TOTAL NUMBER OF SOLID WRIES NX= ’,I2)
IF(CONF.EQ.’C’) THEN
WRITE(6,30)
FORMAT(/,5X, "ENTER INSIDE RADIUS OF COAX SHIELD RCX= ’,$)
READ(5, *)RCX
ELSE
WRITE(6,31)
FORMAT(5X,’ENTER INSIDE RADIUS OF SHIELD RCX= ',$)
READ(5, *)RCX
END IF
END IF
END IF
IF( (NW-NX).EQ.0) THEN
N=NW
ELSE
N=NX
END IF
IF(CONF.EQ.’C’.OR.CONF.EQ.’S’) THEN
DO 150 I=1,N
IF(NX.LT.NW) THEN
K=I+NX+1
ELSE
K=I
END IF
IF(K.EQ.1l) THEN
RC(K)=RCX
WRC(K)=RCX
IF(CONF.EQ.’C’) THEN
WRITE(6,50)K,RC(K)
FORMAT(/,5X,"INSIDE RADIUS OF COAX SHIELD = RC(’,I2,’)=
&' ,E10.3)
ELSE
WRITE(6,51)K,RC(K)
ENSORMAT(/,SX,'INSIDE RADIUS OF SHIELD = RC(’,I2,')= ’,E10.3)
IF
WRITE(6,60)I,RC(I)
FORMAT(/,37X,’RC(’,I2,")= ' ,E10.3)
ELSE
WRITE(6,70)
FORMAT(5X,’ENTER WIRE # NO.= ’,$)
READ(5,80)NO
FORMAT(I2)
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0061 WRITE(6,90)NO,K

0062 90 FORMAT(5X,’IS RC(’,I2,’)=RC(’,I2,7)? g a
0063 READ(5,100)PRMPTS NTER 240t 81
0064 100 FORMAT (AL )

IF(PRMPT8.EQ. 'Y’ )THEN

RC(NO)=RC(K)

WRC(NO)=RC(K)
ELSE

WRITE(6,110)NO,NO

FORMAT(5X, 'ENTER RADIUS OF WIRE(',I2,’) RC(’,I2,’)=

READ(S5, *)RC(NO) ')
WRC(NO)=RC(NO)

END IF

END IF

NO=K

WRITE(6,120)NO,RC(NO)
FORMAT(5X,'RC(’,I2,’)= ',E10.3)
IF(RC(K)-RC(NO))130,130,140
SMRC=RC(K)
CONTINUE
CONTINUE
ELSE
DO 250 I=1,N
IF(I.EQ.l) THEN
WRITE(6,160)
FORMAT(/,5X, 'ENTER WIRE # NO.= ’,$)
READ(5,170)NO
FORMAT(I2)
ELSE
INO=NO
WRITE(6,180)
FORMAT(5X, "ENTER WIRE 4 NO.= ’,S)
READ(5,190)NO
FORMAT(I2)
WRITE(6,200)NO, INO
FORMAT(5X,'IS RC(’,I2,’)=RC(’,I2,’)? ENTER ¥/N ’,$)
READ(5,210)PRMPTS
FORMAT(Al)
IF(PRMPT8.EQ.’Y’) THEN
RC(NO)=RC(INO)
WRC(NO)=RC(INO)
END IF
END IF
WRITE(6,220)NO,NO
FORMAT(5X, 'ENTER RADIUS OF WIRE(’,I2,’) RC(’,I2,")= ,$)
READ(S5, *)RC(NO)
WRC(NO)=RC(NO)
WRITE(6,230)NO,RC(NO)
FORMAT(5X,’RC(’,I2,')= ’,E10.3)
IF(RC(INO)-RC(NO))240,240,250
SMRC=RC(INO)
CONTINUE
END IF
RETURN
END
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ROUTINE SAMRAD IS USED TO ENTER SOLID WIRE INFORMATION IF THE
SOLID WIRES HAVE THE SAME RADIUS

oo NeXe]

SUBROUTINE SAMRAD(NW,NX,NS,RC,SMRC,CONF,WRC)
REAL*16 RCX,XRC,SMRC,RC(NW),WRC(NW)
INTEGER NW
CHARACTER*1 CONF
IF(CONF.EQ.’'C’' .OR.CONF.EQ.’S’") THEN
IF((CONF.EQ.’'C’'.OR.CONF.EQ.’S’) .AND.NX.LT.NW) THEN
NX=NX-1
WRITE(6,10)NW,NXB
10 FORMAT(//,5X, 'TOTAL NUMBER OF WIRES Nw= ’,I2,
&/,5X,'TOTAL NUMBER OF SOLID WIRES NX= ’,I2)
GO TO 40
ELSE
WRITE(6,20)NW,NX
20 FORMAT(//,5X, ' TOTAL NUMBER OF WIRES NW= ’,I2,
&/,5X,'TOTAL NUMBER OF SOLID WRIES NX= ’,I2)
IF(CONF.EQ.’'C’') THEN
WRITE(6,30)
30 FORMAT(/,5X,"ENTER INSIDE RADIUS OF COAX SHIELD RCX= ’,$)
READ(5, *)RCX
ELSE
WRITE(6,31)
31 FORMAT(/,5X, "ENTER INSIDE RADIUS OF SHIELD RCX= ’,$S)
READ(5, *)RCX
END IF
END IF
END IF
40 WRITE(6,50)
50 FORMAT(5X, 'ENTER RADIUS OF THE CONDUCTOR XRC= ’,$3)
READ(S5, *)XRC
IF((NW-NX).EQ.0) THEN
N=NW
ELSE
N=NX
END IF
IF(CONF.EQ.’'C’'.OR.CONF.EQ.’S’) THEN
DO 80 I=1,N
IF(NX.EQ.NW) THEN
RK=I
ELSE
K=I+NS+1
END IF
IF(K.EQ.1l) THEN
RC(K)=RCX
WRC(K)=RCX
IF(CONF.EQ.’C") THEN
WRITE(6,60)K,RC(K)
60 FORMAT(/,5X,’INSIDE RADIUS OF COAX SHIELD = RC(’,I2,')=
&' ,E10.3)
ELSE
WRITE(6,61)K,RC(K)
FORMAT(/,5X,’INSIDE RADIUS OF COAX SHIELD = RC(’,I2,' )=
&' ,E10.3)
END IF
WRITE(6,70)K,RC(K)
FORMAT(/,37X,'RC(’,I2,’)= ',E10.3)
ELSE

61



RC(K)=XRC
WRC(K)=XRC
SMRC=XRC
WRITE(6,75)K,RC(K)
FORMAT(/,37X,’RC(’,I2,")= ’,E10.3)
END IF
CONTINUE
ELSE
DO 90 I=1,N
K=(NW+1)-I
RC(K)=XRC
WRC(K)=XRC
SMRC=RC(K)
CONTINUE
END IF
RETURN
END

~ /I
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0001 c
0002 (e THIS SUBROUTINE AUTOMATICALLY GENERATES THE X AND Y
0003 € DISTANCES BETWEEN WIRES FOR A RIBBON CABLE
0004 c
SUBROUTINE RGENXY(NW,AAl,X,Y,SEP)
REAL*16 X(NW,NW),Y(NW,NW),h AAl, SEP
INTEGER NW
WRITE(6,10)
FORMAT(5X, "ENTER CNTR-TO-CNTR SPACING OF CONDUCTORS (SEP)
&= ';5)

READ(5, *)SEP
DO 20 I=1,NW
DO 20 J=1,NW
IF(I.LT.J) THEN
X(I,J)=-=1.0Q0*SEP*AAl
¥(I,J3)=0.0Q0
X(I,J)=X(I,J)+X(I,J-1)
ELSE IF(I.EQ.J) THEN
X(1,J3)=0.0Q0
Y(1,J)=0.0Q0
ELSE
X(I,J)=SEP*AAl
¥(I,J3)=0.0Q0
X(I,J)=X(I,J)+X(I'1,J)
END IF
CONTINUE
RETURN
END
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THIS SUBROUTINE AUTOMATICALLY GENERATES THE X AND Y
DISTANCES BETWEEN WIRES FOR A WIRE BUNDLE CONFIGURATION

