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ABSTR,~CT 

METHOD OF MOMENTS CAPACITANCE MODEL 
FOR MUL TICON0UCTOR SYSTEMS 

WILLIAM T. PHILLIPS, JR. 

YOUNGSTOWN STATE UNIVERSITY, 1989 

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 eff~cts, 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 



ii 
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 

docLDnent 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 multi

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 capaGitance 

of dielectric coated multiconductor systems. One attempt by Higgins 

and Black uses the concepts of Maxwell's "method of subareas". 1 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 err 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. 2 This procedure also ran 

into difficulties since the integrals had to be approximated by 

runerical 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 Arlan Adams, 

'Nas 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. Harrington. 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 a-'s. 

Clayton Paul demonstrated that this technique gave extreme! y 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 permitti vities. This procedure is 

also used to determine the capacitance of a multiconductor coaxial 

cables, shielded dielectric coated multiconductor wire bLD1dles and 

multiconductor wire bundles over a groLD1d plane. 

Once the parasitic shLD1t 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, 

/ 
'-



and electromagnetic coupling (crosstalk). The determination of the 

capacitance matrix is easily understood using an example. This 

example is illustrated in Adon Adam's book and is reproduced here to 

show the basic procedure. 5 The example is a parallel plate capacitor 

as shown in figure 1. 1. 

lz 

"f volt 

I r. -· r' I 
y 

-1 voit 

FIG. 1.1 PARA[ r B PLATE CAPACITOR . 

First the plates are broken into 2n subsectional areas (n sub

sections for each plate) where S 1 is the total surface area of plate one 

and s2 is the total surface area of plate two. The surface areas are 

subdivided as follows 
5 1 =~1 +~2+~3+ ... +~n eq. (1. i) 

Sz=~n+i +~n+2+~n+3+ ... +~zneq. (1.Z) 

where the total surface area S is given as f ollo\VS 

S = s1 +s2 eq. (1.3) 

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



following 

v = _1 II a-(r') ds~ 
4-rrEo I , I r - r eq. (i.4) 

where a-(r') is the surface charge density, r is the positional field 

vector, r' is the positional source vector from an arbitrary reference 

point, Eo is the permittivity of air, and the integration is carried over 

the total surface area of the source which is indicated by ('). Next 

4 

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 vi at the center of a typical subsection is given by 

v. = _i II a-(r') ds' 
1 4rrE0 I , I r. - r 

l 

eq.(i.S) 

where the center of a typical subsection has coordinates (x.,y.,z.) and 
l l l 

is located by the position vector r.. The variables in eq. (LS) are 
l 

described below " 
r. = X. X + y. y + z. Z 

l l l l 
" " " 

r' = x' x + y' y + z' z 
ds' = dx'dy' 

Ir. -r' I= ✓ (x. -x') + (y. -y') + (z. -z') 
l - l · l l 

A typical subsectional area&;. in which the charge density is 
. J 
integrated over is shown in figure i. 2. 



z 

b C 

y 

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 

vi = j~ crj 4~eo II ,t' ~• I 
~-

----.L.---' 
0 .. 

lJ 

eq.(1.6) 

5 

where 0 .. is a dummy variable used to discretize the function so that it lJ 
can place in matrix form, thus the potential function can be written as 

follows 
2n 

v. = 2 □ .. (]'. l ._1 lJ J 
J-

eq. (1. 7) 

where D . . (]' . ·represents the potential at a point i due to a source on 
lJ J 

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 



1,1 0 1,2 · · · D 1, (2n) (j 1 vi +1 

02,1 02,2 ··· □2,(2n) (72 v2 +1 

. . . . 
D 0n,2 · · · 0n, (2n) G" V +1 n,1 n n 

- -
D (n+ 1), 1 D (n+ 1) ,2 · · · D (n+ 1), (2n) 

- - - 1 <Tn+i vn+1 

D(n+2),1 D(n+2),2 ···· D(n+2),(2n) <Tn+2 vn+2 - 1 

. . . . 
D(2n),1 D(2n),2 · · · D (2n) , (2n) <T2n v2n - 1 

or eq.(1.8) 

[D][C7]=["v] eq. (1. 9) 

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

matrix equation becomes 

6 

_t 
[a-]=[D] [v] eq.(1.10) 

Since it was assLDned that each subsection is of unit area the charge 

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

n 
q=2<T, 

j=i J 
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 
q 1 n 

C = --= -2 2 <T. eq.(1.12) 
V 1 - V2 j=i J 

where v 1 = 1 volt , v2 = -1 volt, and <Tj = coulombs/unit area 

It should be noted that v 
1 

and v 
2 

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. 



CHAPTER 2 

APPLICATION OF THE METHOD OF MOMENTS IN 
DETERMINING THE POTENTIAL IN FREE SPACE 

FROM A CHARGE ON A CYLINDRICAL CONDUCTOR 

P(r,e) 

FIG 2.1 CYLINDRICAL CONDUCTOR WITH MATCHPOINTS 

Before developing the model for the capacitance, it is necessary 

to determine the near field potential fLn1ction due to a Fourier series 

approximation of the charge aroLn1d a single cylindrical conductor 

as based on Clayton PauPs work. 2 

Recall the potential from an infinitely long, infinitesimally thin 

wire 
- 1 cp(r,6) - cp(r0,e) - -2- A ln(r/r0) 

'll"Eo 
eq.(2.1) 

7 

where r is the distance to a field point in space from a source and r 0 

is the distance from an arbitrary reference point in space. 5 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 ro as shown in appendix A. Thus the potential from an 

infinitesimally thin wire is expressed as 

<P(r, 6) = - 2;.Eo A ln( Ir - r' I/ 1 meter) eq. (2.2) 

where Ir - r'I is the distance from the field point given by the 

P0Sitional vector rand the source point given by the positional vector 



8 
r'. Using the law of cosines, the distance between the source point 

and the potential point can be expressed as 
2 2 ! 

lr-r'I = (r +r' -2rr'cos(Pc-8)) . eq. (2.3) 

Substituting eq. (2.3) into eq. (2.2), the equation for the potential 

becomes 
1 2 2 ¼ 

cp(r,r',/3c,8) = - 2 A ln(r + r' - 2rr'cos(/3 - 8)) eq. (2.4) 
rr~ C 

Using the property of logarithms the potential function can ·be 

expressed as 
1 2 2 

cp(r,r' ,Pc,e) = - 4 A ln(r + r' - 2rr'cos(P - 8)) eq. (2.5) rre0 c 

If an infinite nLDTiber of infinitesimally thin line charges are place 

around the conductor surface, the charge becomes a surface charge. 

Thus sLDTiming all "-n's, the potential function can . be expressed as 

follows 
1 CD 2 2 

4 2 A ( ln(r + r' - 2rr'cos(/3 - 6)) 
rreo n-i n c 

- eq. (2.6) 

The infinite nLDTiber of line charges is now replaced by the surface 

charge <I. 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 sLDTiation with an 

integral and A with <I, the potential function becomes n . 

c/)(r,r',Pc,e) = - 4
1 j<I ln(r

2 
+ r'

2 
- 2rr'cos(/3 - 0}) ds 

m:o c eq. (2. 7) 

s 

Assuming that the charge distribution on the surface of the conductor 

can be expressed as a Fourier series the surface charge distribution <I 



a .., 

in eq. (2.7) becomes 

k ,.. 
<J"(/3 ) = <J" + 2 (<J" cos(m/3 ) + <J" sin(m/3 )) 

c o m=i m c m c 
eq. (2.8) 

Substituting eq. (2.8) into eq. (2. 7) and integrating around the conductor 

surface the potential ¢ becomes 

1 Jl k ~ ] 2 2 cp = --- er +2 (er cos(m{3 )+er sin(m{3 )) ln(r +r' -2rr'cas({3 -e)) ds 
0 m C m C C 

4rre0 m=i eq. (2. 9) 
s 

or 
1 2rr 

cp = - - 1-JJ [er0 +½(er cos(m{3 )+~ sin(m{3 ))]ln(/+r,2-2rr'cos({3 -e)) r'd/3 ell 
4rrE: m=i m c: m c c c 

0 

00 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 
1 21r 

<P = - -
1
- (j I rln(r 

2

+r'
2

- 2rr'cos(f3 -e)) r'd/3 dl 
41l"E O C C 

0 

a a 
1 21r 

_ _!_ i <J" I f cos{m/3 ) ln(r
2

+r'
2

- 2rr'cos{f3 -e)) r'd/3 dl 
41rE m= 1 m C C C 

0 

a a 
1 21r 

- __!__ i ;mf f sin{m/3 ) ln(/+r,2- 2rr'cos(f3 -e)) r'd/3 dl 
4rrEO m=i C C eq.(2.11) 

w a a 
ith a change of vairables, let the integrals equal the following 



1 2rr 10 

D
0
= - - 1-j jln{/+r'

2
- 2rr'cos(,Bc-e)) r'd,Bcdl eq. (2.12) 

4rrE
0 

D = -m 

0 0 

1 21r 

j j

cos(m,BJ · ln(r
2

+r,2- 2rr'cos(,Bc-e)) r'd,Bcdl 

eq. (2.13) 
0 0 

1 21r 

1 j )sin (m,B ) ln (r 
2 

+r' 
2 

- 2rr' cos (,8 -e)) r' d/3 dl C C C 
4rreo eq. (2.14) 

0 0 
Substituting equations (2.12-2.14) into equation (2.11) the potential 

cp can be rewritten as 

Using Dwight (handbook of integral tables) the solutions for 

eqs. (2.12-2.14) when r~r' become 6 

D = - r'ln(r) r~' 
0 EO 

m+1 
D - (r') cos(me) r~r' -m 2e

0 
mrm 

A (r') m+!sin(me) 
D - r~' m 2E m mr 

0 

When r-(r' the solution for eqs. (2.12-2.14) become 

D - - r' ln(r') r<r' -
0 E 

0 

eq. (2.15) 

eq. (2.16) 

eq. (2.17) 

eq. (2.18) 

eq. (2.19) 



D = (r') m- t cos (me) 
rn 

r(r' 

r<r' 

1 1 

eq. (2.20) 

eq.(2.21) 

Substituting eqs(2.16 - 2.18) into eq. (2.15) the solution for the 

potential cjJ for one bare wire when r~r' becomes 

'1 ( ) 1 k ( ,,m+i ( e) 1 k m+1 . A cp = _ r _n r a + _ .. _ 2 r cos m a + _ 2 (r') smtme) 

E
0 

° 2E m=i mrm m 21: m=i mrm am 
0 0 

. eq. (2.22) 

Substituting eqs.(2.19-2.21) into eq.(2.15) the solution for the 

potential cjJ for one bare wire. when r<r' becomes 

k m-1 cp = _ r'ln(r') a + _1_ 2 (r,} cos(me} 
o ? m E -E m=i mr 

0 0 

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-CON0UCTOR SYSTEM 

lx 
I 

l P{r-,al 
I 
I 
I 

r- h --+---

X 
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 

wire bundle system. 

A note about notation, for the remainder of this report super

scripts are indices used to indicate whether the source or potential 

ls place on a particular wire and not exponents. For example 0'
2 

lniicates the charge is placed on the surface of wire 2. Powers are 

expressed by using parentheses such as ( O') 2 . Subscripts are used to 

lrnicate 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 

a- 1 = a- 1 + ! (a-~cos(jP 1) + ;~sin(jP 1)) 
0 j=i J C J C 

eq. (3.1) 

2 2 + t ( 2 (. fJ ) + "2 · ( . R )) a- = Cl L. a-. cos J1-1 2 a- . sin J1-1 2 0 j=l J C J C 
eq. (3.2) 

where Pei is the angle between source matchpoints on 
the conductor surf ace of wire 1, its' center, and 
the horizontal 

P 2 is the angle between source matchpoints on the 
c conductor surface of wire 2, its' center-, and the 

horizontal 

a-1 is the source charge density on the surface of 
conductor one 

a-
2 is the source charge density on the surface of 

conductor two 

Matchpoints are corresponding points of source and potential points on 

~~uc~~~~~~~~~~~oo~~~ 

of harmonics that are used in the Fourier series. For example, if one 
.... 

harmonic is used there will be 3 unknowns <To, <T ., <T. for each 
J J 

conductor. Therefore, to solve for the unknowns uniquely there must 

be 3 matchpoints around each conductor. If k (number of harmonics) 

is 2 then there will S unknowns so S 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 

,11= <T~+ ~ (<7.cos(j,8 ) + ;_ sin(j,8 )) 
j=i J en J en 

eq. (3.3) 

where n = 1,2 
The variable (n' is used to denote the wire on which the charge is 

13 
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placed. Since the system is linear, superposition can be applied, thus 

the total potential at a point cp, (see figure 3. i) from a source on 

wires one and t\va is given by 

2 
<Pt=<Pi+<P2= 2 <Pn 

P P P n=i P 

where <P~ = total potential at point cp, 

eq. (3.4) 

cp i = the potential a point cp, due to a source 
P on wire i 

q,2= the potential a point ep, due to a source 
P on wire 2 

Calculating the potential from a source charge from wire one as 

defined in eq. (3.1), the potential cp! (using eq~ (2.22) becomes 

1 r\ln(r-1) 1 1 k (r,.1)j+icos(je1} 1. i k (r\)j+tsin(j6
1
} "'i 

<P, : ----CT +-=- 2 . CT.+ - 2 . a'. 