SUBROUTINE BGENXY(NW,AAl,X,Y,IREF)
REAL*16 X(NW,NW),Y(NW,NW),AAl,XVALUE, YVALUE

WRITE(6,10)

FORMAT(/,15X, 'NOTE: ARBITRARILY SELECT FROM THE WIRE BUNDLE' ,/
+,21X,’A COUNTING SEQUENCE WHERE WIRE ONE IS’,/,21X,’'ASSIGNED :
+ COORDINATES(0,0). ENTER ALL’,/,21X,'OTHER "X" AND "Yy"
+COORDINATES WITH’,/,21X,’'RESPECT TO WIRE ONE’,//
+,21X,'X(I,J) REPRESENTS THE CENTER-TO-CENTER DISTANCE’,/
+,21X,’IN THE X DIRECTION BETWEEN WIRES I AND J',//
+,21X,’Y¥(I,J) REPRESENTS THE CENTER-TO-CENTER DISTANCE’,/
+,21X,’IN THE Y DIRECTION BETWEEN WIRES I AND J',//
+,21X,’NOTE: LATER IN THE PROGRAM THE USER WILL BE PROMPTED' , /
+,28X,’TO SELECT A GROUND REFERENCE WIRE',//)

DO 40 I=1,NW

DO 40 J=1,NW

IF(I.EQ.J) THEN

X(I,J)=0.0Q0
¥(I,J)=0.0Q0

ELSE IF(I.GT.l1.AND.J.LT.I) THEN
X(I,J)==1.0Q0*X(J,I)

Y(IpJ)--l-OQO*Y(JvI)

ELSE IF(I.GT.1.AND.J.GT.I) THEN
X(I,J)=X(IREF,J)-X(IREF,I)
Y(I,J)=Y(IREF,J)-Y(IREF,I)

ELSE
WRITE(6,20)I,J7,I,J
FORMAT(/,5X,’ENTER THE HORIZONTAL DISTANCE BETWEEN

&WIRE('’,I2,’) AND WIRE(’,I2,')’,/,25X,'X(',12,’,’,12,")
&= ',3)
READ(5, *)XVALUE
X(I,J)=-=1.0Q0*AAl1*XVALUE
WRITE(6,30)I1,J,I,J
FORMAT(/,5X,’ENTER THE VERTICAL DISTANCE BETWEEN
&WIRE(;,IZ,') AND WIRE('’,I2,’)’',/,25X,°'%(’,12,',',12,’
&)= ',3)
READ(S5, *) YVALUE
Y(I,J)==1.0Q0*AAl*YVALUE
END IF
CONTINUE
RETURN
END




THIS SUBROUTINE AUTOMATICALLY GENERATES THE X AND Y
COORDINATES OF CONDUCTORS INSIDE A COAX CABLE

SUBROUTINE CGENXY(NW,AAl,X,Y,IREF)
REAL*16 X(NW,NW),Y(NW,NW),AAl,XVALUE, YVALUE

WRITE(6,10)

FORMAT(/,15X,'NOTE: ARBITRARILY SELECT A COUNTING SE(
+,/,21X,"'FOR THE CONDUCTORS INSIDE THE COAX SHIELD.'
+,/,21X,"'THE CENTER OF THE COAX SHIELD IS ASSIGNED’
+,/,21X,"COORDINATES(0,0). ENTER ALL OTHER "X"’
+,/,21X,’AND "Y" COORDINATES WITH RESPECT TO THE’
+,/,21X,'CENTER OF CENTER OF THE COAX CABLE’,//
+,21X,'X(I,J) REPRESENTS THE CENTER-TO-CENTER DISTANCE’,/
+,21X,’IN THE X DIRECTION BETWEEN CONDUCTOR I AND’,/
+,21X,'CENTER OF THE COAX CABLE’,//
+,21X,’Y¥(I,J) REPRESENTS THE CENTER-TO-CENTER DISTANCE’,/
+,21X,’IN THE Y DIRECTION BETWEEN CONDUCTOR I AND’,/
+,21X,'CENTER OF THE COAX CABLE',//)

DO 40 I=1,NW

DO 40 J=1,NW

IF(I.EQ.J) THEN

X(IIJ)-OoOQO
¥(I,J)=0.0Q0

ELSE IF(I.GT.1.AND.J.LT.I) THEN
X(I,J)=-1.0Q0*X(J,I)
¥Y(I,J)==1.0Q0*%Y(J,I)

ELSE IF(I.GT.l1.AND.J.GT.I) THEN
X(I,J)=X(IREF,J)-X(IREF,I)
Y(I,J)=Y(IREF,J)-Y(IREF,I)

ELSE
WRITE(6,20)J,I,J
FORMAT(/,5X,’ENTER THE HORIZONTAL DISTANCE OF CONDUC

&(’,12,’)',/,5X,'WITH RESPECT TO THE CENTER OF THE COAX CAE
&/,25X,"X("*,12,";",I2,")= *,§)
READ(5, *) XVALUE
X(I,J)=-1.0Q0*%AA1*XVALUE
WRITE(6,30)J,I,J
FORMAT(/,5X, 'ENTER THE VERTICAL DISTANCE OF CONDUCTC
&(’,12,’)’,/,5X,'RESPECT TO THE CENTER OF THE COAX CABLE’,
&/,st,'Y(',IZ,',',IZ,')- '.$)
READ(S5, *)YVALUE
¥(I,J)=-1.0Q0*AAl1*YVALUE
END IF
CONTINUE
RETURN
END
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THIS SUBROUTINE COMPUTES THE RELATIVE DISTANCES BETWEEN
WIRES ABOVE A GROUND PLANE. IT ALSO DETERMINES THE DISTANCES
BETWEEN THE IMAGES OF THOSE WIRES AND THE GROUND PLANE

SUBROUTINE PGENXY(NW,AAl,X,Y,IREF,H)
REAL*16 X(NW,NW),Y(NW,NW) ,H(NW) ,AAl,XVALUE, YVALUE
NWH=NW/2
DO 20 I=1,NWH
WRITE(6,10)I,I
FORMAT(/,5X,’ENTER HEIGHT OF WIRE(’,I2,’) ABOVE GROUND PLANE'
+I/f25x"H('lIzll)- ',$)
READ(5,*)H(I)
H(I+NWH)=-1.0Q0*H(I)
WRITE(6,333)I+NWH,H(I+NWH)
FORMAT(/SX,’H(',I3,’)= ’,E13.4)
CONTINUE
DO 40 I=1,NW
DO 40 J=1,NW
IF(I.EQ.J) THEN
X(I,J)=0.0Q0
Y(IrJ)-O-OQO
WRITE(6,334)I1,J3,X(1,J),I,J,¥(I,J)
FORMAT(5X,"X(’,22,",",12,")= * ,B13.4,3%,'Y(",I2,",?,22,")=u %
+,E13.4)
ELSE IF(I.EQ.l1.AND.J.LE.NWH) THEN
WRITE(6,30)I1,J,I,J
FORMAT(/,5X,’ENTER THE HORIZONTAL DISTANCE BETWEEN WIRE(’,I2,
+’) AND WIRE(',IZ2,’)’,/,25X,'X(',I2,',',I2,")= ',8)
READ(5, *)XVALUE
X(I,J)=AAl*XVALUE
Y(I,J)=AAl*(H(J)-H(I))
WRITE(6,335)I1,J,X%X(I1,J),I,J,¥(I,J)
FORMAT(5X,'X(",12,’,",I2,')= *,E13.4,3X,"¥Y(’,12,’,’,1I2," )= *
+,E13.4)
ELSE IF(I.EQ.1.AND.J.GT.NWH) THEN
X(I,J)=X(I,J-NWH)
¥Y(I,J)=AAl*(H(J)-H(I))
WRITE(6,336)I1,J,X(I1,J3),I,J3,¥(I,J)
FORMAT(SX,’X(’,12,’,',I2,')= ' ,E13.4,3X,’¥Y(’,12,","',I2," )= *
+,E13.4)
ELSE IF(I.GT.l1.AND.J.LE.NWH.AND.J.LE.I) THEN
X(I,J)=-X(J,I)
Y(IIJ)--Y(JII)
WRITE(6,337)I1,J,X(I1,J3),I,J,¥(I,J)
FORMAT(S5X,’X(’,12,’,",I12,!)= " ,BE13.4,3X,"¥%(",32,",",12,")= "
+,E13.4)
ELSE IF(I.GT.l.AND.J.LE.NWH.AND.J.GT.I) THEN
X(I,J)=X(IREF,J)-X(IREF,I)
Y(I,J)=AAl*(H(J)-H(I))
WRITE(6,338)I1,J,X(1,J),I,J,¥(I,J)
FORMAT(5X,"X(",12,’,",12,")=’ ,E13.4,3X,7%(",12,*,’ .22,
+' )=’ ,E13.4)
ELSE IF(I.GT.1.AND.J.GT.NWH) THEN
x(I,J)‘X(I;J-NWH)
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0057 Y(I,J)-Ml*(H(J)-H(I))

0058 WRITE(6,339)1,J,X(I,J),I,3,¥(I,J)

0059 339 CRNAT(SX . 'X(7o12,7 07,12, )= *, EL13.0, 3%, 0¥( %, 82, Fi¥532, =)=+
0060 +,E13.4)
| 0061 ELSE IF(I.GT.NWH.AND.J.GT.NWH) THEN

0062 X(I,J)-X(I-NWH,J-NWH)

0063 ¥Y(I,J)=AALl*(H(J)-H(I))

0065 340 PORMAT(5X, 'X(#,12,7,7,12,")= ', E13.4,3X,'¥(",12,",",12," )= '
0067 END IF

0068 40 CONTINUE

RETURN
END
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THIS SUBROUTINE ALLOWS THE USER TO CHANGE THE REFERENCE
NUMBER THAT HAS BEEN SELECTED TO A NEW REFERENCE PREFERABLY
THE GROUND WIRE. WHEN THE CONFIGURATION (P) IS SELECTED THE
REFERENCE IS THE GROUND PLANE

SUBROUTINE NEWREF(NW,X,Y,IREF)
REAL*16 X(NW,NW),Y(NW,NW)
WRITE(6,10)
FORMAT(5X,’'ENTER REFERENCE GROUND CONDUCTOR IGREF= ’,$3)
READ(5,20) IGREF
FORMAT(I2)
DO 30 I=1,NW
DO 30 J=1,NW
IF(J.EQ.I) THEN
X(I,J)=0
Y(I,J)=0
ELSE
X(I,J)=X(IGREF,J)-X(IGREF,I)
¥Y(I,J)=Y(IGREF,J)-Y(IGREF,I)
END IF
CONTINUE
IREF=IGREF
RETURN
END
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001
3002 SUBROUTINE CAP IS USED TO CALCULATE THE GENERALIZED CAPACITANCE
0003 MATRIX, AND FROM THAT THE TRANSMISSION LINE CAPACITANCE MATRIX
0004 FOR THE VARIOUS CONFIGURATIONS SELECTED IN THE MAIN PROGRAM
05
ggos DESCRIPTION OF PARAMETERS:
0007 NW - NUMBER OF WIRES SELECTED
0008 NHC - NUMBER OF COSINE OR SINE TERMS AROUND THE CONDUCTOR
0009 NHD - NUMBER OF COSINE OR SINE TERMS AROUND THE DIELECTRIC
0010 NFC - NUMBER OF FOURIER TERMS SELECTED AROUND THE CONDUCTOR
0011 WHERE NFC = 2*NHC+l
0012 NFD - NUMBER OF FOURIER TERMS SELECTED AROUND THE
0013 DIELECTRIC WHERE NFD = 2*NHD+l
14
%15 NOTE: NFD SHOULD BE GREATER THAN OR EQUAL TO NFC
6
%17 NF - NFC+NFD FOR IOPT=2 OTHERWISE EQUAL TO NFC
0018 RC - RADIUS OF THE CONDUCTOR i
RD - RADIUS OF THE DIELECTRIC FROM THE CENTER OF THE WIRE
X - CENTER-TO-CENTER SPACING BETWEEN THE CONDUCTORS
IN THE X (HORIZONTAL) DIRECTION
p 4 - CENTER-TO-CENTER SPACING BETWEEN THE CONDUCTORS

IN THE Y (VERTICAL) DIRECTION
NOTE: ALL DIMENSIONS MUST BE IN THE SAME UNITS.

ER - RELATIVE DIELECTRIC CONSTANT OF THE INSULATION
IREF NUMBER OF THE REFERENCE CONDUCTOR ("1" INDICATES THE
FIRST WIRE.) CAN NOT EXCEED THE NUMBER OF WIRES
IOPT - OPTION SELECTOR
IOPT=1 COMPUTES CAPACITANCE OF DIELECTRIC COATED
WIRES FOR VARIOUS CONFIGURATION
IOPT=2 COMPUTES CAPACITANCE OF BARE WIRES OR FOR
MULTICONDUCTOR COAX CABLES

CG - CONTAINS THE GENERALIZED CAPACITANCE MATRIX ON
RETURN DIMENSION OF MATRIX IS NW BY NW

CTL - CONTAINS THE TRANSMISSION LINE CAPACITANCE MATRIX
ON RETURN DIMENSION IS (NW-1) BY (Nw-1)

D - WORKING SQUARE MATRIX OF ORDER (NFC+NFD)

D1l - WORKING VECTOR OF DIMENSION ((NFC+NFD)*NW)**2 IS
IOPT=1 OTHERWISE THE DIMENSION IS (NFC*NW)**2

SCR - SCRATCH VECTOR OF DIMENSION (NF*NW+1)/2

LT - SCRATCH VECTOR OF DIMENSION 2*NF*NW

SUBROUTINES REQUIRED:
MINV - MATRIX INVERSION ROUTINE
MPC - MATRIX MULTTPLICATION WITH A CONSTANT MULTIPLIED
BY THE RESULT

el e e e e e e e e e e e e e e e N e N e N o e e e N e N e N e N N o N e e e N N N N e Ko e e e Ne e N e Ne Ne Ko X o)

SUBROUTINE CAP(NW,NFC,NFD,NF,RC,RD,ER,IREF,IOPT,
+CG,CTL,D,D1,SCR,LT,NHC,NHD,X,Y,MD1,MD2,MD3,MD4,MDS,
+MD6 ,MD7 ,MD8 ,MD9 ,MD10,PCTL, CONF,PD1,CER,RD1,NWH,PCG)

COMPLEX*16 MPR,MR

REAL*16 D(MD3,MD3),D1(MD8),Al2,ER(NW),PCTL(MD7)

REAL*16 X(NW,NW),Y(NW,NW),PD1(NW),CG(NW,NW),CTL(MD2)

REAL*16 RSTD,XNSTD,SMRC,SRC,SRD,XER,BETA

REAL*16 XVALUE,YVALUE,PI,EPS,AC,AD,DELTC,DELTD
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REAL*16 GMA,RHATN, THETN,ERl,ER2,CER

REAL*16 Al,A2,A3,A4,A5,RD1(MD10),PCG(NWH, NWH)
REAL*16 Bl,B2,B3,B4,B5,B12,BB1,BBBl

REAL*16 RC(NW),RD(NW),6 CANG,SANG,RO,THETA
REAL*16 Q1,Q12,Q2,Q22,XSEP, YSEP

DIMENSION LT(MDS5),SCR(MD6)

CHARACTER*1 CONF

CONSTANTS AND COMMON COMPUTATIONS

PI=3.1415927Q0
EPS=8.854185Q-12
NWl=NW-1
NW12=NW1*NW1l
NFCl=NFC+1
NFD1=NFD+1
LD=NF*NW

ANGLE BETWEEN MATCH POINTS ON THE CONDUCTOR AND DIELECTRIC
SURFACES

AC=2.0Q0*PI/NFC
AD=2.0Q0*PI/NFD

ANGULAR ROTATION OF MATCHPOINTS FROM 0 DEGREES, I.E., THE
HORIZONTAL

DELTC=PI/(2.0Q0*NFC)
DELTD=PI/(2.0Q0*NFD)

(C Y % Je Je Je Je Jr e de Je o e e A o A e e o o e o ol o e S e o o e o ok e o e o S o o e ol S ok o S o S ol o dle e e o S o o ol e e e o e e e ok
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IS ROUTINE COMPUTES THE OFF-DIAGONAL "D" SUBMATRICES