P e
0 

° 2e
0 

j=1 jrf. J 2e~=1 jri_ J 

eq. (3.5) 

The potential cp: from a source charge on wire 2 as defined in 

eq. (3 .2) is expressed as 

2 - r' zln(rz} 2 1 k (r' z)j+icos(je~ ? i k (r'i_)j+lsin(jez ... 2 
q>p .- ----CT+-=- 2 · <7'7+-2 · a'. 

e 
O 

O 2e
0

j=1 jri_ J 2E"~=L j1 l 

eq •. (3.6} 

where e 1 is the angle between potential point ep,, the center of 
source wire 1, and the horizontal 

e.., is the angle between potential point. cp,, the center of 
i. source wire 2, and the horizontal 

r'1 is the vector from center to source matchpoints on 
wire i 

r' 2 vector from center ta source matchpoints on wire 2 

r 1 vector from center of source wire i to point 'P' 
r 2 vector from center of source wire 2 to paint 'P' 



Substituting eqs.(3 .5-3.6)into eq.(3.4), the total potential at a point 

'P' can be written in sigma notation as 

Now the potential function can be descritized using the following 

change of variables 

1 011 - eq. (3.8) 

eq. (3.9) 

·+1 

iS 

1 -
D i(j+i) -

(rD J cos (j e J 

2e
0 

jr-i 
eq. (3.10) 

0 2 -
l(j+i) -

·+112 
(r\)J sin ue i) 

2e
0 

j~ 

·+1 (ri) J cos (j e 2) 

2e
0
jr4 

(r' 
2
)j+isin(j0

2
) 

2e
0 
jri 

eq. (3.11) 

eq. (3.12) 

eq. (3.13) 

The problem now becomes one of bookkeeping, since it is necessary to 

keep 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 

which one has the potential points. Substituting equation (3.8-3.13) 



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 

16 

t 1 1 k -1 1 " 1 " 1 2 2 k 2 2 " 2 " 2 
cp.=D. ia- +2(i..r.( .+i)a-.+O. ( .+i)a- .)+D.1a- +2(□ .( -+i)a-.+O.( . +i)a-.) 

l l O j=i l J J l J J l O j=i l J J l J J 
eq. (3. i 4) 

or in shorthand sigma notation 

2l k " "] <P~ = 2 D~!crn+ 2(0~( ·+1) a-~+ D ~( ·+1) a-.n 
l -1 l O ._1 l J J l J J n- J- . 

eq. (3.15) 

where i=i ,2, ... , (2k+1) 

Let em' designate the wire on which the potential points are evaluated 

then eq. (3.15) becomes 

2 [ k " " l cp1:1 = 2 o1:11n a-n + 2 ( D 1:1{ ~+ i) er. + Or:r1(~+ i) a: ) eq. (3. 16) 
l n 1 l O j=i l J J l J J 

where m=i,2 

i=1,2,3, .. ,(2k+1) for each wire 

cpf!l is defined as the potential on wire 
1 m at matchpoint i 

The term 01:°1~ is defined as the potential at matchpoint e i' on wire m lJ 
due to a unit source charge at matchpoint ej' 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 

~lected around each wire to solve for the unknowns, namely a-0, a., 
J 

aj" The set of matrix equations that represent eq. (3.16) is shown in 
eq. (3 .1 7) in partitioned form. 
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11 11 "'11 "'11 Ii? 17 "1" Ai" 
D i 1 · · · D 1 (k+ 1lD12 · · · D i (k+ 1) : D 1 i · · · D 1 (k+ 1) O 12 · · · D 1 (k+ 1) 

11 11 ... 1 i ... 11 I 12 12 "'12 "12 
D 21 · .. □2 (k+1 ) □22··· D 2 (k+ 1) :~21 · .. □2 (k+ i)Dzz·••□z (k+ 1) 

:11 "'ii 1=1? "'1? 
D(k+i) 1 D(k+i)(k+1) : □ (k+i) 1 D(k+1)(k+1) 

11 ... 1 1 I 1? ... 12 
?(k+2) 1 D(k+2) (k+1) : □_(k+2) 1 D(k+2) (k+1) ~1 

... 1 1 

~(k+2) 

. i 1 ... 11 I ·1.., ... 12 --·1 1 

D(2k+1)i D(2k+1)(k+1) : □ (2k+i)i ·•· D(2k+1)(k+i) 17k = cp(2k+i) 

21 21 "'21 ... ?1 I .,., ?., "2" "'22 
Di r•-□ 1 (k+i) □ 12·•• □1 (k+i) : □11·••□1(k+1)Diz·••□ 1 (k+l) 

21 21 "'21 ... ..,1 I .,., 2" "'2" "'"2 
D 21·••□2 (k+i)D??··· Dz (k+1) 1~21 ... D2 CT<+ 1) □22·••□2 (k+ 1) 

~1 
(k+i) 1 

. . 

"'"1 1: .,., "'2? 
D(k+l) (k+1) : □(k~1)1 D(k":i-1)(k+1) 

... 21 I .,., A.,.., 
D (k+2) (k+1) : □_rtt-2) i □(t!-2) (k+i) 

2 

0:1 . 

21 
□(2k+1) 1 

"'21 I ·22 ... 22 
·•• D(2k+1)(k+i) : □ (2k+1) i ··· D(2k+i)(k+L) a-k 

2 

~2 . . 
2 

cp (k+1) 

2 

~(k+2) 

2 

cp(2k+Ll 

eq. (3.17) 

Rewriting equation (3. 1 7) as a single matrix equation the potential 

becomes 
[□][er]= [<P] eq.(3.18) 

Taking the inverse of the '□' matrix, the solution of the charge density 

can be found using equation (3.19) 

[er] = [Of 1 [<Pl eq. (3. 19) 

Recall the charge density around conductor 1 was given by 
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o-1(,8c1) = o-1 + ½ (o-~cos(j,8 1) + ;~sin(j,8 1)) 
0 j=i J C J C 

eq. (3.20) 

where f3 1 is the angle between source matchpoints on the 
c conductor surface of wire 1 , its' center, and the 

horizontal 

Integrating over the total surface of the conductor 1 ( 2rr radians} the 

cosine and sine terms vanish, thus the total charge on the conductor 

surface is given by 

1 2rr 

qi = f o-
1
(Pc1lds = J J o-

1 
(Pc1l rc1 dP c1 dl - 2irrc1 o-~ 

s O O eq. (3.21) 

where r c 1 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 

1 2rrrc1<To 1 
C = - ---- = 2rrrc1 <To eq. (3.22) 

<t> 1 - <t>2 

where it has been assLDTied that <t> 
1 is equal to one volt and <t,2 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). 

C = eq. (3.23} 
cash- (d/2r) 

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

_l 
equal to 8.85 pFm 

TI-e tabulated results of the transmission line capacitance computed 

by 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 

m.rnber of Fourier terms and the CPU time requirements when the 

system under consideration is a ribbon cable (R) or a wire. bundle (8). 

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 FOR TRAN program for 

a 2-wire ribbon cable or ripcord with no dielectric insulation 

surrounding the conductors are listed below. 

1. Type of configuration [ R ] 
2. Option [ 2 ] 
3. Number of wires [ 2 ] 
4. Number of harmonics NHC = [1,2,3, ... ,19] 
5. Are all wires solid ? [ y ] 
6. Do all wires have the same radius [ y] 
7. Enter the radius of the conductors XRC = [ 1. OE-3 ] 
8 • Enter the center-to-center wires separation [ XSEP ] 
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The input data requirements to run the FOR TRAN program for 

a 2-wire wire bundle with no dielectric insulation surrounding the 

conductors is listed below 

1. Type of configuration [ 8 ] 
2. Option [ 2 ] 
3. Number of wires [ 2 ] 
4. Number of harmonics NHC = [1,3,5, ... , 15] 
5. Are all wires solid ? [ y ] 
6. Do all wires have the same radius [ y ] 
7. Enter the radius of the conductors XRC = [1.0E-3] 
8. Enter the horizontal distance between wire (1) and 

wire (2) y(i ,2) = (0,0) . 
9. Enter the vertical distance between wire(1) and 

wire (2) y(i ,2) = (0, 0) 
10. 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 

value of Terms bundle time cable 
(d/r) pF/m harm. 8 R (pF /m) (sec) (pF /m) 

1 3 2 76.658 10 60.055 
3 7 4 144.04 30 103.98 

.5 1 6 176.99 80 137.41 
7 15 8 189. 77 172 160.44 

2.02: 1 196.85 9 19 10 194.34 322 175.19 
11 23 12 195.95 541 184.20 
13 27 14 196.52 872 189.54 
15 31 16 196. 73 1229 192.66 
17 35 18 194.45 
19 39 20 195.48 

1 3 2 38.514 10 36.918 
3 7 4 40.081 30 39.934 

2.5:1 40.133 5 11 6 40.128 80 40.119 
7 15 8 40. 130 172 40.130 
9 19 10 40.130 322 40.130 

1 3 3 28.602 10 28.245 
~-1 ..I. 28.902 3 7 4 28.899 31 28.890 

5 11 6 28.902 82 28.902 
1 3 3 21.082 10 21.032 

4: 1 21.122 3 7 4 21.121 31 21.121 
5 11 6 21.122 82 21.122 
1 3 3 17. 743 10 17. 730 

5: 1 17. 754 3 7 4 17. 754 32 17. 754 
5 11 6 17.754 

6: 1 15. 780 1 3 3 15. 776 10 i5. 772 
3 7 4 15.780 32 15. 780 

21 

CPU 
time 
(sec) 

10 
15 
25 
43 
70 
106 
152 
216 
300 
384 

10 
15 
25 
43 
70 

10 
15 
25 
10 
15 
25 
10 
15 
25 
10 
15 



CHAPTER 4 

APPLlCA TION OF THE METHOD OF MOMENTS IN DETERMINING 
THE CAPACITANCE OF A BARE MUL TICON0UCTOR SYSTENI 

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 = q/V eq. (4.1) 

This is true provided the charge on conductor 1 (q1) and the charge on 

conductor 2 (q2) are equal in magnitude but opposite in sign, i.e., 

q1= -q2 eq. (4.2) 

If however q1 and q2 are arbitrary, the charge on each conductor is 

described in the following matrix equation 

[::]= [:~: : ][: l eq. (4.3) 

or eq. (4.4) 

92 = C21 C?1 + Cz2C?2 

where cp is the absolute potential with respect to infinity. Equation 

(4.3) can be expanded to the bare multiconductor case as shown in 

eq. (4.S) 

91 C11 C12··· C1N ¢1 

92 Cz1 C22··· CzN ~ 

- eq. (4.S) . . . 
qN C 1NC2N ... CNN ~ 
-

where C ij are the terms of the generalized capacitance matrix. 

Equation ( 4. S) can be written as a matrix equation as follows 

[q] = [C] [¢] eq. {4.6) 

To determine the charge on an n-conductor system the 



procedure is similar to that of chapter 2, where the n-conductor 

system is described in figure 4. 1 

FIG. 4. i BARE MULITICONDUCTOR SYSTEM 

As before, assl.ll'Tie a Fourier series representation of the charge 

distribution around each of the n conductors as described below 

k " 
an(Pcn) = an+ 2 {a:1cos(jP ) + a-~ sin(jp )) 

o j-i J en J en 
- eq. (4. 7) 

where n-1,2,3, ... ,N 

The potential at point ep, from a source charge from each wire as 

described by equation ( 4. 7) can be written as follows 

23 

1 r,1lnCr1) 1 1 k (r'1)j+1cos(j61) 1 1 k (r'1)j+isin(j61) "1 
'R =----u +-2--...,....----u.+-2 • u. 
P e

0 
° 2e

0
j=1 jrl J 2e~=1 - jri_ J 

eq. (4.8) 

2 _ r' zln(rz) 2 1 k (r' z)j+icos(jez) z i k (r' z)j+isin(jez) ,. z 
cf>p - ---..;...u +-2 --..----u · +-2 · u · 

e 
O 

O 2e
0
j=1 j1 J 2e

0
j=i j~ J 

. 
• . 

eq. (4. 9) 
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N r'Nln(rN) N 1 k (r'N)j+lcos(j0N) N i k (r'N)j+isin(j0N) ~N 
<P. = ----(J +-2------(J. +-2 · (J . 

p E O 
O 

2Eoj=1 j~ J 2Eoj=1 jii J 

eq. (4.10) 

where cp 1 is the potential a point 'P' due to a source one wire 1 
p 

¢2 is the potential a point 'P' due to a source one wire 2 
p 

cpN is the potential a point 'P' due to a source one wire N 
p 

e 1 is the angle between potential point 'P', center of 
source wire 1, and the horizontal 

e--> is the angle between potential point 'P', center of 
.t... source wire 2, and the horizontal 

eN is the angle between potential point 'P', center of 
source wire N, and the horizontal 

r' 1 vector f ram center to source matchpoint on wire 1 

r' 2 vector from center to source matchpoint on wire 2 

r' N vector from center to source matchpoint on wire N 

r 1 vector f ram center of source wire 1 to point 'P' 

r 2 vector from center of source wire 2 to point 'P' 

rN 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 
cp t = cp 1 + ¢2 + ... + cpN = 2 cpn 
P P P P n=i P 

eq. (4.11) 

where <P ~ = total potential at point 'P' from each source wire 

Summing the contributions to the potential from all wires, as 

described in eqs. (4.8-4.10), the total potential at a point 'P' can be 
as follows 
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t N [r' ln(r) 1 k (r' )j+!c~sue ) i k (r' )j+isin(je ) A ] 

cb =2 _ n n crn+_ 2 n _ n cr~+ _ 2 n _ n cr~ 
. p n= 1 E O 2 E j = 1 j r1 J 2 E j = 1 j r1 J 

o o n o n 

eq. (4.12) 

The potential function can be descritized in terms of eo, by the 

following change in variables 

1 r' 1 ln(r 1) 
Di! = - --- eq. (4.13) 

EO 

eq. (4.14) 

eq. (4.15) 

eq. (4.16) 

eq. (4.17) 

eq. (4.18) 

eq. (4.19) 

eq. (4.20) 
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"N (r'N)j+tsin(jBN) 
Di(j+i) = ------ eq.(4.21) 

2E
0 

jrl 
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 

is given by 

N[ k " "l <P~ = 2 o~i(jn + 2( o.n( ·+1)CT~+ o~( ·+1)<1"~) eq. (4.22) 
l _ 1 l O ._1 l j J l J j n- J- . 

Again letting em' designate the wire on which the potential matchpoints 

are to be evaluated equation (4.22) becomes 

N[ k " ... l m n n . mn n mn n 
¢. = 2 ~1 CT + 2 ( 0. ( ·+t)CT. + 0. ( ·+t)(j.) eq. (4.23) 

l n= 1 1 0 j = 1 1 J J 1 J J 

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 

011 012 . .. 01N CT1 <Pi 

021 022 ... 0 2N CT2 <P2 
- eq. (4.24) -

<PN 

Where each omn submatrix is a (2k+ 1) (2k+ 1) matrix which relates 

the sources on wire n to the potential matchpoints on wire m. A 

typical submatrix is given below 



where 

mn 
D(2k+1) 1 

omn 
1 (k+1) 

omn 
2 (k+1) 

omn omn 
(2k+1) (k+1) (2k+1)2 

omn 
1 (k+ 1) 

omn 
2(k+1) 

"mn 
D (2k+1) (k+1) 
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eq. (4.25) 

□ 1:1.n is defined as before and vectors G'n and <Pm ~re 
lJ 

m 
9>2k+l 

eq. (4.27) • 

where n = 1,2,3, .... ,N and m = 1,2,3, ... N 

Rewriting eq. (4.24), the matrix equations in shorthand notation becomes 

[D] [G'] = [<P] eq. (4.28) 

Solving for the charge density, eq. (4.24) becomes 

[0'1 = [□r i [<PJ 
Now let T = □- 1 , then eq. (4.29) can be expresssed as 

eq. (4.29) 



28 

(j 1 
T11 T12 ··· T1N <fJ i 

(j 2 q,2 T21 T22 ... T2N - . eq. (4.30) - . 
O"N 

. . . 
</JN TNl T N2'" TNN 

where the T submatrix is a (2k+ 1) x (2k+ 1) matrix. 
mn 

Recall the charge per unit length distribution on the i-th conductor as 

. . k . A. 