(C % e e 9 Je de e e e e o e e v de o e o o e o o e o o ol o o e S ol o e o o e 3 e e o o e o o 9 o o o e ol e o o o o o o o o e o o o o
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NPW = PRESENT WIRE IN WHICHE THE POTENTIAL IS CALCULATED
NSW=PRESENT WIRE IN WHICH THE SOURCE IS RESIDING

MPP=PRESENT MATCH POINT ON THE BOUNDARY IN WHICH POTENTIAL IS
CALCUATED

XSEP=SEPARATION IN THE HORIZONTAL DIRECTON FROM NSW TO NPW
YSEP=SEPARATION IN THE VERTICAL DIRECTION FROM NSW TO NPW

DO 10 NSW=1,NW

DO 10 NPW=1,NW

XSEP=X(NPW, NSW)

YSEP=Y (NPW,NSW)

MNPW=NPW

MMPW=NSW

ER1=ER(NPW)-1.0Q0

ER2=ER(NPW)+1.0Q0

IF( (NSW-NPW).EQ.0)THEN

CALL DIA(NSW,ER,CONF,NPW,NW,RC,NFC,D,IOPT,
&RD,NFCl,ER1,NF,AC,DELTC,NHC,NHD,AD,DELTD,
&MD1,MD2,MD3,MD4,MDS,MD6 ,MD7,MD8,ER2)

ELSE

CALL OFDIA(NFC,AC,DELTC,NPW,RC,CONF,NSW, IREF,NW,
&NHC, IOPT,NHD,NFC1,RD,D,NFD,AD,DELTD,ER1,XSEP, YSEP,
&Hné,MDZ,MDB,MD4,MD5,MDG,MD7,MD8,ER2)

ND IF
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y117 c THIS SECTION TELLS WHERE TO PUT THE SUBMATRIX "D" IN THE
’113 c LARGER "D1" MATRIX BEFORE IT IS INVERTED
11
3120 MM=NPW
0121 NN=NSW
0122 CALL PLACE(MM,NN,LD,NF,D,Dl,MD8)
0123 éo CONTINUE
24
3125 c THIS PORTION OF THE PROGRAM INSERTS THE SUBMATRIX ON THE
0126 g DIAGONAL OF THE LARGE "D1" MATRIX NW TIMES
2
gi%s ¢ INVERSTION OF "D1" AND COMPUTATION OF THE GENERLIZED
0129 c CAPACITANCE MATRIX "CG"
0 c
3{31 c FULL MATRIX INVERSION OF THE "D1" MATRIX IS DONE
0132 C THEN THE TERMS OF THE GENERALIZED CAPACITANCE MATRIX ARE
0133 C COMPUTED '
Ry
0135 IF(CONF.EQ.’P’) THEN
0136 CALL P1(NW,NF,D1,MD8,LD,NFC,RD1,MD10)
0137 NWH=NW,/2
0138 MLD=NWH*NF
0139 CALL MINV(RD1,MLD,DET,LT(1),LT(MLD+1))
0140 ELSE
0141 CALL MINV(D1,LD,DET,LT(1),LT(LD+1))
0142 END IF
0143 ISTP=1
0 IF(DET)20,30,20
20 CALL SUM(NW,NF,LD,NFC,D1,RC,CG,PCG,RD,MD8,IOPT,CER,
&CONF ,RD1,MD10,NWH)

IF(CONF.EQ.’R’.OR.CONF.EQ.'B’.OR.CONF.EQ.’C’.OR.CONF.
&EQ.’S’) THEN

CALL TRANS(NW,CG,NW12,NWl,CTL,MD2,IREF,IOPT,PDl)

ELSE IF(CONF.EQ.’P’) THEN

CALL PLANE(NWH,PCG,PCTL,MD7)

END IF

RETURN

c
e AFTER THE PER-UNIT LENGTH GENERALIZED AND TRANSMISSION LINE
4 CAPACITANCE MATRICES HAVE BEEN CALCULATED, CONTROL RETURNS
(o TO THE CALLING PROGRAM
c
g ERROR RETURN
30 WRITE(6,40)ISTP
40 FORMAT('’ ** SINGULAR MATRIX AT STEP ’,I1)

NW=0
- WRITE(6,50)NW

FORMAT(5X, ' SINGULAR PASS NW= ’,I3)
WRITE(6,60)MD1,MD2,MD2,MD3,MD3,MD4,MD4,MDS,MD6,MD7 ,MD8,
+NW,NW, NW, NW, NW, NW, NW, NW, NW
FORMAT(///,10X,'VERIFY THAT VARIABLE ARRAYS AND VECTORS ARE’,/,
+10X, 'DIMENSIONED PROPERLY IN THE PROGRAM.'’
+,/,10X,’ THE DIMENSIONS IN THE PROGRAM MUST BE LESS THAN OR'
+,/,10X,’ EQUAL TO THE DIMENSIONS LISTED BELOW’,//,
+10X,'DIMENSION FOR C IS C(’,I3,')’,/,
+10X, 'DIMENSION OF C1 & RL ARE C1(’,I3,’), RL(',I3,"')’,/,
+10X, 'DIMENSION OF D IS D(’,I3,’,’,I3,’) IN MAIN’,/,

o
o
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0175 +10X,’DIMENSION OF D1 IS D1(’,I3,’,’,I3,)',/,

0176 +10X,'DIMENSION OF LT IS LT(’,I3,')’,/,

0177 +10X, 'DIMENSION OF SCR IS SCR(',I3,’)’,/,

0178 +10X, 'DIMENSION OF PCTL IS PCTL(',I3,’)’,/,

0179 +10X, 'DIMENSION OF RPL IS RPL(’,I3,’)’,/,

0180 +10X, 'DIMENSION OF D1 IS D1(’,I6,’) IN SUBROUTINES GETCAP &
0181 +PLACE’,/,

+10X, "DIMENSIONS OF X & Y ARE X(",I3,",",13,"),
o 6l e o i Sl e Sl B £
+10X,’'DIMENSIONS OF RC,RD,ER,H,& PD1l ARE',/,
+10X,’RC(',I3,'), RD(,II3")I ER(’II3")I H(',I3,'),
+ & PD1(’,I3,%)",/)

RETURN ‘

END
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THIS ROUTINE COMPUTES THE POTENTIALS OF THE MATCH
WIRE DUE TO THE WIRE AND DIELECTRIC OF THE END WIRE
I.E. IT COMPUTES THE OFF-DIAGONAL TERMS OF THE SMALL
D SUBMATRIX

nnaonaoonn

SUBROUTINE OFDIA(NFC,AC,DELTC,NPW,RC,CONF,
&NSW, IREF ,NW,NHC, IOPT,NHD,NFC1,RD,D,NFD,AD,DELTD, ER1,XSEP, YSEP,
&MD1 ,MD2 ,MD3,MD4,MD5,MD6,MD7 ,MD8,ER2)

REAL*16 AC,DELTC,BETA,CANG,SANG,RC(NW)

REAL*16 Q1,Q012,Q2,Q22,RO,THETA,B1l,D(MD3,MD3)

REAL*16 Al,A3,B2,B3,RD(NW),A2,B4,B5,AD,DELTD,GMA

REAL*16 RHATN,THETN,ERl,XSEP,YSEP,ER2

CHARACTER*1 CONF

DO 60 MPP=1,NFC

BETA=(MPP-1)*AC+DELTC

CANG=QCOS (BETA)

SANG=QSIN(BETA)

Ql=XSEP+RC(NPW) *CANG

Ql2=Ql**2

Q2=YSEP+RC(NPW) *SANG

Q22=Q2%*2

RO=QSQRT(Q12+Q22)

THETA=QATAN2(Q2,Q1)

B1l=QLOG(RO)

IF((CONF.EQ.'C’ .AND.NSW.EQ.IREF).OR.
&(CONF.EQ.'S’ .AND.NSW.EQ.IREF)) THEN

COMPUTE AVERAGE MN TERM FOR COAX OR SHIELD WHITH SOURCE
ON SHIELD R<R’

D(MPP,1l)=-RC(NSW)*QLOG(RC(NSW) )
IF(IOPT.EQ.l1) THEN

COMPUTE AVERAGE MN’' TERM FOR COAX OR SHIELD WHITH
SOURCE ON SHIELD R<R'

D(MPP ,NFCl)=-~RD(NSW) *QLOG(RD(NSW) )
END IF
ELSE IF(CONF.EQ.’P’ .AND.NSW.GT.NW/2) THEN

COMPUTE AVERAGE MN TERM FOR WIRE BUNDLE WITH PLANE PRESENT

D(MPP,1)=RC(NSW)*B1l
IF(IOPT.EQ.1l) THEN

COMPUTE AVERAGE MN’ TERM FOR WIRE BUNDLE WITH PLANE PRESENT

D(MPP,NFCl)=RD(NSW)*B1l
END IF
ELSE

COMPUTE AVERAGE MN TERMS FOR REMAINING CONFIGURATIONS

D(MPP,1)=-RC(NSW)*B1
IF(IOPT.EQ.l) THEN

COMPUTE AVERAGE MN’ TERMS FOR REMAINING CONFIGURATIONS

D(MPP,NFCl)=~RD(NSW)*B1
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9061 END IF
0062 END IF
IF((CONF.EQ.’C’.AND.NSW.EQ.IREF).OR.

&(CONF.EQ.'S’.AND.NSW.EQ.IREF)) THEN

COMPUTE THE MN TERMS FOR CONFIGURATION COAX AND SHIELD WHEN
SOURCE IS ON THE SHIELD R<R’

Al=RO

A3=1.0Q0

DO 10 J=1,NHC
Jl=J+1
J2=J1+NHC
B2=QCOS(J*THETA)/(2.0Q0*J*A3)
B3=QSIN(J*THETA)/(2.0Q0*J*A3)
D(MPP,J1)=B2*Al
D(MPP,J2)=B3*Al

Al=Al1*RO

A3=A3*RC(NSW)

CONTINUE

COMPUTE THE MN’ TERMS FOR CONFIGURATION COAX AND SHIELD WHEN
SOURCE IS ON THE SHIELD R<R’

IF(IOPT.EQ.l) THEN

Al=RO a

A3=1.0Q0

DO 1l J=1,NHD
J1l=J+NFCl
J2=J1+NHD
B2=QCOS(J*THETA)/(2.0Q0*J*A3)
B3=QSIN(J*THETA)/(2.0Q0*J*A3)
D(MPP,J1)=B2*Al
D(MPP,J2)=B3*Al
Al=Al*RO
A3=A3*RD(NSW)

CONTINUE

END IF
ELSE IF(CONF.EQ.’B’.OR.(CONF.EQ.’C’ .AND.

&NSW.NE.IREF).OR.(CONF.EQ.'S'’ .AND.NSW.NE.IREF)
&.OR.(CONF.EQ.’P’ .AND.NSW.LE.NW/2)) THEN

COMPUTE THE MN TERMS FOR CONFIGURATION COAX AND SHIELD WHEN
SOURCE IS NOT ON THE SHIELD OR FOR PLANE (REAL WIRES), RIBBON
CABLES, WIRE BUNDLE, AND WIRE BUNDLE OF GROUND R>R’

Al=RC(NSW)

A3=RO*2.0Q0

DO 20 J=1,NHC
Jl=J+1
J2=J1+NHC
B2=QCOS(J*THETA)/(J*A3)
B3=QSIN(J*THETA)/(J*A3)
Al=Al*RC(NSW)
D(MPP,J1)=B2*Al
D(MPP,J2)=B3*Al
A3=A3*R0O

CONTINUE
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119 c

3120 c COMPUTE THE MN’ TERMS FOR CONFIGURATION COAX AND SHIELD WHEN
0121 c SOURCE IS NOT ON THE SHIELD OR FOR PLANE (REAL WIRES), RIBBON
0122 g CABLES, WIRE BUNDLE, AND WIRE BUNDLE OF GROUND R>R’

0123

IF(IOPT.EQ.1l) THEN
A2=RD(NSW)
A3=R0O*2.0Q0
DO 30 J=1,NHD
J3=J+NFC1l
J4=J3+NHD
B2=QCOS(J*THETA)/(J*A3)
B3=QSIN(J*THETA)/(J*A3)
A2=A2*RD(NSW)
D(MPP,J3)=B2*A2
D(MPP,J4)=B3*A2
A3=A3*RO
CONTINUE
END IF
ELSE IF(CONF.EQ.'R’) THEN
Al=RC(NSW)
A3=RO*2.0Q0
DO 31 J=1,NHC
Jl=J+1
B2=QCOS(J*THETA)/(J*A3)
Al=Al1*RC(NSW)
D(MPP,J1)=B2*Al
A3=A3*RO
‘CONTINUE
IF(IOPT.EQ.l) THEN
A2=RD(NSW)
A3=RO*2.0Q0
DO 32 J=1,NHD
J3=J+NFC1l
B2=QCOS(J*THETA)/(J*A3)
A2=A2*RD(NSW)
D(MPP,J3)=B2*A2
A3=A3*RO
CONTINUE
END IF
ELSE IF(CONF.EQ.’P’ .AND.NSW.GT.NW/2) THEN

COMPUTE MN TERMS FOR IMAGE WIRES

Al=RC(NSW)

A3=RO*2.0Q0

DO 40 J=1,NHC

Jl=J+1

J2=J1+NHC
B2=QCOS(J*THETA)/(J*A3)
B3=QSIN(J*THETA)/(J*A3)
Al=A1*RC(NSW)
D(MPP,Jl)=-B2*Al
D(MPP,J2)=B3*Al
A3=A3*RO

CONTINUE

IF(IOPT.EQ.l) THEN
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COMPUTE MN'’ TERMS FOR IMAGE WIRES

A2=RD(NSW)
A3=RO*2.0Q0
DO 50 J=1,NHD
J3=J+NFC1l
J4=J3+NHD
B4=QCOS(J*THETA)/(J*A3)
B5=QSIN(J*THETA)/(J*A3)
A2=A2*RD(NSW)
D(MPP,J3)==B4*A2
D(MPP,J4)=B5*A2
A3=A3*RO
CONTINUE
END IF
END IF
CONTINUE
IF(IOPT.EQ.1) THEN

THIS SECTION COMPUTES THE ELECTRIC FIELD COMPONENTS ON THE
MATCH WIRE DUE TO BOTH THE CONDUCTIOR AND DIELECTRIC OF THE
END WIRE

DO 110 MPP=1,NFD
BETA=(MPP-1) *AD+DELTD
CANG=QCOS(BETA)
SANG=QSIN(BETA)

Ql=XSEP+RD(NPW) *CANG

Ql2=Ql**2

Q2=YSEP+RD(NPW) *SANG

Q22=Q2**2

RO=QSQRT(Q12+Q22)

THETA=QATAN2(Q2,Q1)
GMA=BETA-THETA
RHATN=QCOS (GMA)
THETN=QSIN(GMA)
Bl=ER1*RHATN/RO
JI=NFC+MPP

IF(CONF.EQ.'S’ .AND.NSW.EQ.IREF) THEN

COMPUTE THE AVERAGE M'N TERM FOR SHIELD R<R’ (SOURCE
ON SHIELD)

D(JJ,1)=0.0Q0

COMPUTE THE AVERAGE M'N’ TERMS FOR SHIELD R<R’ (SOQURCE
ON SHIELD)

D(JJ,NFC1)=0.0Q0

ELSE IF(CONF.EQ.’P’.AND.NSW.GT.NW/2) THEN
D(JJ,1)=-RC(NSW)*B1l
D(JJ,NFCl)=-RD(NSW) *B1l

ELSE

COMPUTE REMAINING M’N TERMS FOR OTHER CONFIGURATION R>R’
D(JJ,1)=RC(NSW)*B1l

COMPUTE REMAINING M’N’ TERMS FOR OTHER CONFIGURATION R>R’
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D(JJ,NFC1l)=RD(NSW)*B1l
END IF
IF(CONF.EQ.'S’.AND.NSW.EQ.IREF) THEN