0"
1°(p .) = O" 1 + ~ (O": cos(jp . ) + 0".

1sin(jpc.) · eq. (4.31) 
Cl O j= i J Cl J l 

The total charge per unit length on the i-th conductor is given as 

1 21r 

q. = l O"i(p .) ds = l l (J'i(p .) r .d(P .) dl _eq. (4.32) l Cl Cl Cl Cl 

5 0 0 
where r . = radius of the i-th conductor 

Cl 

O"i = charge density of the i-th conductor 

P . = angle between source matchpoints on 
Cl the conductor surface, its center, and 

the horizontal 

. Substituting eq. (4.31) into eq. (4.32) and integrating around the 

conductor surface, the charge per unit length on the i-th conductor 
becomes 

1 21r 

qi= l l [O"i + ~ (O"~cos(jp .) + ;~sin(jP .))]r .d(P .) dl 
0 j = 1 J Cl J Cl Cl Cl 

a a eq. (4.33) 

Whert the charge density is integrated around the conductor, the sine 

ad COsine 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 

12rr 

q. = j j O'i r . d/3 . dl = 2rrr . O'i eq.(4.34) 
l O Cl Cl Cl 0 

0 0 where i = 1,2,3, ... ,N 

Thus the charge per unit length on each n conductors is given by 

- 1 qi - 2rrrc1 O'o eq. (4.35) 

eq. (4.36) 

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 

i 1 2 N 
O' = Tii <P + Ti2<P + ... + TiNcp eq. (4.38) 

Since only the average charge density is requred to describe the 

charge on each wire, eqs. (4.35-4.37), only the first term of the O'n 

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 

ls expressed in terms of T as follows 

i_ 1 1 1 2 1 3 1 N 
cro-Tii<P + Ti2cp + Ti3<P + ... + TiNcp eq.(4.39) 

1 

where T1j is defined as a ixn vector whose elements consist of the 

first row of the Tij submatrix. Substituting eq. (4.39) into eq. (4.34) 

the charge per unit length on the i-th conductor becomes 

N 1 . 
9

1
· = 2rrr . 2 T .. q,J eq. (4.40) 

Cl ._1 lJ 
J-

where i=i,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 i i 2k+1 1 2 2k+1 i Nl 
qi - Zrrrc1 2 T 1T<P +2 T12 <P + ··· 2 T 1Ncp eq. (4.4 i) 

m=1 m=1 m=1 

q2 = 
[

2k+1 i i 2k+1 i 2 2k+1 i Nl 
2nrc2 2 TzTct> +2 T22<P + ... 2 TzN<P eq.(4.42) 

m=i m=i m=i 

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

sigma notation as 

q. = 2rrr . 2 2 T -~ cpJ N [ 2k+1 i · ] 
l Cl j=i m=i lJ 

eq. (4.44) 

where T~q is an element of T. . in the p-th row· and q-th column 
lj lj 

i = 1,2,3, ... ,N 

Recall the matrix equation for determining the charge of an n

conductor system 

qi Cl 1 C12 ··· CiN 
<P 1 

q2 C21 S2 ... ~N <P2 

- eq. (4.45) 

qN ~1CN2 ··· CNN <PN 

~~iting eq. (4.45) in sig~a notation the equation f~r the charge 
~mes 



N . 
q. - 2 C . . q;J 

l j=l lj 
eq. (4.46) 

where i = 1,2,3 , ... ,N 

Equating the two series, eqs. ( 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 [ 2k+1 1 2 C. · cpJ = 2 2rrr . 2 T .1!1 
. 1 lJ . i Cl i lj J= J= m= 

l ~~ . eq. (4. 47) 

l-1,2,3, ... ,n 

Thus each term in the generalized capacitance matrix is found by 

2k+1 im 
C. . = 2rrr . 2 T . . eq. (4.48) 

lj Cl m=i lJ 

Simply stated, the elements of the generalized capacitance matrix 

C .. can be found by adding all the terms in the first row of the ij-th 
lj 

submatrix of T. 



CHAPTER 5 

DETERMINATION OF THE TRi~NSMISSION LINE CAP.~CIT ANCE 
FROM THE GENERALIZED C~P.~CIT ANCE MA TRIX 

To determine the terms of the transmission line capacitance 

matrix from the generalized capacitance matrix, recall the matrix 

equation to determine the free charge ( qf ) on each conductor for an 

n-conductor system. 

qi qif Ci 1 C12 CiN <P-1 

92 q2f C21 C22 CzN ¢2 
- - eq. (5.1) - -

. . ·N 
qN 9Nf C~a CN2 ··· CNN <P 

u 
C 

where C is defined as the generalized capacitance matrix, q.f denotes 
. 1 

the free charge on conductor i, and q} 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 8 ,9 , lO 

Vi= (cpi-q,N) i=i,2,3, .... ,N eq. (5.2) 

Therefore the free charge in terms of transmission line voltage is 
given by 

9tf c1ic12··· c 1 (N-1) vi 

9zf C21 Czz•·• c2(N-1) Vz 

- eq. (5.3) 
. 

q(N-i}f c(N-1) 1 c (N-1 )(N-1) V(N-i) 
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Where c is defined as the transmission line capacitance matrix and it 

is assumed that the reference conductor satisfies the following 

constraint 

eq.(5.4) 

To express the charge on the i-th conductor in terms of 

transmission line voltages, subtract and add terms of eq. (5. 1) as 

follows 

qu:= (Cu cp1-ci1 <PN) + (Ciz<t>2 -C124>N) + ... + {ClN4>N-ClN4>N) +{Cu <t>N+ ••• +ClN<t>N) 

Factoring out like terms equation (5.5) becomes 
eq. (5.5) 

1N 2N NNN N 
q.f = C. 1 (cp -¢ ) + C.z(<P - <P ) + ... + C.N(cp -¢ ) + 2 (C. )cp 

1 l l l m=i 1m 
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 

qif = Ca v 1 + c12 v 2 + ··· + ci(N-1) v (N-1) + (2 c1m<P ) 
m-i eq.(5.7) 

N To solve for cp express eq. (5. 7) for each conductor and use eq. (5.4) 

as a constraint, thus 

eq.(5.8) 

eq. (S.9) 

eq. (5.10) 

N-1 
· Ia..::('! - C V 

1 •:r ..,Nf - N1 1 
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Adding eqs. (S. 8-5. 12} and grouping like terms yields 

o = [ ~ c 1] V1 + [ ~ c 2 ]v ?+ lr ~ c , ]v,_ + ... + [ ~ c (N-l'] v(N-i' m= 1 m m= 1 m - m= 1 m... ..... m= 1 m ' 1 

[
N N N N JN 

+ 2 Cim + 2 C?m + 2 C3 + ... + 2 CN cp 
m=i m=i - m=i m m=i m 

eq. (5.13) 

Solving for cfJN yields 

eq. (5.14) 

To determine the terms of the transmission line capacitance 

matrix, see eq. (5.3), from the generalized capacitance matrix, see 

eq. (5. i), substitute eq. (5.14) into eq. (S. 7) 

N N N 
Let A. = }: C. and D = }: I }: C ] in eqs. (S. 7 and 5.14) 

l m=1 im p=1 Lm=1 pm 

respectively. Upon substituting D, A., and the value of¢ into 
l 

eq. (5. 7) , the charge on conductor one becomes 

qif = C11Y1+c1zYz+ .•. +C1(N-1)V(N-1) - ~N:ii r ~ Cmkvk] 
D k=1 lm=1 

eq. (5.15) 

Expanfing the last term of eq. (5.15) the free charge on conductor 
one becomes 



-

q 1f=Cl 1 Vl +C12 Vz+,,.+Cl (N-1) V(N-1) -·: l ~
1
Cm1 Vl + ... + ~ Cm(N-1) V(N-1) J 

... m- :-:i-1 
-

eq. (5.16) 

Grouping like terms in eq. (5. 16) the charge on conductor one is 

_ A1 N _ A1 N Ai_ N 
qif-(S i---~Cm1~V1+(C12-- 2Cmz>Vz+ .•• +(C1(N-1)- - ~Ci (N-i))V(N-1) 

D m-1. D m-i D m-1 • · 

eq. (5.17) 

Equation (5.17) can be expanded for the remaining conductors in 

matrix form as follows 

A1 N A1 N 

(C-11- Dm~icmi} (Ci(N-lf Dm~icm(N-1} 
. 

: A (N- i) N : A (N- i) N 
(C(N-1)1- 0 l~m(N-1)" .. (C(N-1){N-1.)-

0 
m~fm(N-1} 

. . 
•· 

eq.(S.18) 

In order for the matrix equations, eqs. (5.18 and 5.3), to be 

equal each term of the transmission line capacitance matrices must 

be equal, therefore 
A. N 

c .. = c. . - - 1 2 c . 
lJ lJ D m=1 mJ where i,j=i,2,3, ... ,(N-i) 

eq. (S. i9) 

Substituting the values of A. and D into eq. (5.19) produces the final 
l 

equation for determining the terms of the transmission line 

capacitance matrix from the generalized capacitance matrix as shown 
lneqs (5.20). 
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[ N l [ N l 2c. 2C . . 
m= 1 im _ m= 1 mJ 

c .. = C .. -
lJ lJ 

N ~ N l 
eq. (5.20) 

2 2 Cm 
p=i m=i P 

where i,j=i,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 a~ 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 colLrnn indices (subscripts} . 

are equal to or greater than that of the reference m.rnber 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 

Ct,t -) Ct,t Ci,2 -) C1,2 C2,1 -) C2,1 

C2,2 -) C2,2 Ci,3 -) Ci,3 C3,1 -) C3,1 

C3,3 -) C3,3 Ci,4 -) Ci,5 C4,1 -) Cs,1 

C4,4 -> cs,s C1,s -) Ct,6 cs,1 -> Co,1 

Cg,g -) C10,10 Ci,g -) Ci,10 C9,1 -) C10,1 

In other words, Ci,4 actually describes the capacitance bet\Veen wires 

ane ard five and c , describes the self capacitance of wire S, etc .. 
4 4 
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An actual run of the program where wire one is selected as reference 

is shown in appendix B tables(B.1-8.6). Table B.i shows the 

generalized capacitance matrix for the four wire system and table 8. 2 

shows the transmission line capacitance matrix. In this example, c 1 1 
in the transmission line capacitance matrix actual! y describes the 

self capacitance of wire 2. Element c 12 of the transmission line 

capacitance matrix is actually the capacitance between wires 2 and 3, 
and element c13 is the capacitance between wires 2 and 4. The data 

listed in appendix B tables (B. i-B.6) are base on a bare wire system 

as shown. in figtre S. 1. 

wire 1 

4.0 

wire 2 

4.0 

,/ 

,,/2.o 
/ 

wire 3 

~ 
~ 

all dimensions in mm. 

FIG 5.1 BARE 4-WIRE WIRE BUNDLE 

The diagonal terms of the generalized and transmission line 

capacitance matrices are called the self-capacitance terms which is 

the ratio of charge to potential of the i-th conductor when the other 

ccn:it.ctors are present but grounded. 11 The diagonal terms will 

always be positive since the potential and the charge have the same 

Sign. The off-diagonal terms are called mutual capacitance or 



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 ta the same value when more harmonics 

are selected. The reason for this will be shown in chapter 6. It 

shguld be painted 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 Cholesk/s 

decomposition can be used to find the inverse· of the D matrix. 16 

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 pi vat. This inverting technique is copied from IBM 

software library. Even though this technique is slower ·it is used 

because when the diagonal terms converge ta ·a common value it 

implies that the user has a goad representation of the charge 

distribution around the conductor surfaces. 

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

1. Select Configuration [ B ] 
2. · Enter Option [ 2 ] 
3. Enter# of wires [4] 
4. Enter# of cosine or sine terms around the 

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

S. Are all wires solid ? [ y] 
6. Do all wires have the same radius [n] 
7. Enter wire # no.= [ 1 ] 
8. Enter radius of wire (1) RC(i)= [ 1.SE-3] 
9. Enter wire # no.= [ 2 ] 
10. Is RC(2)=RC(1)? Enter y/n [ y] 
11. Enter wire # no.= [ 3 ] 

38 



i2. Is RC(3)=RC(2)? Enter y/n [ n] 
i3. Enter radius of wire (3) RC(3)= [ 2.0E-3 ] 
i 4. Enter wire # no.= [ 4 ] 
15. Is RC(4)=RC(3)? Enter y/n [ n] 
16. Enter radius of wire (4) RC(4)= [1.0E-3] 
1 7. Enter the horizontal distance between wire ( 1) 

and wire (2) 
X(i,2) = 0.0 (meters) 

i 8. Enter the vertical distance between wire ( 1) 
and wire (2) 

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

and wire (3) 
X(i,3) = 4.0E-3 (meters)· 

20. Enter the vertical distance between wire (1) 
and wire (3) 

Y(i,3) = 0.0 (meters) 
21. Enter the horizontal distance between wire (1) 

and wire (4) 
X(1,4) = 4.0E-3 (meters) 

22. Enter the vertical distance between wire (1) 
and wire (4) 

Y(i,4) = -4.0E-3 (meters) 
23. Is the reference number the same as the ground 

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

39 

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 (8.3,B.S,B. 7,B.9) 

are based on a VAX 750. 



CHAPTER 6 

APPLICATION OF THE METHOD OF MOMENTS 
IN DETERMINING THE CAP,~CITANCE OF A 

DIELECTRIC COATED MULITCONDUCTOR SYSTEM 

When working with dielectric coated wires, additional boundar; 

conditions are needed to solve foi the unknown charge density residing 

on the conductor surf ace as well as the dielectric surf ace. 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 surf ace 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. 