(o
c COMPUTE THE M'N TERMS WHEN R<R’ FOR SHIELDED WIRE BUNDLE
o] WHEN SOURCE IS ON SHIELD AND POTENTIAL MATCHPOINTS ARE
o ON DIELECTRICS OF THE INNER WIRES. NOTE, ALSO THAT THESE
c ROUTINES WORK IF THERE IS A DIELECTRIC BETWEEN THE SHIELD
C AND THE INNER WIRES
(&
Al=1.0Q0
A3=1.0Q0
DO 65 I=1,NHC
Jl=I+1
J2=J1+NHC
B2=-ERL1*(QCOS(I*THETA)*RHATN-SIN(I*THETA)*THETN)
B3=—ER1*(QSIN(I*THETA)*RHATN+COS(I*THETA)*THETN)
D(JJ,J1)=A1*B2/(2.0Q0*A3)
D(JJ,J2)=A1*B3/(2.0Q0*A3)
Al=Al*RO
A3=A3*RD(NSW)
65 CONTINUE
c
c COMPUTE THE M’N’ TERMS WHEN R<R’ NOTE: DIELECTRIC RADIUS
c OF SHIELD SMALLER THAN CONDUCTOR RADIUS. THIS ALSO
c CALCULATES THE DIFFERENCE OF THE FLUX DENSITY WHEN SOURCE
c IS ON SHIELD AND POTENTIAL MATCHPOINTS ARE ON THE INNER
C WIRES
c
A2=1.0Q0
A3=1.0Q0
DO 66 J=1,NHD
J3=J+NFC1
J4=J3+NHD
B2==ER1*(QCOS(J*THETA) *RHATN-QSIN(J*THETA ) *THETN)
B3=-ER1*(QSIN(J*THETA) *RHATN+QCOS (J*THETA ) *THETN)
D(JJ,J3)=(A2*%B2)/(2.0%A3)
D(JJ,J4)=(A2*B3)/(2.0*A3)
A2=A2*RO
A3=A3*RD(NSW)
66 CONTINUE .
ELSE IF(CONF.EQ.’B’.OR.(CONF.EQ.’S’.AND.NSW.NE.IREF)
&.OR.(CONF.EQ.’'P’ .AND.NSW.LE.NW/2)) THEN
c
c COMPUTE THE M’N TERMS WHEN R>R’ FOR SHIELDED WIRE BUNDLE
o OR COAX CABLE WIHEN SOURCE [S NNT OM THE SHIELD OR FOR
c THE REMAINING CONFIGURATIONS, I.E., RIBBON CABLES, WIRE
g BUNDLES, AD WIRE BUNDLES WITH GROUND PLANE.
Al=RC(NSW)
A3=R0*2.0Q0
DO 70, J=1,NHC
J1l=J+1
J2=J1+NHC
Al=A1*RC(NSW)
A3=A3*RO

B2=ER1*(QCOS(J*THETA) *RHATN+QSIN(J*THETA ) *THETN)
B3=ER1*(QSIN(J*THETA) *RHATN-QCOS (J*THETA ) *THETN)
D(JJ,J1)=A1*B2/A3




191

0296 D(JJ,J2)=Al*B3/A3

0297 70 CONTINUE

0298 c

0299 c COMPUTE THE M’N’ TERMS WHEN R>R’ FOR SHIELDED WIRE BUNDLE
0300 c OR COAX CABLE WHEN SOURCE IS NOT ON THE SHIELD OR FOR THE
0301 e REMAINING CONFIGURATIONS, I.E., RIBBON CABLES, WIRE

0302 C BUNDLES, AD WIRE BUNDLES WITH GROUND PLANE.

0303 &

A2=RD(NSW)
A3=R0*2.0Q0
DO 80 J=1,NHD
J3=J+NFC1l
J4=J3+NHD
A2=A2*RD(NSW)
A3=A3*RO
B2=ER1*(QCOS(J*THETA) *RHATN+QSIN(J*THETA) *THETN)
B3=ER1*(QSIN(J*THETA) *RHATN-QCOS (J*THETA ) *THETN)
D(JJ,J3)=(A2*B2) /A3
D(JJ,J4)=(A2*B3) /A3
80 CONTINUE
ELSE IF(CONF.EQ.’R’) THEN
Al=RC(NSW)
A3=R0O*2.0Q0
DO 71, J=1,NHC
J1l=J+1
Al=A1*RC(NSW)
A3=A3*RO .
B2=ER1*(QCOS(J*THETA) *RHATN+QSIN(J*THETA) *THETN)
D(JJ,J1)=A1*B2/A3
71 CONTINUE
IF(IOPT.EQ.1l) THEN
A2=RD(NSW)
A3=R0O*2.0Q0
DO 72 J=1,NHD
J3=J+NFC1l
A2=A2*RD(NSW)
A3=A3*RO
B2=ER1*(QCOS(J*THETA ) *RHATN+QSIN( J*THETA ) *THETN)
D(JJ,J3)=(A2*B2) /A3
1.2 CONTINUE
END IF
ELSE IF(CONF.EQ.'P’.AND.NSW.GT.NW/2) THEN

COMPUTE THE M’'N TERMS FOR THE IMAGE WIRES

aaan

Al=RC(NSW)

A3=R0O*2.0Q0

DO 90, J=1,NHC
J1l=J+1
J2=J1+NHC

Al=A1*RC(NSW)

A3=A3*RO
B4=ER1*(QCOS(J*THETA ) *RHATN+QSIN(J*THETA) *THETN)
BS5=ER1*(QSIN(J*THETA) *RHATN-QCOS (J*THETA ) *THETN)
D(JJ,J1)=-(A1l*B4)/A3

90 D(JJ,J2)=(Al1*BS)/A3
c CONTINUE

p € COMPUTE THE M’'N’ TERMS FOR THE IMAGE WIRES




IF(IOPT.EQ.1l) THEN
A2=RD(NSW)
A3=RO*2.0Q0
DO 100 J=1,NHD
J3=J+NFCl
J4=J3+NHD
A2=A2*RD(NSW)
A3=A3*RO
B4-ERl*(QCOS(J*THETA)*RHATN+QSIN(J*THETA)*THETN,
BS-ERl*(QSIN(J*THETA)*RHATN—QCOS(J*THETA)*THETN)
D(JJ,J3)=-(A2*B4) /A3
D(JJ,J4)=(A2*B5) /A3
CONTINUE
END IF
END IF
CONTINUE
END IF
RETURN
END
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CALCULATE DIAGONAL TERMS OF CAPACITANCE MATRIX

nnaan

SUBROUTINE DIA(NSW,ER,CONF,NPW,NW,RC,NFC,D,IOPT,
&RD,NFC1,ER1l,NF,AC,DELTC,NHC,NHD,AD,DELTD,
&MD1,MD2,MD3,MD4,MD5,MD6,MD7 ,MD8,ER2)

REAL*16 ERl,ER(NW),ER2,Bl,RC(NW),D(MD3,MD3),BB1

REAL*16 RD(NW),BBBl,BBB2,AC,DELTC,A3,BETA,Al,Al2

REAL*16 AD,DELTD,B2,B3,B4,BS

CHARACTER*1 CONF

IF(CONF.EQ.’P’ .AND.NSW.GT.NW/2) THEN

B1=RC(NSW)*QLOG(RC(NSW) )

ELSE

Bl=-RC(NSW) *QLOG(RC(NSW) )