40 

FIG. 6.1 DIELECTRIC COATED MULTICONDUCTOR SYSTB1 
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The variables in Figure 6.1 are defined as follows: 

r.= 
Cl 

rdi = 
{3ci = 

radius of the i-th conductor 

radius of the dielectric of the i -th conductor 

angle between matchpoints on the conductor surface, 
its' center, and the horizontal 

angle between matchpoints on the dielectric surface, 
its' center, and the horizontal 
angle between point 'P', the center of source wire i, 
and the horizontal 
potential field point 

<T( f3 di) = surface charge density from bound charge on the 
dielectric surface 

<T( /3 ci) = surface charge density from bound and free charge on 
the conduotor surface 

q. = the total static charge on the i -th conductor 
l 

cp. = the absolute potential of the i-th conductor 
l 

E . = the relative permittivity of the dielectric on the i-th 
ri 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 surf ace 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 surf ace 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 m.nnber 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 surf aces. 



The matrix equation which describes a dielectric coated multi

conductor system is of the following form 

where m,n,m, ,n,=i,2, ... ,N 

The variables in equation (6. i) are defined as follows 

omn is defined as a submatrix which contains the potentials at 
(2k+i) matchpoints on conductor m due to a unit charge at 
(2k+ i) matchpoints on conductor n. 

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

m,n 
D is defined as a submatrix which contains the difference in 

the normal component of the displacement vector at (2l+i) 
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. 

' , 
D m n is defined as a submatrix which contains the difference in 

the normal component of the displacement vector at (21 + i) 
matchpoints "just inside11 and II just outside" the dielectric 
surface of wire m due to a unit charge at (21+1) match
points on dielectric surface of wire n. 

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

n' 
(j' is defined as a vector containing the surface charge density 

(from bound charge) at (21+1) matchpoints on the 
dielectric surface of wire n. 

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

m' 
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. 

It is assumed that the charge density on the i-th conductor 



surface is defined mathematically by the Fourier series as follows 

. . k . k " . 
cr1 = cr1 + 2 er: cos(jP .) + 2 cr.1 sin(jP .) eq. (6.2) 

0 j= i J Cl j= i J Cl 

and the charge density on the i-th dielectric surface is described by 

., ., l ., 1 ..... , 
cr1 = cr1 + 2 er: cos(j,Bd.) + 2 er~ sin(j,Bd.) eq. (6.3) 

0 j=i J l j=i J l 

' The submatrices omn and omn in the upper portion of eq. (6.1) 

denote the potentials on conductor m due to a unit magnitude charge 
m'n m'n' · 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 denoting the 

difference between the normal component of the displacement vector 

just inside and just outside is described mathematically as 

follows 

Di - □ 0 = 0 . n n eq. (6.4) 
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The displacement vector eo, can be expressed in terms of the electric 

field intensity by the following equation. 

D = eE eq. (6.5) 

Substituting equation (6.5) into equation (6.4) the difference in the 

oormal component of the displacement vector in terms of electric 

field intensity is 

or 

eq. (6.6) 

eq. (6. 7) 
where . 

D~ = normal component of the surface charge density "just 
inside" the dielectric 



0° = normal component of the surface charge density 11 just 
n outside" the dielectric . 

e = dielectric constant of the dielectric 

E = dielectric constant of air and equal to 8. 8 S x 10 
o 

e = relative dielectric constant r 

_12 

Ei = normal component of the electric field intensity "just 
n inside11 the dielectric · 

E0 = normal component of the electric field intensity 11 just 
n outside" the dielectric 

To determine the electric field from the potenital function when 

a dielectric is present, recall that when r~r' the potential is given by 

q,(r,e) = - <io r'ln(r) + .L. ½ a-. (r')j+L~(.je) + .L ~ ;,__ (r'}j+L~(j8} 
Eo 2eo ._1 J . , 2eo ·-t J . 1 J- Jr-' J- ;r-
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eq. (6.8) 
The electric field intensity is obtained from the potential function using 

Laplace's equation, i.e, 

eq.(6.9) 

The del operator err can be expressed in cylindrical coordinates as follows 

V = aa(t) ; + ~ aJ~l e eq. (6. 10) 

Applying eq. (6.9-6.10) to eq. (6.8) the equation for the electric field 
intensity when r~r' is as follows 4,8,9,lO,lZ 

E(r,e) = <To ~/r ; + z1 ~ <T.(r'/r)j+i [cos(j0) ; + sin(j0) e l 
~j=ij . 

+ 2~ ! ; . (r• /r)j+i [ sin (j0} ; _ cos j0) e l 
0 j=i J 

eq. (6.11) 
When r(r' the equation describing the potential is given as 



r'ln(r') 1 k 
cj}(r,e) = - 0-o -------- + - 2 a- . 

Eo 2Eo j=i J 

1 k " 
+- 2 a-. 

2Eo j=1 J 

(r )j cos(;e) 
j (r')j-1 

(r )j sin(j0) 
j(r'}j-1 
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eq. (6.12) 

Applying eqs. (6. 9-6.10) to eq. (6.12) the equation for the electric field 

intensity when r<r' is a follows 

E(r,0) = 0 - + i <T. (r/r')j-l [ cos(je) ; - sin(je) e l 
Eo j=1 J 

_ + i ; _ (r/r')j-l [ sin(je) ; + cos(je} e l 
Eo j=1 J 

eq. (6.13) 

Rewriting equation (6.1) for all N-conductors, the matrix equation, 

in partitioned form becomes 

0 11 011 ' ID 12 0 12' I ••• ID 1 N o 1 N' 

1' 1 1' 1' r 1 '2 1 '2' I I 1 'N 1 'N' 0 0 ID O 1 ... 10 0 

021 021' 1022 022' l ... l02N 02N' 

2' 1 2' 1' I 2'2 2'2' I I 2'N 2'N' 0 0 ID 0 1 ••• 10 0 
-.-. 1 • -, ,-.-.-. . . . . 
. . 1· · I I. · -
oN 1 oNi' 10N2 oN2' 1 ••• 10NN oNN' 

ON' 1 N' 1 'I N'2 N'2' I I N'N N'N' 
0 ID 0 I ID 0 

0-1 

a-1' 

a-2 

2' -
a-- . 
. 

a-N 

N' 
(j 

Where the vectors in equation (6.14) are described below 

cp 1 

a 
<1>2 

a . 
. 

cpN 

0 

eq(6.14) 
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crj 
. , 

<P\ er J 
.o • 0 . 

<P 1 ~j 
. . ' (jJ 

k l 
<P 1 cri = 

" . . ' .... . ' 
<Pi = (jJ crJ = ?1 .1 

. . ..... .... ' (jJ ay i k cp 2k+1 
eq. (6.1 S) eq. (6.16) eq. (6.17) 

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

. mn omn omn 
D 1 1 12 .. · 1 (2k+ i) 

· mn' 
D 1 (2L+1) 

mn mn omn 
D 21 Dz 1 .. · 2 (2k + 1) 

mn' 
D2(2L+ 1) 

. . 
mn omn 

D(2K+1) 1 ··· (2k+1) (2k+1) 
mn' mn' 

D(2k+1) 1 ··· D (2k+1) (2L+1) 

eq. (6. 18) eq.(6.19) 

m'n m'n m'n 
11 °12 ... □ 1 (2k+1) 

m'n' 
· ·· Di(L+i) 

m'n ,..m'n m'n 
021 u22 ... 02(2k+1J 

m'n' 
••· Dz(L+ 1) 

. . . . 
m'n m'n 

D(2L+1) 1 ... D(2L+i) (2k+i) 
m'n' m'n' 

D (2L+i) 1 ••• D (2L+1) (2L+1) 

eq. (6.20) eq. (6.21) 

Rewriting eq. (6.14) in shorthand matrix notation the potential 
becomes 

[□] [a] = [cp] eq. (6.22) 

The solution for the charge density in eq. (6.22} becomes 

[a] = [□r 1 [cp] eq. (6.23) 

Let T = □- 1 , then the partitio.ned set of matrix equations for finding 

the charge density for n-dielectric coated conductors becomes 
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1 
(]' 

1' 
(]' 

(]'2 

(j 
2' 

--. 
-N 
(j 

N' 
(j 

eq. (6.24) 

It should be noted that the charge densities in eq. (6.24 and 

6.14) are the charge densities from 11bound11 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. 5 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 

Jl E-~ ds = qtot enc eq. (6.25) 7T Eo 

What this means is the free charge · densities are increased, bound 

surface charges of opposite sign are induced, and the total surf ace 

charge densities remains unchanged. This also means that the 

potential and electric-field functions given by equations 6. 8, 6. 11, 
6,12, and 6. 13 are valid BOTH inside and outside the dielectric. In 

other words, the dielectric is replaced with an equivalent surface 
distribution. 5 
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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). 

eq. (6.26) 

Recall the set of matrix equations which relates the free 

charge on a conductor to that of the potential, i.e., 

91f Cl 1 C12 ClN <Pi 

92f C21 Czz C2N <P2 
- eq. (6.27) -

9Nf ~1 ~2 .•. CNN <PN 

Rewriting eq. (4.34), the equation for the "free" charge on the i-th 

conductor is given by 

1 21r 

9·f = l l er i I"' • d/3 .dl = 21r I"' • (Ti eq. (6.27) l O Cl Cl Cl 0 

0 0 where r ci = radius of the i-th conductor 

cri = average charge density of 
0 the i-th conductor 

{3 . is the angle between match
Cl points on the conductor 

surface, its center, and the 
horizontal 

Similarly, the bo1.D1CJ charge on the i-th dielectric boundary is given 
by 

1 27r 

qb = q\b = i i CT~• rdi d,Bdidl = 2nd!{ eq. (6.29] 

a o 



49 
Where the variables in eq. (6.29) are defined as follows 

rd. = the radius of the dielectric of the i-th wire 
-~ measured from the center of the wire 

a-1 = the average charge density on the 
0 dielectric surf ace of the i-th wire 
fl d. = the angle between matchpoints on the 

1 dielectric surf ace~ the center of the 
conductor, and the horizontal 

The total charge at the conductor interface is shown in eqs. (6.30-6.32) 
- 1 qi - 2rrr ci <To eq. (6.30) 

eq. (6.31) 

eq. (6.32) 

The bound charge arising on each dielectric boundary is given by 

eqs. {6.33-6.35) 1' 
9tb = 2rrrd1 <To eq. (6.33)-

, - 2- ,...2' (6 34) 926 - •u d2 vo eq. · 

. N' 
qNb = 2rrr dNa-o 

1lus the free charge on each conductor is 

91f = 9t + 9ib 

92f = 92 + 9zb 

eq. (6.35) 

eq. (6.36) 

eq. (6.37) 

eq. (6.38) 

or in general terms, the free charge on the i-th conductor is given by 
. . ' 

91·f = 9· + q~ 6= 2rrr .a-
1 

+ 2rrrd.a-
1 eq. (6.39) 

l l Cl O l 0 

lacking at equation (6.24), the charge density on the i-th conductor can 
be written as · 



so 

or 
eq.(6.41) 

Similarly, the charge density on the dielectric of the i-th conductor is 

found by 

eq. (6.42) 

. . ' 
Since only the average term of either cr1 or cr1 vector is needed it is 

only necessary to look at the first row of either vector, thl:lS the 

charge density on the i-th conductor is 

i 11 12 1 N 
er = T. 1cp + T. 2cp + ... + T.Ncp 

0 l l l 
eq. (6.43) 

Similarly, the charge density on the dielectric of the i-th conductor is 

found by 

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 

qlf= 2m-ct[ri1 c/>1 + rl2<t>2+ ... + riN<PN ]+2m-di [ ~• 1 c/>1 + ri,2<1>2+ ... + ri,N<PN l 
Equation (6.45) can b~ rewritten in sigma notation as eq. (6.45) 

N 1 . N 1 . 
qlf = 21rr . 2 T . . cpJ + 21rrd. 2 T.,. cpJ 

Cl j=i lj l j=i l J 
eq. (6.46) 

Siri:e 2K + 1 matchpoints were selected around the conductor and 2L + 1 

lnatc:hpoints around the dielectric equation, (6. 45) becomes 

N [ 2k+ 1 i . 21 + 1 i . ] 
qif = 2rr .2 rci 2 T. PcpJ + rd. 2 T.,9cpJ . eq.(6.47) 

J=i p=i lj l q=1 l J 



Equation (6. 4 7) can be expanded to a set of matrix equations as 

follows 

= 2rr 
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eq. (6.48) 

Recall the matrix equation for determining the charge density 
of an n-conductor system 

qif Cii C12··· CiN 
cp i 

q2f C21 C2z-- C2N c/)2 

- eq. (6.49) . 
. . . ·N 

9Nf ~1 ~2 ... ~N cp 

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 

C 2 r. 2 f~ + rd.2 fq 
[ 

2k+1 21+1 l 
ij= 7r Cl p=i lJ lq=i lJ eq. (6.50) 

i,j = 1,2,3, ... ,N 

Where Tif is an element of T ij subrnatrix in the first row and p-th 

column and T tjq is an element of T ij submatrix in the first row and 
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q-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. 

I 

FIG. 6.2 3-WIRE WIRE BUNDLE 



The wire data for figure 6. 2 is given below 

SOURCE 
WIRE 

1. 18 AWG, 16 strands using 30 AWG wire 
2. Relative permittivity 3.5 to 6.5 
3. Equivalent conductor radius O. 6 mm 
4. Dielectric radius 1.235 mm 
5. Wire separation 2.59 mm 

P01ENTIAL 
WIRE 

mpi designates the L-th matcnpoint 

fflP1 

POTENTIAL 
WIRE 

FIG. 6.3A MATCHPOINT SELECTION OF WIRE BUNDLES 

SOURCE 
WIRE 

mp1 designates tha i-th matcnpoint 

SOURCE 
WIRE 

FiG. 6.38 MATCHPOINT SELECTION OF WIRE BUNDLES 



From figures 6.3a and 6.3b, the horizontal wires (1 and 2) will be 

considered a ribbon cable and the vertical wires ( i and 3) will be 

considered a wire bl.ll1dle. 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., 

1 _ 2 
1 12 - 1 21 

2 1 
1 12=r21 

3 3 
r12 = r21 

However when looking at wires 1 and 3 

1 2 
r13 * r31 

2 i 
r13 * r31 

3 3 
r13 * r31 

Recall that the sum of the first row of the inverted D matrix, 

tre T matrix gives the capacitance values C. . as was described in lJ 
equations (6.40-6.50). These coefficients are based on rand r-' and 
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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 arol.ll1d the conductor and dielectric surfaces a 

better representation of the charge densities is obtained when more 

'-nnorucs ( or matchpoints) are used. 

Figure 6. 2 is broken up into two parts to show how a ribbon 

cable and wire bundle converge and how they both compare to test 

results. Figure 6. 4 shows each configuration whose properties are 

I 

:I 
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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 0 tables 0.1 and 0.2. These values are graphically 

sr«>wn in figure 6.5, page 56 .. 

There are a lot of variables which contribute to the range of 

capacitance values beside the variance in permittivity. The 

rnan.iacturing process itself, the thickness of the dielectric, and the 

actual pattern of the strands of wires are just a few examples. 
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Measured capacllanca vs calculaled capacllanca 
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Ribbon Cabla 

Wire Bundle 

Er= 3.5 

re= 0.6 rd= 1.235 fr= 3.5 to 6.5 

all dimensions In mm. 

0 ·1--------1--------1----------------

3 5 7 9 11 

Number ot I larmonlcs around conductor and dleleclrlc surfaces {J) 
0) 
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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 

1. Enter type of configuration: [ 8 ] 
2. Enter option (IOPT) = [ 1 ] 
3. Enter # of wires in the system NW = [ 3 ] 
4. Enter # of cosine or sine terms around the conductor 

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

i.e. the # of harmonics around the dielectric NH□ = [1,3,5, 7,9) 
6. Are all wires solid? Enter y/n. [ Y ] 
7. Do all wires have the same radius? Enter y /n [ Y l 
8. Enter radius of the conductor XRC = [ . 6 E-3] 
9. Are all dielectric radii the same? Enter y/n [ Y ] 

10. Enter radius of dielectric RD = 1.235E-3 
11. Is the 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(i) and wire(2) 

X(i,2) = 2.59E-3 
14. Enter the vertical distance between wire(i) and wire(2) 

Y(1,2) = 0.0E-3 
15. Enter the horizontal distance between wire(i) and wire(3) 

X(1,3) = 0.0E-3 
16. Enter the vertical distance between wire(i) and wire(3) 

Y(i,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 FOR TRAN program 

for the dielectric coated 2-wire wire bundle shown in figure 6. 6 are 

listed below 

1. Enter type of configuration: [ 8 ] 
2. Enter option (IOPT) = [ 1 ] 
3. Enter # of wires in the system NW = [ 2 ] 
4. Enter # of cosine or sine terms around the conductor 

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

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



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 ] 

10. Enter radius of dielectric RO= 1.235E-3 
11. Is the 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 bet\Veen wire(1) and wire(2) 

X(1,2) = 0.0 
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] · 
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The input data requirements for running the FOR TRAN program 

for the dielectric coated 2-wire ribbon cable shown in figure 6.6 are 

listed below 

1. Enter type of configuration: [ R ] 
2. Enter option (!OPT) = [ 1 ] 
3. Enter # of wires in the system NW = [ 2 ] 
4. Enter # of cosine or sine terms around the conductor 

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

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

10. Enter radius of dielectric RD = 1. 23 5E-3 
11. Is the relative permittivity the same for all wires? Enter y/n 

[ y] 
12. Enter relative permittivity of dielectric ER = 3.5 or 6.5 
13. 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 
MUL TICONDUCTOR COAX CABLES 

y 

FIG. 7. ! MUL TICONOUCTOR COAX CABLE 

In determining the capacitance for a multiconductor coax cables 

it is asst.nned that the charge on the shield is described by 

N 
q 1 = q = -2 q. eq. (7. ! ) 

s i=2 1 

where qs = the charge on the shield 

q. = the charge on the i-th conductor 
1 inside the shield 

where i=2,3,4, ... ,N 

In the program that determines the capacitance, it is asst.nned that the 

lmer wires are bare and that they are surrounded by a dielectric 

which is linear, homogeneous, and isotropic, with a relative 

?!rrnittivity of Eri' see figure 7. !. 

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. 

k (r) j cos (J· e) r'ln(r') 1 cp(r,e) = - O"o _ ___.__..._ + -2 2 O". 

(r)jsin(j e) 

+ O"~ . i 
Eo Eo j=i J J j (r')J-

. 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. r~r' thus, equation (7 .3) is used to determine the 

potential 

q,(r,e) =_<To r-'ln(r} + j_ ½ a-. (r')j+i~s(j0) + ..L ½ ;_ (r:'Jj+l~(je} 
e0 2eo j=l J jr-l 2eo j=i J. · jrl . 

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 S. The closed form solution for the capacitance of a 

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

7.2,. is given by eq. (7 .4). 13 

55.6E 
C/1 = ln(b/a) eq. (7 .4) 

where b = inside radius of outer conductor 
a = radius of the inner conductor 
E =relative permittivity of dielectric 
r 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 eq. 

(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. i. The dielectric is assumed to have a 

permittivity of 3.5. 

6t 



TABLE 7.1 62 

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 

(pF /m) (nH/m) terms (pF /m) (nH/m) (sec) 

1.25: 1 872.16 44.63 1/3 872.59 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 

2.0:1 280.75 138.63 1/3 280.91 138.63 010 
3/7 280.91 138.63 030 

3.0: 1 177 .13 219.72 1/3 177.24 219.72 010 
3/7 177.24 219.72 030 

4.0: 1 140.37 277.26 1/3 140.46 277.26 010 
3/7 140.46 ·277.26 030 

5.0:1 120.91 321.89 1/3 120.98 321.89 010 
3/7 120. 98 321.89 030 

Another important parameter in the discussion of wires is the 

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

many texts and is reproduced here for comparative analysis. 13 

µo 
L/1 = 21r ln(b/a) = .2 ln(b/a) eq. (7 .5) 

where b = inside diameter of the outer shield 
a = the radius of the inner conductor 

µ
0 

= permeability of dielectric 

L/1 = per unit length inductance (nH/m) 

It is asst.med in equation 7. 5 that the dielectric is non-ferrous. 

Therefore the permeability is independent of the medium and has the 

value of that in air, that is, 4rrx 10-7 Henries. The approximate values 



of inductance are based on the development of W. T. Weeks, from 

IBM. 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 follo\VS 

[ C ] = E[ K ] 

[ G ] = a-[ K ] = (a/ E)[ C ] 
_1 _1 

[ L ] = µ[ K ] = (µE)[ C ] 

eq. (7 .6) 

eq. (7. 7) 

eq. (7 .8) 

where µ=permeability of air 0.41r nH/m 

E = permittivity of medium (pF /m) 
_1 

a-= conductivity of medium ( Q /m) 

C = capacitance/meter (pF /m) 
_t 

G = conductance/meter (Q /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 µE, where E is actually Eo for bare wires. 
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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 method of 

moments compares favourably with known test results, various 

samples were taken from Belden. 15 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 



3. MATV cables type 8212 with cellular 
polyethlene as a dielectric 

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

9889 85.3 85.487 .22 
9259 56.8 57.425 1.1 
8212 56.8 58.626 3.2 
8267 101 109.93 8.8 

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. 



6S 

ail dimensions. in mm.. 

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. 

The input data requirements for running the Fortran program 

for this coax cable configuration are as follows 

1. Configuration [ C ] 
2. Option [ 2 ] 
3. Number of wires [ 4] 
4. Number of harmonics (1,3,5,7] 
S. Are all wires solid? [y] 
6. Do all wires have the same radius [y] 
7. Enter inside radius of coax shield RCX [ 3. 76E-3] 

(meters) 



8. Enter radius of the conductor XRC [.577SE-3] 
(meters) 
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9. Enter relative permittivity of dielectric CER [3.S] 
10. Enter the horizontal distance of conductor (2) with 

respect to the center of the coax cable X(i ,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 al ways '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, 

F.5, F. 7, F.9) are based on a VAX 750. 
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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). 

" (er-1) k m-1 " " 
Q = Q r - 2 E 2 <Tm (r/r') (COS me r - sin me 0) 

o m=i 

(E -1) k " " ,. 

2
r 2 <T (r/r')m-i (sin mer +cosme 0) 
Eo m=i m 

eq. (8.1) 

The diagonal M'N and M'N' terms of the D submatri:<: can be shown to 

be those obtained from eq. (8·.2). Equation (8.2) was obtained from 
. . 

eqs. (6.13 and 6.11), here again r<r' 

<T (E - 1) k . " . 
0 = -1--2. - r2 2 cos(je.) <T~ +sin(j6.) <T~ eq.(8.2) 

E0 E0 j=i l J l J 

When the source is on the inner wires eq. (8.3) is used, equation (8.3) 

was obtained using eq. (6.11), here r~r'. 

... (e -1) k i ... ,. 
0=((ei--1)/eo)a-

0
(r/r') r+ 2~ 2 a- (t''/r)mt- (cosmer+sinm&e) 

o m=i m 

(ei--1) k .. i .. .. 
z e 2. a-m (r-' /r)m+ (sin me r - ccsme e) 

o m=i 
eq. (8.3) 

Once-the above considerations have been implemented, the generalized 

an:i the transmission line capacitance matrices can be found using the 

same techniques developed in chapters 4 and S. 

To verify that the program works an example is used to 

compare the approximate method, the method of moments, with that 

of a closed form solution. The configuration is shown in figure 8. 2 



FIG. 8.2 SHIELDED DIELECTRIC COATED WIRE 
The equation 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 

· eq.(8.4) 

s where D = the flux density 
" 

ds = r·dcp·dz r 
therefore 

1 2rr 

r r 
A 

(D) ·(rd<Pdz r) = Q eq. (8.5) 

a a 
The solution becomes 

D = ¾; eq.(8.6) 
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Applying eq. (8.6) to the boundary shown in figure (8.2) the flux density 

It a radius b from the center of the conductor becomes 
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eq. (8. 7) 

but the flux density can be expressed in terms of electric field 

intensity using eq. (8.8) 

D = EE 
Thus, inside the boundary at r = b, E becomes 

E - Q ; P'<b 
1 - 2irE 1 b 1 1 

and outside the boundary at r = b E becomes 

E - Q ~ r)b 2- 2irE
2

b 

The potential is given by 

0 c b c 

! dV = -! E ·dl = - [ ! z ir?i r ; · dr ; + ! 
v a a b 

Solving eq. (8.11) the potential becomes 

_ Q b Q l c V - 2 ln (-) + 2ir n(-b) 
7rE i a Ez 

By definition the capacitance is defined as follows 

C - _Q_ 
- V 

eq. (8.8) 

eq. (8. 9) 

~q. (8.10) 

eq. (8.11) 

eq. (8.12) 

· 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) 

zje 1 ln(b/a) + 2ir~z ln(c/b) 

or in terms of relative permittivity the capacitance C becomes 



2rrE
0 C=------------

(1/Er1)ln(b/a) + (1/Erz)ln(c/b) 
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eq. (8.15) 

The following values for the variables shown in figure 8. 2 are listed 

below 
a= 1 mm 
b = 2 mm 
c = 3 mm 

Erl= 3.5 

Erz= 1.Q 
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. 

2.22 

o =8.8Sx 

all d1mensia1s in mm. 

FIG. 8.3 SHIELDED 3-WIRE RIPCORD 

Again note, the off-diagonal terms are not equal but with additional 
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F m1rier 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 

1. Enter type of configuration: [ S ] 
2. Enter option (!OPT)= [ 1 ] 
3. Enter # of wires including shield NW= [ 4 ] 
4. Enter # of cosine or sine terms around the conductor 

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

i.e. the# of harmonics around the dielectric NH□ = [ 2,4,6,8 ] 
6. Are all wires solid inside shield? Enter y/n [ y] 
7. Do all wires have the same radius? Enter y /n l y ] 
8. Enter inside radius of shield RCX = [ 3. 76E-3] 
9. Enter radius of the conductor XRC = [.5775E-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(i) = [ 3. 76E-3 ] 
13. Enter wire# NO= [ 2] 
14. Is RD(2) = RD(i)? Enter y/n [ N ] 
15. Enter radius of dielctric of wire (2) RD(2) = [ 1.1 iE-3 ] 
13. Enter wire# NO= [ 3 ] 
14. Is RD(3) = RD(2)? Enter y/n [ Y ] 
15. Enter wire# NO= [ 4] 
16. Is RD(4) = RD(3)? Enter y/n [ Y ] 
17. Is the relative permittivity the same for all wires? Enter y/n 

[ N] 
18. Enter wire# NO.= 1 
19. Enter the relative permittivity of wire(i) ER(1) = [1.00] 
20. Enter wire # NO = [ 2 ] 
21. Is ER(2) = ER(i)? Enter y/n [ N] 
19. Enter the relative permittivity of wire(i) ER(2) = [ 3.5] 
20. Enter wire # NO = [ 3 ] 
21. Is ER(3) = ER(2)? Enter y/n [ Y ] 
22. Enter wire# NO= [ 4] 
23. Is ER(4) = ER(3)? Enter y/n [ Y ] 
24. Enter the horizontal distance of conductor(2) 

With respect to the center of the shield X ( 1, 2) = [ 0. 0 ] 
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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(i ,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(i,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 ] 
3 0. 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 ~ell 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 11 is actually the self capacitance of wire 

two, c22, and c12 is the transmission line capacitance between wires 

2 and 3, i.e., c23 . The remaining transmission line capacitance 

terms must be interpreted according! y. 
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 Er equal to 1. 0 and 3. 5. The results using the coax 

model when E = 1. 0 are shown in appendix H and those results using r 
Er= 3.5 in appendix 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 Er = 1. 0 and 

er = 3. 5. In other words 

c~ ~o < c~. < c.3.-s 
lJ lJ lJ 

wt-ere c}jO are the capacitance terms of the coax model when Er= 1. 



C~. are the capacitance terms of the shielded 3-wire ripcord 
lJ 

c.3: 5 are the capacitance terms of the coax model when 
lJ E = 3.5 

r 
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 

APPLICATION OF THE METHOD OF MOMENTS IN DETERMINING 
THE CAPACITANCE MATRIX FOR A DIELECTRIC COATED WIRE 

BUNDLE OVER A GROUND PLANE 

FIG. 9. 1 DIELECTRIC COATED MUL TICON0UCTOR 
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 "method 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 -0'(-{3 .) and 
Cl 

-0'(-{3di), depending on whether the charge is. on the surface of the 

conductor or dielectric respectively, see figure 9. 1. . Note, however, 

the source angle f3 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 q;,, whereas the 

absolute potential of its image is given by -q;,. The total difference 

between the potential of a wire above ground with its image is 2q;,. 