END IF

DO 10 J=1,NFC

D(Jrl)-Bl
10 CONTINUE
IF(IOPT.EQ.l) THEN
IF(CONF.EQ.'P’ .AND.NSW.GT.NW/2) THEN
BB1l=RD(NSW) *QLOG(RD(NSW) )
ELSE
BB1l=-RD(NSW) *QLOG(RD(NSW) )
END IF
DO 20 J=1,NFC
D(J,NFC1l)=BB1l
20 CONTINUE
IF(CONF.EQ.’P’ .AND.NSW.GT.NW/2) THEN
BBBl=-ER1*RC(NSW)/RD(NSW)
BBB2=1.0Q0
ELSE
BBBl=ER1*RC(NSW)/RD(NSW)
BBB2=-1.0Q0
END IF
DO 30 J=NFCl,NF
D(J,1)=BBB1l
D(J,NFCl)=BBB2
30 CONTINUE
END IF
DO 80 MPP=1,NFC
BETA=(MPP-1) *AC+DELTC
A3=1.0Q0
IF(CONF.EQ.’B’.OR.CONF.EQ.’C’ .OR.CONF.EQ.’S’
&.OR.(CONF.EQ.’P’ .AND.NSW.LE.NW/2)) THEN
DO 40 J=1,NHC
Jl=J+1
J2=J1+NHC
D(MPP,J1)=RC(NSW)*QCOS(J*BETA)/2.0D0/J
D(MPP,J2)=RC(NSW)*QSIN(J*BETA)/2.0D0/J
40 CONTINUE
IF(IOPT.EQ.1) THEN
Al=RC(NSW)/RD(NSW)
A3=1.0Q0
DO 50 J=1,NHD
J3=J+NFC1l
J4=J3+NHD
D(MPP,J3)=A3*RC(NSW)*QCOS(J*BETA)/2.0D0,/J
D(MPP,J4)=A3*RC(NSW)*QSIN(J*BETA)/2.0D0/J
A3=A3*Al
S0 CONTINUE
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END IF
ELSE IF(CONF.EQ.'R’) THEN
DO 51 J=1,NHC F
Jl=J+1
D(MPP,J1)=RC(NSW)*QCOS(J*BETA)/2.0D0/J
CONTINUE
IF(IOPT.EQ.1l) THEN
Al=RC(NSW)/RD(NSW)
A3=1.0Q0
DO 52 J=1,NHD
J3=J+NFC1l
D(MPP,J3)=A3*RC(NSW)*QCOS(J*BETA)/2.0D0/J
A3=A3*Al
CONTINUE
END IF
ELSE IF(CONF.EQ.’P’ .AND.NSW.GT.NW/2) THEN
DO 60 J=1,NHC
Jl=J+1
J2=J1+NHC
D(MPP,J1)=-RC(NSW)*QCOS(J*BETA)/2.0D0/J
D(MPP,J2)=RC(NSW)*QSIN(J*BETA)/2.0D0/J
CONTINUE
IF(IOPT.EQ.1l) THEN
Al=RC(NSW)/RD(NSW)
A3=1.0Q0
DO 70 J=1,NHD
J3=J+NFC1l
J4=J3+NHD
D(MPP,J3)=-A3*RC(NSW)*QCOS(J*BETA)/2.0D0/J
D(MPP,J4)=A3*RC(NSW)*QSIN(J*BETA)/2.0D0/J
A3=A3*Al
CONTINUE
END IF
END IF
CONTINUE
IF(IOPT.EQ.l1) THEN

THIS SECTION COMPUTES THE FIELD ON THE DIELECTRIC DUE TO THE
DIELECTRIC ITSELF AND ALSO THE CONDUCTORS INSIDE THEM

Al=RC(NSW)/RD(NSW)
Al2=Al*Al
DO 130 MPP=NFCl,NF
BETA=(MPP-NFCl)*AD+DELTD
A3=1.0Q0
IF(CONF.EQ.'R’ .OR.CONF.EQ.'S’
&.OR.(CONF.EQ.’P’ .AND.NSW.LE.NW/2)) THEN
COMPUTE THE M’'N TERMS OF THE D SUBMATRIX THE SOURCE IS ON THE SH

AND THE POTENTIAL MATCHPOINTS ARE ON THE SHIELD ALSO
COMPUTE THE M'N TERMS OF THE D SUBMATRIX FOR OTHER REAL WIRES
DO 90 J=1,NHC
Jl=J+1
J2=J1+NHC
B2=QCOS(J*BETA)/2.0D0
B3=QSIN(J*BETA)/2.0D0
D(MPP,J1l)=ER1*A3*A12*B2
D(MPP,J2)=ER1*A3*A12*B3
A3=pA3*Al
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CONTINUE
COMPUTE THE M'N’ TERMS OF THE D SUBMATRIX FOR O
DO 100 J=1,NHD THER REAL WIRES
J3=J+NFC1
J4=J3+NHD
B2=QCOS (J*BETA) /2.0Q0
B3=QSIN(J*BETA)/2.0Q0
D(MPP,J3)==ER2*B2
D(MPP,J4)==ER2*B3
CONTINUE
ELSE IF(CONF.EQ.’R’) THEN
DO 101 J=1,NHC
JleJel
B2=QCOS (J*BETA) /2. 0D0
D(MPP,J1)=ERL*A3*A12%B2
A3=A3*Al
CONTINUE
DO 102 J=1,NHD
J3=J+NFC1
B2=QCOS( J*BETA) /2.0Q0
D(MPP,J3)==ER2*B2
CONTINUE
ELSE IF(CONF.EQ.’P’.AND.NSW.GT.NW/2) THEN
A3=1.0Q0
DO 110 J=1,NHC
Jl=J+1
J2=J1+NHC
B4=QCOS(J*BETA)/2.0Q0
B5=QSIN(J*BETA)/2.0D0
D(MPP,J1)=-ER1*A3*A12+*B4
D(MPP,J2)=ER1*A3*A12*B5
A3=A3*Al
DO 120 J=1,NHD
J3=J+NFC1l
J4=J3+NHD
B4=QCOS (J*BETA) /2. 0Q0
B5=QSIN(J*BETA)/2.0Q0
D(MPP,J3)=ER2*B4
D(MPP,J4)==ER2*B5
CONTINUE
END IF
CONTINUE
END IF
RETURN
END




SUBROUTTNE PLACE PLACES THE D SUBMATRICES INTO THE LARC
D1 MATRIX

SUBROUTINE PLACE(MM,NN,LD,NF,D,D1,MD8)
REAL*16 D(NF,NF),D1(MD8)
NP=NF*(MM-1+(NN-1)*LD)

DO 20 I=1,NF

DO 10 J=1,NF

D1(NP+J)=D(J,I)

CONTINUE

NP=NP+LD

RETURN

END
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SUBROUTINE SUM SELECTS CERTAIN ROWS ASSOCIATED WITH THE AVG
TERM OF THE FOURIER SERIES AND SUMS THEM TO DETERMINE THE
ELEMENTS IN THE CG MATRIX

SUBROUTINE SUM(NW,NP,LD,NFC,Dl,RC,CG,PCG,RD.MDS,IOPT,CER
&CONF,RD1,MD10,NWH) i
REAL*16 CG(NW,NwW),Dl(MD8),PI,EPS,Al,A2,A3
REAL*16 RC(NW),RD(NW),CER,RD1(MD10),PCG(NWH, NWH)
CHARACTER*1 CONF
PI=3.1415927Q0
EPS=8.854185Q-12
A3=PI*EPS*2.0Q0
NWH=NW/2
IF(CONF.EQ.’P’) THEN
MNW=NWH
ELSE
MNW=NW
END IF
DO 20 I=1,MNW
IROW=(I-1)*NF+1
DO 20 J=1,MNW
IF(CONF.EQ.’P’) THEN
IL=((J-1)*LD*NF/2)+IROW
ELSE
IL=(J-1)*LD*NF+IROW
END IF
Al=0.0Q0
A2=0.0Q0
DO 10 K=1,NFC
IF(CONF.EQ.’P’) THEN
Al=Al+RD1(IL)
ELSE
Al=A1+D1(IL)
END IF
IF(CONF.EQ.’P’) THEN
END IF
IF(IOPT.EQ.1) THEN
IF(CONF.EQ.’P’) THEN
A2=A2+RD1(IL+NFC)
ELSE
A2=A2+D1(IL+NFC)
END IF
END IF
IF(CONF.EQ.’P’) THEN
IL=IL+LD/2
ELSE
IL=IL+LD
END IF
CONTINUE
IF(CONF.EQ.’P’) THEN
IF(IOPT.EQ.2) THEN
PCG(I,J)=Al1*RC(I)*A3*CER
ELSE IF(IOPT.EQ.l) THEN
PCG(I,J)=(Al*RC(I)+A2*RD(I))*A3
END IF
ELSE
IF(IOPT.EQ.2) THEN
CG(I,J)=Al*RC(I)*A3*CER
ELSE IF(IOPT.EQ.l) THEN