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 q;,i. 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 

eq.(9.1) 

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

as follows: 

omn 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+ 1 source charges on the 

conductor surface of wire n 



mn' D is defined as the potential at 2k+ i matchpoints on the 

conductor surf ace of wire m above and below the 

ground plane due to 21+1 source charges on the 

dielectric surface of wire n. 
m'n D 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 n. · 
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-,-, 
om 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 21+1 source 

charges on the dielectric surf ace of wire n. 

crn is defined as the charge density a 2k+ 1 matchpoints 

on the conductor surface of wire n above and below 

the ground plane 

n' er is defined as the charge density at 21 + 1 matchpoints 

on the dielectric surface of wire n above and below 

the ground plane 

cpm is defined as the absolute potential with respect to 

infinity at 2k+L mat:chpoints on the conductor surface 

of wire m above and below the ground plane 

m' 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 



mn mn' m'n m'n' The submatrices 0 , 0 , 0 , and 0 in eq. (9. t) are given 

more precisely as follows 

0(1) (1) 

0(2) (1) 
. 
. 

o(n) ( i) 

omn - o(n+i)(i) 

o(n+2)(1) 

. 
o(2n) ( 1) 

. 
o(n) (n) 

o(i) (n+i) 

0
(2) (n+i) 
. 
. 

o(n)(n+ 1) 

. . . 0 ( 1) (2n) 

. . . 0 (2) (2n) 

. 
. . . 0 (n) (2n) 

0 (n+1) (n) 0 (n+ l)(n+ 1) ... 0 (n+1) (2n) 

o(n+2) (n) o(n+2)(n+1) ... o(n+2)(2n) 
. . . . . 

0 (2n) (n) 0 (2n) (n+ 1) . • • 0 (2n) (2n) 

eq. (9 .2) 

0(1)(1)' o(i)(n)' 0(1) (n+i)'· o(1)(2n)' 

O (2)( 1) ' D (2)(n)' D (2)(n+ 1)' D (2)(2n)' 
. . . . . . . 

O (n)( 1 r .. . D (n)(n) ' O (n)(n+ 1) ' .. . O (n)(2n) ' 

7.13 

omn' = o(n+i)(i)' .•• o(n+i)(n)' o(n+1)(n+1)' ... o(n+1)(2n)' 

o(n+2}(1)' ... o(n+2)(n)' o(n+2)(n+1)' .•. o(n+2)(2n)' 
. . . . 
. . . . 

o(2n)(1)' 0 
(2n)(n) ' 0 (2n)(n+ 1 )' . . • 0 (2n)(2n)' 

eq. (9.3) 
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0(1)'(1) O ( 1), (n) o(1) '(n+ 1) . . . D ( 1) '(2n) 

0
(2)'(1) 

0
(2) '(n) o(2) '(n+1) ..• 0 (2) '(2n) 

. . . . . . . . . . 
O (n), (1) o(n) '(n) o(n)' (n+1) .• • o(n)' (2n) 

m'n 
D = O (n+ 1) ' ( 1) .•• o(n+1)' (n) 0 (n+ 1) ' (n+ 1) . • • 0 (n+ 1) ' (2n) 

o(n+2)' (1) .•• o(n+2) '(n) o(n+2)' (n+i) ••• _o(n+2) '(2n) 
. . . . . . . . . . . 

o(2nr (1) ... o(2n)' (n) 0 
(2n) '(n+ 1) . • • 0 (2n) ' (2n) 

eq. (9.4) 

D 
(1)'(1)' 

D 
(i)'(n)' D ( 1) ' (n+ 1)-' o(1)'(2n)' 

D (2)'(1}' D (2) '(n)' 
0

(2P (n+i)' .•• D (2)' (2n)' 
. . . . . . . . 

D 
(n)' ( 1)' 

D 
(n)' (n)' 

0 (n) ' (n+ 1) ' •.. D (n) '(2n)' 

m'n' 
D = D (n+ 1 ) ' ( 1 ) ' ••• 0 (n+ 1) ' (n) ' 0 (n+ 1) ' (n+ 1) '. • • 0 (n+ 1) ' (2n) ' 

o(n+2)'(1)' ••• 0 (n+ 2) '(n) ' 0 (n+ 2) ' (n+ 1) '... 0 (n+ 2) '(2n) ' 
. . . . . . . . . . . 

(2n) ' ( 1)' D ..• D 
(2n)' (n)' 

0 (2n) ' (n+ 1 P . . . 0 (2n) ' (2n) ' 

eq.(9.5) 

Each term in the submatrices described in eqs. (9.2-9.S) is also a 

submatrix which contains the matchpoints around a particular boundary 
illustrated below 
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Dmn omn omn 
11 12 · · · 1 (2k+ 1) 

· mn' 
011 

mn' 
D 1 (2L+1) 

Dmn nmn omn 
21 -'21 . . . 2 (2k + 1 ) 

mn' 
~1 

mn' 
D2(2L+ 1) 

mn' · D = . . 
Dmn omn 

(2K+i) 1 .•• (2k+i)(2k+i) 
mn' mn' 

D(2k+1) 1 ··· D (2k+1)(2L+1) 

eq. (9.6) eq. (9. 7) 

m'n m'n m'n 
11 °12·•• □1(2k+1) 
m'n,...m'n m'n 021 uzz ··· 02(2k+1) 

. . . . . 
m'n m'n 

D(2L+1) 1 ··· D(2L+1)"(2k+1) 
m'n' m'n' 

D (2L+i) 1 ·•• D (2L+1)(2L+i) 

eq~(9.8) eq. (9.9} 

The charge density on the i-th conductor surface above the ground 

plane is given by tthe Fourier series in equation (9 .10) and that of 

its image in eq. (9 .11) 

. . k . k A, 

o-1 = o-1 + 2 o-1 . cos(JP .) + 2 o-1 . sin(jp .) eq. (9.10) 
C CO ._1 CJ Cl -1 CJ Cl J- m-

"'. ~. k "'· k ~-
o-1 = - o-1 - 2 o-1 .cos(-jP .) - 2 o-1 .sin(-jp .) eq. (9.1 i) 

C CO j=i CJ Cl j=i CJ Cl 

Using the properties of even and odd functions eq. (9.11 )· becomes 

"'· ~- k ~- k :.. 
er~= - o-~- ~ <7~J.cos(JPci) +·.2 <7~J.sin(jPci) eq.(9.12) 

J=i J=i 
In a sirniliar manner, the charge density on the i-th dielectric surface 

arr! its image is given by eqs. (9 .13-914) respectively 



-

i . 1 . l .... . 
ud = ud1 + 2 udl .cos(j,Bd.) + 2 ud1. sin(j,Bd.) 

0 j=1 J 1 j=1 J 1 

rv. ,v. 1 'v• l : . 
ud1 = - ud1 - 2 ud1 .cos(j,Bd.) + 2 ud1. sin(j,Bd.) 

0 j=i J 1 j=i J 1 
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eq. (9.13) 

eq. (9 .14) 

n - n' m · m' 
The vectors u , u , cp , and O can now be expanded as sho\1/11 below 

n } average n' } average 
ct>T 

m' 
(J (J 01 a . terms a terms 

n n' 
4>2 

m' 
al l cosine 

al 02 

terms } cosine 

j n' terms m' n m 
ak al cpk+1 01+1 
,.. ,.. 

n' 
,.. 

n m 01+2 °i sine 
al cpk+2 

terms . terms _ . . 
,.. A , ,.. i m' n } 

} sine 

n' a,n m' CTn= ak m_ cp2k+1 021+1 <1 - 1 avg. <P - 0 = -
"' n } avg. "'n' 

} image -;T m' 
-CT image -a 01 a 0 

"'n terms "'n' terms "' m' 
-al 

} cosine 
-<11 

} 
cosine -<P2 02 

zmage image . . terms terms "' "'n' "' m' n m -a -a l -<Pk+! 01+1 k image 

"' "'n' "' wires m' n m -a 
sine -<11 sine -cpk+2 01+2 1 
image image 
terms terms 

"' "'n' "' ' n m 
~1+1 

-a -al -<P 2k+1 k 

eq.(9.15) eq.(9.16) eq. (9.17) eq. (9.18) 

Equations(9.15-9.18) have incorporated the fact that the charge on the 
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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 eqs. (9.18-

9 .24). 
N+1 1 

(j =-a-
N+2 2 

(j =-a-

. 
a-2N = _ a-N 

<PN+1 =_<Pi = -vi 

<PN+2= _ <P2 = _y2 

eq.(9.19) 

eq. (9 .20} 

eq. (9.21) 

eq. (9.22} 

eq. (9.23) 

eq. (9.24) 

The potential at a point 'P' due to a unit source charge at 2k+ 1 

matchpoints on the i-th conducto1 surf ace above the groLD1d plane is 

described by eq. (9.25) 

. r~ ln(r.) 
1 

k . (r~ ) j+icos(je.) 
1 

k ... (r~)j+isin(je.) 
ll 1 °"ll l °" ll l 

cP. (r.,e .) =-a --- + 2 "- C7. • +y L. a . . 
p 1 l O Ea Eoj=1 J jr~ EC j=i J jrJ 

l l 

where i=i,2,3, ... N li~rr eq. (9.25) 

r'. = r . or rd. depending on the boundary the unit source 
l Cl l 

is residing 

r. = vector length from centei of source wire to potential 
1 point 'P' 

whereas the potential at point 'P' due to a unit source charge at 2k+i 

ntatchpoints on the conductor surface of the i-th image wire is given 
by eq. (9.26) 

~ 'l ( ) k ( ')j+i ( ·e ) k "' ( ' )j+i · ( ·e ) 
ct(r e) - +:::.i ri n ri 1 °" "'l ri cos J i + 1 °" :_i r i sm J i 
•p p i - V - ? L. C7 , -:::r- L. V • • 

0 Ea ... Eoj=i J jrJ ~eo j=1 J jr~ 
l l 

eq. (9.26) 



where i=N+1,N+2, ... ,2N r.~r~ 
l l 
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r'. = r . or rd. depending on the boundary the unit source 
l Cl l 

is residing 

r. = vector length from center of source wire to potential 
1 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 l for k. 

When r i <r' i the potential due to a unit charge on the .i-th wire 

above the ground plane is described as follows 

· eq. (9.27) 

where i=i,2,3, ... N r(r' 

r1 = r ci or r di depending on the boundary the unit source 

is residing 

r. = vector length from center of source wire to potential 
1 point 'P' . 

When r i <r' 1 the potential function of the i-th image wire is described 

as follows 
- - ~ .ln(r.} 1 k .... 1 {~.} j ccs(je;) 
ci_(c-1'8.):+cf' l l --2 2 C7. l ... 
·p 1 a e0 Eoj=i. J jr~ j-i 

l 

where i=N+1,N+2, ... ,2N r(r' 
eq. (9.28) 

r'i = r ci or r di depending on the boundary the unit source 

is residing 

r i = vector length from center of source wire to potential 
point 'P' 



The electric field intensity can be obtained from the potential 

functions using Laplace's equation shown in eq. (9.29) 
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E(r,e) = - 'v ¢(r,e) eq. (9 .29) 

The del operator ('v) in a cylindrical coordinate system is expressed 

in eq. (9 .30) 
a -- 1 a --- r + --- e ar r ae eq. (9 .30) 

Applying eq. (9.29) to eq. (9.25), the electric field intensity from the 

i-th wire above the ground plane when r~r' is given by eq. (9.31) 

E(r.,e.) = er~ l l r. +? 2 er: (r~/r.) J cos(je.) r. + sin(j0.) e. . r~ Ir. -- 1 k . · + 1 [ .... . .... ] 
l l Eo l -Eo j=i J l l l l l l 

+ -?- 2 er: (r~/r.) J sin (j6.) r .- cos j0.) e. 1 k ..... ·+t [ " " ] 
-Ea j=i J l l l l l l 

where i=i,2,3, ... ,N eq. (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) 

_ o _ -21 ! (T~ (r./r~)j-i [ cos(j6.) "r. _ sin(j0.) el 
E o ·-1 J l l l l l J-

E(r. ,e.) 
l 1 

- -21 .~ ~~ (r./r~)j-i [ sin(j6.) ;_+ cos(j0.) e.] 
Eo j=1 j l l l l l l 

- . 

where i=i,2,3, ... N eq.(9.32) 

The electric field intensity from the i-th image wire when r~r' is 

described by eq. (9.33) 
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... ... . r'. /r. ... t k ... . . 1 [ ... ... J 
E(r.,e.) = - O"o

1 1 1 r . - -r 2 a-; (r'./r. ) J+ cos(je.) r. + sin(je.) e . 
.:. l Eo l ,_~ ._ i J l .l .l l l l 

J-

+ 2~ ½ ; ~ (r~/rl.) j+ 1 [sin (j6.) ~ .- cos j6.) l3. l 
'-0 j=i J l . l l l j 

where.i=N+1,N+2, ... ,2N eq. (9.33) 

When r<.r', the equation describing the electric intensity from the i-th 

image wire is given by eq. (9.34) 

E(r.,e.) = 0 + -21 ~ ;~ (r./r~)j-i [ cos(j6.) ~- - sin(j6.) e.l 
l l Eo j=i J l l l l l j 

- -21 ! ;~ (r./r~)j-i [ sin(j6.) ~-+ cos(j6.) e.] 
Eo ·-1 J l l l 1 l 1 J-

where i=N+i,N+2, .•• ,2N eq.(9.34) 
-- -, 

Knowing the above information, the various terms of the omn, omn, 

m'n m'n' D , and D submatrices can be determined. 

The terms of the omn 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 eq. (9 .26) 

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

diagonal terms 
r~ = r . = r . 

l l Cl 
eq. (9.35) 

and for the off-diagonal terms 

r! = r . and r. to be determined 
l Cl l 

eq. (9.36) 

The variable r. is calculated using the Pythagorean theorem where the 
l 

Sides are determined from the wire separation and the radius of the 



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 omn submatrix in eq. (9.3) are obtained in a 

similar mamer. The diagonal terms are obtained using eq. (9.27) 

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 
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r'=rd. and r.=r . 
l l Cl 

eq. (9.37) 

The off-diagonal terms, however, are determined by using eq. 

(9.25) (for wires above the ground plane ) and eq. (9.26) (for image 

wires) after substituting the following change of variables 

r~ = rd. and r. to be determined eq. (9.38) 
l l l 

The variable r. is calculated using the Pythagorean theorem where the 
l . 

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 om n submatrix in eq. (9.4) are 

obtained by substituting eq. (9.31) into eq. (6. 7) which is re'Nritten 

here as eq. (9.39) the results of which are shown in eq. (9.40) 

eq. (9.39) 

where Ei = normal component of the electric 
n intensity vector just inside the boundary 

E0 = normal component of the electric 
n intensity vector just outside the boundary 

Er = relative permittivity of the dielectric 



+ (;~-i) I (r/r}j+i [sin(je.) ~-- cosj6.) e.j- ;i 
0 J=i l l l l J 

eq. (9.40) 

where E is the relative permittivity of the dielectric r 
i=i ,2,3, ... ,N __ 

' The off-diagonal image terms of the Om n submatrix are 

obtained by substituting eq. (9.33) into eq. (9.39) the results of which 

are shown in eq. (9. 41) 

(e -1) ( rl) [ ] .... r r. .. (e -1) k "'· ·+l .. .. 
0 = - a-c; e 1 r . - 2 }: a-~ (r~/r.) J cos(j6.) r . + sin(je .) e. 

o 1 Eo j= 1 J l 1 1 1 l 1 _ 

I ; 2 O'~ (r~/r.) J sin(je.) r .- COS je.) e. (e -1) k .: . ·+i [ ,. .. J 
-Eo j=i J l l l l l l 

where i=N+1,N+2,N+3, ... ,2N eq. (9.41) 

Thus the off-diagonal terms are obtained by using eq. (9.41) replacing 

the variables as shown below 

r'. = r . and r . = to be determined 
l Cl l 

eq. (9.43) 

The variable r . is calculated using the Pythagorean theorem where the 
l 

Sides are determined from the wire separation and the radius of the 

of the dielectric of the potential wire. 
-,-

To obtain the diagonal terms of the om n submatrix replace the 

V&riables shown in eqs.(9.4O-9.41) with those shown in eq.(9 .. 42). 



r~ = r . and r . = rd. 
l Cl l l 
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eq. (9. 42) 

then take the dot product with respect ta a unit normal vector to the 

boundary. __ 
' ' The diagonal terms of the Orn n submatrix in eq. (9.5) are 

obtained by substituting eqs(9.31and 9.32) into eq. (9.39). Equation 

(9.32) is used for Ei and eq. (9.31) is used for E0
• The results are n n · 

shown in eq. (9.44) 

eq. (9.44) 

This expression, eq. (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. 
r1=ri=I"'di eq.(9.45) 

Substituting eq. (9. 45) into eq. (9. 44) reduces the equation to the 

following 
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+ 2: ½ [-(e,..+1)sin(j6.) Ar. - (E -i)cos(je.) "e.] ~1. 
""o j=1 • 1 1 r 1 1 J 

eq. (9.46) 
A A 

Since only the normal component is desired, i.e. n = r., the dot 
1 

product of of the unit normal vector with eq. (9.46) results .in a 

further simplification as shown in eq. (9. 4 7) 

<T (E + 1) k . ,. . 
O= -1-0- - S 2 cos(je.)<T: + sin(je.)<T: eq. (9.47) 

E E ._1 l J 1 J 
0 0 J-

-,-, 
The off-diagonal Om n terms, however, are obtained by using 

eq. (9. 40) by replacing the following variables 

r1 = r di and ri = to be determined eq. (9.48) 

Again r . is found by using the Pythagorean theorem where one side is 
1 

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 om n submatrix are 

found by substituting eqs. (9.33 and 9.34) into eq. (9.39) where eq. 

(9.33) is E~ and eq. (9.34) is E~. The results are shown in eq. {9.49) 
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] [ l } A 

, j+l . . " , j-1 , j+i . " "'j 
(r./r.) sm(J6.) r. + -E (r./r.) + (r./r.) cos(J6.) e. a-. 
ll l l rl l ll l l l 

eq. (9.49) 

The variables ri and r\in eq. (9.49) for the image wires of the 

m'n' diagonal D are replaced by the following change of variables 

ri = rdi = ri_ = rdi eq.( 9.50) 

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

reduction. 

1"' ·" 1 k[ " 0 = 1- crJ r. +-2 2 (E +1)cos(j0.) r. -
Eo O l Eo j=i r l l 

( er- !)sin(j0i) ei] ;; 

1 1 [ " ... j.: . 
2eo l-1 -(er+!) sin(j0i) ri - (er-!) cos(j0i) ei ay 

eq.(9.51) 
... " 

Sirce only the normal component is needed in eq. (9. 51) , n = r i' 
eq. (9. 51) final! y reduces to 

1---· (E+1)k ... . ~-
0 = 1-0"J + r 2 cos(j0.) <7~ - sin(j0.) ~ eq.(9.52) 

Eo O 2Eo j=1 l l l l 
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The off-diagonal image wire terms of the Om n submatrix are 

found by using eq. (9.53) 

-(er-1) .... ... (e -1) k ·+i ... ... ... . 
0 = ~ (r!/r.)CT1 r . -

2
r 2 (r?/r.)J (cos(je .) r + sin(je.) e .) CT.l 

"'o l l O l eo j= 1 l l l l l J 

(e -1) k ·+l ,. ... : . 
+ 2r 2 (r~/r.)J (sin(je.) r.- ccsj8.)8. )er: 

E0 j=1 l: l l l l l j 

eq. (9.53) 

where r-, i = r-di and r i 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, eq. (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 

[□] [<1] = [cp] 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 eqs.(9.19-9.24) 

which takes into account all the charges of the system but reduces the 

the number of equations needed to describe it to on! y N equations and 

* anj N unknowns. The elements of the new D matrix are determined 

by adding the coefficients of like terms of the image wire from 

lts counterpart above the ground plane. Thus the new matrix equation 

ls of the fonn shown in eq. (9.55) 
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*mn *mn 1 *mn' *mn' n .Pm 
D 1,1 ··· □ 1,2k+1 I D 1,1 ... 0 1,21+1 (1' 1 1 
*mn *mn I *mn' *mn' n cfJ2 0 2,1 ··· □2,2k+1 : D2k+1!1 ... D2k+1,21+1 (1'2 

*mn· *mn · I *mn' : *mn' : n m· 
D2k+ 1, 1 ··· 02k+1,2k+1 l 02k+1,1 ··· 02k+1,21+1 (1'2k+1 cp2k+1 

= 
~'n *m'n 1 *m'n' *m'n' n' m' 
0 1,1 ··· D i,2k+i I 0 1,1 ... 0 1,21+1 O" 1 cf; 1 
*m'n *m'n I *m'n' *m'n' n' m' 0 2,1 ... □2 2k+1 l 02,1 ... 02,21+1 o-z cp,, 

, . . ~ . . . 
I *m'n': *m'n' : 

. . . 
5m'n · *m'n · n' . m'. 

21+1,i ... D21+1,2k+i l 021+1,1 ... 021+1,21+1 0-21+1 <P21+1 

where m,n,m' ,n'=i,2,3, ... ,N eq. (9.55) 

The D matrix is obtained as follows: oiJ = oiJ + oHN+ j), 

o1f = oif + oHN+j)', 5i'j = oi'j + oi'(N+j), and 

□1'J'= oi'j' + oi'(N+j)'_ More exactly, the terms of the 5mn 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 <10, <1 . , and ; . for the ijmn submatrix for the i-th 

conductor are determirJ by adding 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 
* reduction of the order of the potential. matrix D to D reduces the CPU 

* time to invert substantially. Placing all these terms in the D matrix 

an:i inverting produces the generalized capacitance matrix from which 

transmission line capacitance matrix can. be found as described in 
chapters 4 and S. 
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Since there exists a dosed 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.(9.85). 
2rrE C=-----

_1 
cash (d/2r) 

eq. (9.85) 

A comparison of the closed form solution and the approximate 

solution using the method of moments is shown in table 9 .1,. 

TABLE 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 (oF /m) terms 

1/2 54.791 
1.5:1 57.805 

5/6 57.803 

1/2 41.666 
2.0:1 42.243 

5/6 42.243 

1/2 31.477 
3.0:1 31.560 

5/6 31.560 

1/2 26.937 
4.0:1 26.961 

5/6 26.961 

1/2 24.258 
5.0: 1 24.268 

5/6 24.268 



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) (of /rn) (pf/m) (pf/rn) 
3.5 70.0 27.344 65.666 

12.5 25. 7 16.819 23.801 
19.5 21.4 14.826 19.945 
28.5 18.5 13.464 17.542 
53.5 14.4 11.683 14.629 

103.5 10.8 10.261 12.465 
153.5 8.4 9.5659 11.453 

The test setup is shown in figure 9. 2 

nylon posts 
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C B✓ :... A 

~297 am ---$-_►T~.-330 Inn ~/~~~}~p tc 
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stainless steel gmun:1 plane._/" 
GR bridge - ll<Hz - high voltage ran;e - slow speea 
cable leD;th a . 842 meters 

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

rd= 3.5 mm 

r = 0.915 mm 
C 

E = 3.5 r 
height = varied from 3. 5 mm to 15 3. 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 wi_r-es in the 

configtnation is now investigated. Figure 9. 4 shows the parameters 

which are used for this configtnation. 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 ( J 1-J S) . 

~ =-2.0 

FIG 9. 4 DIELECTRIC COATED MUL TICONDUCTOR 
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 

1. Enter type of configuration: [ P ] 
2. Enter option (IOPT) = [ 1] 
3. Enter # of wires in the system NW = (3] 
4. Enter # of cosine or sine terms around the conductor 

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

i.e. the # of harmonics around the dielectric NH□ = [ i ,3 ,S, 7, 9] 
6. Are all wires solid? Enter y/n [y] 
7. Do all wires have the same radius? y /n [y] 
8. Enter radius of the conductor XRC = [ . 2E-3] 
9. Are all dielectric radii the same? Enter y/n [y] 

i O. Enter radius of dielectric RD = [. 4E-3] 
1 i. Is the relative permittivity the same for all wires? Enter y /n 

[ y] 
12. Enter relative permittivity of dielectric ER = [3.5] 
13. Enter height of wire(1) above ground plane H(l) = [1.0E-3] 
14. Enter height of wire(2) above ground plane H(2) = [2.0E-3] 
iS. Enter height of wire(3) above ground plane H(3) = [1.0E-3] 
16. Enter horizontal distance between wire(l) and wire(2} 

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

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

aniuctors. 

The following is a list of observations and conclusions made for the 

varioU5 types of systems discussed in this report. 

1. A computer model has been developed for the computation of the 
capacitance for a closely spaced multiconductor system in a linear, 
homogeneous or nonhomogeneous, isotropic medium assuming TEM 
mode of propagation. 

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

3• "[:: method of moments using a Fourier series approximation for 
onl cha!'"ge distribution around a conductor converges rapidly for 

Ya few matchpoints (or terms of the Fourier series). 



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. 

5. A larger number of Fourier series terms (or matchpoints) should 
be used around the dielectric surf ace than around the conductor 
surf ace in order to maintain the same degree of accuracy. 
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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 s~me 
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(2k+1) compared to n(k+i) for · 
ribbon cables. 11n11 is the number of wires in the system and k is 
the 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 extreme! y 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 
~f one dielectric coated wire over a ground plane compares 
iavorably to that of test results. 

12• ~AXprogram presented in this report runs in quad precision on a 
-750. CPU times are presented in tables along with output 

data 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 V,t:....X-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 10 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, 1101 11 in the 
the program, will be described as follows. 

no. of harmonics around conductor NHC=S 
no. of harmonics around dielectric NHD=S 
no. of Fourier terms around conductor= NFC= 2xNHC+1=11 
no. of Fourier terms around dielectric = NF□ = 2xNHD+ 1 = 11 
total no. of Fourier terms= NF= NFC+ NF□ = 22 
order of the 01 matrix= NWxNF= 30x22=660 

Notice in this example the size of the matrix is 660x660 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 b_e "insufficient virtual 

address space to complete the link, image file not created". To run a 

30 wire configuration that has a dielectric coating on the wires 

requires the user to limit the m.nnber of harmonics selected to only 4, -

i.e., NHC and NH□ cannot exceed 4 in this example. 

A program listing of the capacitance model is given in appendix 

Kand a listing of the subprograms, their function, and description of 

the variables in each subroutine is given in appendix J. 

Some topics for future interest involve obtaining valid models 

~ the structures which contain discontinuities in the geometry, non-



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 

comectors. 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 MacNeal..: 

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 eq. ( 1.1) for determining the potential at an arbitrary 

point in space from an arbitrary reference point. 

1 cp(r,e) - cp(ro,e) = - 2rrE A ln(r/r ) 
0 0 

eq. (A.1) 

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 r 0 and r p is the potential 

point from sources. +A and -A. 

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

<j> 1 (r 1l - <j>(ri) = - 2;Eo Aln(r tfri) 

ani the potential from the negative charge -.A. is given by 

<Pz (rz) - cp(rz) = + 2~E Aln(rzlrz) 
0 

eq. (A.2} 

eq. (A.3) 
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The total potential at point r is found by using superposition as 

follows 
eq. (A.4) 

Substituting eqs(A.2-A.3) into A.4 , the equation for the potential 

function becomes 

<f>t = - 2;e Aln(r 1/ri) + 2;e
0 

Aln(r2/r2) + <f>(r' 1) + <f>(r' 2) 
0 eq(A.S) 

or 

<l>t = - z ;E O A [ ln(r i /r'1l - ln(r zlrz) l + </> (r' i) + ~ (r'. z) 

eq(A.6) 

<l>t = - 2;eo )I. [ln(r1/r2) - ln(rz!r'1) l + q>(r' 1) + q>(r'2) 

eq(A. 7) 

If the reference point is placed at infinity the ratio of r2/ri 
approaches 1 and by definition the potential at infinity is equal to 

zero. Thus the potential function can be expressed as fallows 

1 
<Pt = - 2 rre Aln(r 1;r2) eq. (A.8) 

0 

Adding and subtracting r 0 from eq. (A.8) and regrouping 

<l>t = - z!eo A [ ln(r 1) - ln(rol - ln(r2) + ln(rol ] 

or 
eq. (A. 9) 
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<l>t = - 2;eo A [ ln(r 1 /rol - ln(r 2/rol ] eq. (A. 10) 

Now let ro equal 1 meter since r is measured in meters the result is 
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,~PPENDIX B 
Tables (8. 1-8. 10) are output files for a 4-wire bare wire bundle. 