198

CG(I,J)=(ALl*RC(I)+A2*RD( I))*A3
END IF
END IF
CONTINUE
RETURN
END
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THIS SUBROUTINE COMPUTES THE TRANSMISSION LINE CAPACITANCE
MATRIX FROM THE GENERALIZED CAPACITANCE MATRIX

MSUM IS THE MATRIX SUM
A2 IS THE RUNNING ROWSUM
A3 ISTHE COLUMN SUM - STORED IN D1(1l=NW1l)

nanNnaonann

SUBROUTINE TRANS(NW,CG,NWlZ,NWl,CTL,MDZ,IREF,IOPT,PDl)
REAL*16 CG(NW,NW),CTL(MD2),PD1(NW),MSUM,A2,A3
MSUM=0.0Q0

DO 10 I=1,NW

10 MSUM=MSUM+CG(IREF,I)
II=]

DO 50 I=1,NW
IF(I-IREF)20,50,20

20 A2=0.0Q0
A3=0.0Q0
DO 30 J=1,NW
A2=A2+CG(I,J)

30 A3=A3+CG(J,I)
MSUM=MSUM+A2
PD1(II)=A3
DO 40 J=II,NwWl1l2,NwWl

40 CTL(J)=A2
II=II+1

50 CONTINUE
II=1
JJI=1
DO 90 J=1,NW
IF(J-IREF)60,90,60

60 DO 80 I=1,NW
IF(I-IREF)70,80,70

70 CTL(II)=CG(I,J)-CTL(II)*PD1(JJ)/MSUM
II=II+1

80 CONTINUE
JI=JJ+1

90 CONTINUE
RETURN
END
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THIS SUBROUTINE COMPUTES THE TERMS WHICH REDUCE THE CAPACITANC
MATRIX WHEN A GROUND PLANE IS PRESENT FORM A 2NX2N MATRIX 7o §‘
NXN MATRIX. NOTE THE MATRIX RDl IS THE REDUCED Dl MATRIX.

SUBROUTINE Pl(NW,NF,D1,MD8,LD,NFC,RD1,MD10)
REAL*16 D1(MD8),RD1(MD10)
NWH=NW,/2

NP=NF*NW

NK=NF*NWH

NN=NP*NK

N=0

MP=1

DO 20 I=1,NK

DO 10 J=1,NK
RD1(MP)=D1(N+J)+D1(NN+N+J)
MP=MP+1

CONTINUE

N=N+LD

CONTINUE

RETURN

END



0001
0002
0003
0004
0005
0006
0007
0008
0009
0010
0011
0012
0013
0014
0015

THIS SUBROUTINE COMPUTES THE CAPACITANCE MATRIX FOR
A WIRE BUNDLE OVER A GROUND PLANE FROM THE GENERALIZED
CAPACITANCE MATRIX

nanan

SUBROUTINE PLANE(NWH,PCG,PCTL,MD7)
REAL*16 PCG(NWH,NWH),PCTL(MD7)
K=1
DO 10 I=1,NWH
DO 10 J=1,NWH
PCTL(K)=PCG(I,J)
K=K+1
10 CONTINUE
RETURN
END
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SUBROUTINE MINV IS A PROGRAM TO INVERT A MATRIX

PARAMETERS

A=INPUT MATRIX,DESTROYED IN COMPUTATION AND REPLACED
BY RESULTANT INVERSE.

N=ORDER OF MATRIX A

D=RESULTANT DETERMINANT

L=WORK VECTOR OF LENGTH N

M=WORK VECTOR OF LENGTH N

annoaoonnaonnnaonn

SUBROUTINE MINV (A,N,D,L,M)
DIMENSION L(1),M(1)

REAL*16 A(l),BIGA,HOLD,D
D=1.0Q0

NK=-N

DO 19 K=1,N

NK=NK+N

L(K)=K

M(K)=K

KRK=NK+K

BIGA=A(KK)

DO 3 J=K,N

IZ=aN*(J-1)

DO 3 I=K,N

IJ=IZ+I
IF(QABS(BIGA)-QABS(A(IJ))) 2,3,3
BIGA=A(1IJ)

L(K)=I

M(K)=J

CONTINUE

[ SN

INTERCHANGE ROWS

anaw

J=L(K)

IF(J-K) 6,6,4
4 KI=K-N
DO 5 I=1,N
KI=KI+N
HOLD=-A(KI)
JI=KI-K+J
A(RI)=A(JI)
A(JI)=HOLD

INTERCHANGE COLUMNS

I=M(K)
IF(I-K) 9,9,7
JP=N*(I-1)

DO 8 J=1,N
JK=NK+J
JI=JP+J
HOLD=-A(JK)
A(JK)=A(JI)
A(JI)=HOLD

~ o0 w

DIVIDE COLUMN BY MINUS PIVOT (VALUE OF PIVOT ELEMENT IS
CONTAINED IN BIGA

oNNnNnNnOo

IF(BIGA) 11,10,11
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D=0.0Q0

RETURN

DO 13 I=1,N
IFP(LE=K)+12,13,12
IK=NK+I
A(IK)=A(IK)/(-BIGA)
CONTINUE

REDUCE MATRIX

DO 16 I=1,N
IK=NK+I

HOLD=A( IK)
IJ=I-N

DO 16 J=1,N
IJ=IJ+N

IF(I-K) 14,16,14
IF(J-K) 15,16,15
KJ=IJ-I+K
A(IJ)=HOLD*A(KJ)+A(IJ)
CONTINUE

DIVIDE ROW BY PIVOT

KJ=K-N

DO 18 J=1,N
KI=KJ+N

IF(J-K) 17,18,17
A(KJ)=A(KJ)/BIGA
CONTINUE

PRODUCT OF PIVOTS
D=D*BIGA
REPLACE PIVOT BY RECIPROCAL

A(KK)=1.0Q0/BIGA
CONTINUE

FINAL ROW AND COLUMN INTERCHANGE

R=N

K=(K-1)

IF(K) 27,27,21
I=L(K)

IF(I-K) 24,24,22
JQ=N*(K-1)
JR=N*(I-1)

DO 23 J=1,N
JRk=JQ+J
HOLD=A(JK)
JI=JR+J
A(JK)==A(JI)
A(JI)=HOLD
J=M(K)

IF(J-K) 20,20,25
KI=K-N




0119
0120
0121
0122
0123
0124
0125
0126
0127

26
27

DO 26 I’le
KI=KI+N
HOLD=A(KI)
JI=KI-K+J
A(KI)=-A(JI)
A(JI)=HOLD
GO TO 20
RETURN

END
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SUBROUTINE MPRT IS USED TO PRINT OUT A MATRIX IN MATRIX
FORM WITH LABELING

DESCRIPTION OF PARAMETERS

A=INPUT MATRIX

M=NUMBER OF ROWS IN A

N=NUMBER OF COLUMNS IN A

B=LITERAL INPUT OF TITLE. HOLLERITH FORM.
J=NUMBER OF CHARACTERS, INCLUDING SPACES,ETC. IN B

nnaonnnnaanan

SUBROUTINE MPRT(A,M,N,B,J)
DIMENSION B(J),C(18)
REAL*16 A(M,N)
LOGICAL*1 B,C/" ",'M’,'A’,"'T", "R B, CRENCRCISE— roR sy
4 ,’_I’I "IPl’lAI,'Gl,IE!,I I,I1I/
OPEN (UNIT=3,FILE=’GOOD.DAT’,STATUS='NEW’)
WRITE(3,3)B,C i
I=2
LL=1
1 LU=MINO(LL+5,N)
WRITE(3,6)(L,L=LL,LU)
WRITE(3,7)
DO 2 K=1,M
2 WRITE(3,4)K,(A(K,L),L=LL,LU)
IF(LU.EQ.N)RETURN
WRITE(3,5)I
CLOSE(UNIT=3)
LL=LU+1
I=I+1
GO TO 1
FORMAT(’1’,70Al)
FORMAT(9X,’*’,/,4X,I3,2X,’'*’ ,1P6E13.4)
FORMAT(’1lPAGE ’,I2,’” RIGHT - - - =.7)
FORMAT(,/,5X, "COLUMN’ ,6(4X,I3,4X))
FORMAT(/,3X, 'ROW’,3X,67("*"))
END

~Noaul s w
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