TABLE 8.1 
Output data for the generalized 

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

column 1 2 3 4 
row **-irk****-lrlr-Jrlr-lrlr**-irk-irk-irk****-irk**"irk****-irk****-irk* 

1 * 6.S948E-11 -2.3354E-11 -3.553 iE-11 -4.1886E-12 
* 2 * -1.9404E-11 S.3082E-11 -4.S0S6E-12 -1.3299E-i 1 

3 * -3.3532E-11 -S.1901E-13 7.7349E-11 -2.SS48E-11 
* 4 * -4.1925E-13 -1.4337E-11 -2.0169E-11 4.SS47E-11 

TABLE B.2 

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

column 1 2 ................. 3 
row *-lrlr***"A****-irk-irk-irk****-irk****irlr ..... **....,.* ...... ** 

1 * 4.8766E-i 1 -9.6929E-12 -1.6253E-11 
* 2 * -4.S899E-12 7.1209E-11 -2.9044E-11 

3 * -1.7225E-11 -2.3640E-11 4.3570E-11 

CPU time 00:00:30.39 · elapsed time 00:00:01. 74 
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TABLE 8.3 
Output data for the generalized 

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

column 1 2 3 ............. 4 
row -k-k******-lrlr"lrlr"lrlr**-lrlr-lrlr**"lrlr"irlr"irlr"k'-k*************** 

1 * 7.2839E-11 -2.1440E-1i -3.8113E-i1 -3.0i90E-13 
* 2 * -2.179SE-11 S.3714E-11 -2.3643E-12 -1.3922E-11 

3 * -3.8101E-i1 -2.6032E-i2 8.0868E-11 -2.117SE-11 
* 4 * -S.8883E-i3 -1.4030E-1 i -2.1359E-i 1 4.S260E-1 i 

TABLE 8.4 

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

column 1 2 3 
row ******************"lrlr*"lrlr"lrlr**-lrlr"lrlr*"lrlr 

i * 4.9546E-11 -7.4352E-12 -1.6710E-i1 
* 2 * -7.6652E-i2 7.4708E-ii -2.4562E-ii 

3 * -1.6819E-11 -2.4752E-11 4.339SE-11 

CPU time 00:02:37.08 elapsed time 00:05:40.20 
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TABLE 8.5 
Output data for the generalized 

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

column 1 2 3 4 
row ****-lrlr**-lrlr******-lrk******'irlr-lrk**-k"k******-Jrir-lrk-lrk* 

1 * 7.3299E-11 -2.1740E-11 -3.8552E-11 -5.6686E-13 
* 2 * -2.1754E-11 S.3737E-11 -2.3847E-12 -1.3972E-11 

3 * -3.8527E-11 -2.4053E-13 8.1161E-11 -2.1220E-11 
* 4 * -S.5029E-13 -1.3964E-11 -2.1212E-11 4.5079E-11 

TABLE 8.6 

Output 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 
row *-lrk**-k-Jt * * * *-lrk-lrk*'1ri: * * * * Jrlr*~-k-k* ..... * •-*-* 

1 * 4.9574E-11 -7.4491E-12 -i.6757E-11 
* 2 * -7.4693E-12 7.S000E-11 -2.4608E-11 

3 * -1.6749E-11 -2.4600E-11 4.3216E-11 

CPU time 00:08:25.83 elapsed time 00: 19:08. 79 
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TABLE 8. 7 
Output data for the generalized 

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

column 1 2 3 4 
row ******-Hr****-Hr**-Hr"irlr-k***************-Hr-Hr-Hr-Hr* 

1 * 7.3339E-11 -2.17454-11 -3.8566E-11 -5.4859E-13 
* 2 * -2.1752E-11 5.374 iE-11 -2.395 iE-12 -1.3966E-11 

3 * -3.8568E-11 -2.3936E-12 8.1166E-11 -2.1191E-11 
* 4 * -5.4966E-13 -1.3966E-11 -2.1192E-11 4.5062E-11 

TABLE 8.8 

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

column 1 2 ...................... 3-
row *****"lrlr-Hr-Hr*****-Hr**************** 

1 * 4.9578E-11 -7.4601E-12 -1.6751E-11 
* 2 * -7.4588E-12 7.5004E-11 -2.4579E-11 

3 * -1.6751E-11 -2.4580E-11 4.3199E-11 

CPU time 00: 19:35.63 elapsed time 00:52:07 .33 
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TABLE 8.9 
Output data for the generalized 

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

column 1 2 3 ........,.......,..., 4 
row ******-irlr-irlr-irlr**-irlr-lrlt*****-lrlrlr************-irlr-irlr-irk* 

1 * 7.3343E-11 -2.1754E-11 -3.8572E-11 -S.4969E-13 
* 2 * -2.1753E-11 5.374 iE-11 -2.3943E-12 -1.3966E-11 

3 * -3.8572E-11 -2.3940E-13 8.i171E-11 -2.1191E-1i 
* 4 * -5.4967E-13 -1.3966E-11 -2.t191E-11 4.S060E-11 

Tl~.BLE 8.10 

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 3 
row ****-lrlrlr-irlr***-A****-k*-irlr************* 

1 * 4.9578E-11 -7.459SE-12 -1.6751E-11 
* 2 * -7.4592E-12 7.S008E-11 -2.4579E-11 

3 * -1.675 iE-11 -2.4579E-11 4.3198E-11 

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

109 



110 
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 1 harmonic 
around the dielectric (units F /m) 

column 1 2 3 
row *****irlr**-Jrlt-irk-Jrlt***-lrlrlr****1rlr"irk-k-k**-k-k 

i * 5.i479E-11 -3.0863E-1i -3.7512E-i1 
* 2 * -3.7212E-11 3.2074E-11 -2.0561E-ii 

3 * -3.3288E-1 i -2.6090E-1 i 3.3236E-11 

TABLE C.2 

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

column 1 2 
row **-Jrlrl<k*******-k-k**-k-k-irk'irk* 

1 * 4.1376E-i1 -i.i27SE-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 
around the dielectric (units F /m) 

column 1 ................... 2 ____ 3 
row ****************-A:****'lrlr******k*-k-k** 

1 * S.6586E-11 -3.7982E-11 -3.7227E-11 
* 2 * -3. 7924E-11 3.50 i0E-11 -2.1848E-11 

3 * -3.7187E-11 -2.i806E-11 3.4311E-11 



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 2 
row *****"'lrlrlr**************** 

1 * 4.4024E-11 -1.2839E-i 1 
* 2 * -i.2821E-11 4.3291E-11 

CPU time 00:07:02.63 elapsed time 00:09:57 .58 

TABLE C.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 3 
row *******************************"'lrlrlr* 

1 * 5.6842E-11 -3. 7827E-11 -3. 7582E-11 
* 2 * -3.7758E-1L 3.4912E-11 -2.1922E-11 

3 * -3. 7628 E-11 -2.1849E-11 3.4741E-11 

TABLE C.6 

Output data for the transmission line 
capacitance matrix with 5 harmonics 
on the conductor and 5 harmonics 
around the dielectric (units F /m) 

column 1 2 
row************************ 

1 * 4.3922E-11 -1.2912E-11 
* 2 * -1.2850E-11 4.3740E-11 

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 1 2 3 
row ***-lrk**-lrk****-lrk-lrk-irk-irk***'lrk*-irk-irk**'irk 

1 * S.68SSE-11 -3. 7718E-11 -3. 7680E-11 
* 2 * -3.7719E-11 3.486SE-11 -2.1912E-11 

3 * -3.7676E-11 -2.1914E-11 3.4826E-11 

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 1 __ . ...,..._._ 2 
row *-lrk****-H:**AA*********** 

1 * 4.387SE-11 -1.290 iE-11 
* 2 * -1.2904E-11 4.383SE-11 

CPU time 00:59:20. 96 elapsed time 0 1 :25:47 .86 

TABLE C.9 

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 
row ***************ir**'***************lrlr 

1 * S.6847E-11 -3. 7697E-11 -3. 7689E-11 
* 2 * -3.7697E-ii 3.4851E-11 -2.1920E-11 

3 * -3.7690E-11 -2.1920E-11 3.4844E-11 
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,A.PPENOIX D 

This is a list of output data files for the ribbon cable and wire bundle 
shown in figure 6. 4 

TABLE 0.1 

OUTPUT DAT A FOR RIBBON CABLE 

cap. cap. CPU 
no. 

E =3.5 1:
1
=6.S time of ["' 

harmonics (Pf/m) (Pf/m) (sec.) 

1 33.108 38.149 15 

3 37.704 46.951 44 

5 38.734 49.684 108 

7 38.962 50.448 220 

9 39.015 50.655 400 

11 39.027 50. 711 644 

TABLE 0.2 

OUTPUT DAT A FOR WIRE BUNDLE 

cap. cap. CPU 
no. 

€
1
=3.5 E =6.5 time of r 

harmonics (Pf/m) (Pf/m) (sec.) 

1 36.548 44.198 24 

3 38.238 48.352 88 

5 38.630 49.622 480 

7 38.706 49.919 1142 

9 38.721 49.988 2187 

11 38. 724 50.005 3602 
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Cable data from Belden 

Broadcast and Computer cables 
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· - -- 33.80/lan -lOCI 17.5 57.4 ... .,.,allleld 700 24.1 79.1 
IIG-174/U 970/M' -. 900 2&.2 92.5 
MIL-Co17D 318.30/lcm 1000 30.0 98.4 

Broadcast Cables 

....... , •••• 
-ttr2 • 
IIG-213111 
IIIL-C-17D 

~ 
IM.C-171' 
111711M-00001 
IIIU141111 ... 
tJ;t~== 
-.C.171' 
1117/lff-00001 
111112:twt ... 

ant 500 152.4 55.0 13(7)121) 

•1354 1000 304.8 108.0 .081blr9 
soc copper 

1.870JM' 
6.10/km 

82tl8t 500 152.4 67.5 13 

•1354 1000 304.8 133.0 (7x.0298l 
60C .089 

silver 
coallld 
C0lll)el' 

1.73U/M' 
5.7ll/lcm 

9273 100 3D.5 3.9 19(SOlld) 

•1354 U-600· U-152.◄ 18.5 .035 
soc. 500:- 152.4 19.1 silver· 

lJ.1000 lJ.304.ll 35.9 co.-. 
1000. 304.8 38.7 a,ppr 
. ..... 8.050/M' 

28.AOllffl 

t'"-llle VW-1 Venlcal Wire~ Tell. 
A~qUQlalionaoCRG/Ucalllanaclllled. 

Pol¥-· .405 10.29 Bare 50 181"-l 30.81101.0 50 1.8 . 5.2 
lltlylel,e copper- 100 2..2 7.2 

.285 7.24 
1.211/M' 

Blllcknar.-ca•1■.ai,g. 
200 3.2 10.S 

3.90/lan a «.7 15.4 
97"-stlielcl PVC!-=-- 700 8.9 22.6 
=-age 900 . 8.0 28.3 

1000 8.9 29.2 
4000 21.5 70.5 

Poly- .425 10.80 2silver 50 168% 130.8 ,101.0 50 1.6 5.21 
ell!ylene coallld 100 2.2 7.21 

.285 7.24 
c:ooper 81ack11C11i-a)jllli,. -ig 200 3.2 10.5 
.7U/M' -lOCI 4.7 15.4 

2.311/km PVCjadlet 700 6.9 22.61 
98%sllitlld 900 8.0 28.31 
amng• 1000 8.9 29.21 

4000 21.5 70.5 

Poly- .212 5.38 2lilwr 50 168'11, 130.81101.0 50 3.1 10.1 
llflylel,e comd 100 4.5 14.8 

.118 2.95 
copper 

Blllcknar.-ca•1■llllll,g 
200 8.4 21.0 

2.50/M' a 9.2 30.2 
8.30/lcnr PVC!-=-- 700 12.5 41.0 

97"oallleld 900 14.3 48..9 -. 1000 18.3 53.5 . 



Solid Bare Copper Wire American Wire Gage 

~qe 
(AWG)ar 
(B&S) 

10 

11 

12 

13 

14 

15 

111· 

17 

18 

19 

20 

21 

22 

23 

24 

25 

21 
'Z1 

21 

29 

30 

31 

32. 

33 
; .. :Ma-

35 

:JS", 

37 

38-

311 

.co· 

" . 1019 

. 0907 

.0808 

. ono 

. 0&41 

. 0571 

.0508 

.0453 

.0403 

.0359 

.0320 

I .0285 

.0253 

.0228 

.0201 

.017'8 

.019 

.0142 

.0125 

I .0113 

.0100 

.0089 

.0080 

.0071 

.0083' 

.0058 

.0050 

.0045 

.0040 

.0035 

. : .0031' 

Nominal Olameter-

.. 2.80 

2.30 

2.05 

1.83 

1.83 

1.45 

1.29 

1.15 

t.02 

.912 

.813 

I .724 

.643 

.574 

.511 

.455 

.404 

.381 

.320 

.287 

.254 

.228 

.203 

.180 

.180 

.142 

.127 

.114 

. 102: 

.089 
.. ' .IJ7'9 ' .. 

~flllmNallOnlllBuiWlotSlarldaldlCoppe,WnTail11 ll■dlook100. 

Circular 
MIi Area 

10380 • 

8234 . 

6530. 

5178 . 

4107 . 

3260 . 

2583. 

2050. 

1820. 

1200. 

1020. 

812.1 

840.4 

511.5 

404.0 

320.4 

253.0 

201.5 

159.8 

128.7 

100.5 

79.7 

83.21 ' 

S0.13 

': 311.75 

31 .52 

2!LOO, 

19.83 

15.72 

12.20 

9.81 

.. 

l l 8 

W 
Re~•~tanc~ 

eiqht ,1168' F 
Pounds per M' Ohm-. per ,.1 

3U3 .9918 

24.92 1.280 i 
19.77 1.588 

15.68 2.003 I 
12.43 2.!25 

9.858 3.184 i 

7.818 4.018 

6.200 5.0&4 I 
4.91T' 8.385 

3.899 8.051 I 
3.092 10.15 

2.452 12.80 I 
1.945 18.14 

1.542 20.38 

1.223 25.87· 

.9899 32.37 

.7992 '40.81 

.8100 51.47 

.4837' 64.90 

.3838 81.83 

.3042 103.2 

.2413 130.1 

.11113, ... .. 1114.1~ 

.1517 208.9 

.1203 · 280.9 

.095-42 331.0 

.07SS· 414.a· 

.0813 512.1 

.0479' .. 848.8'" .. -. 

.03774 847.8 

. ,02993·, ,: .. 1080.0 ' · 



tt9 

Stranded Tinned CoPIHH' Wire American Wire Gage 

-
Appro.,mate a D I 

Circular We1qnt per Ohm.-. ocr 
Mil Area 1000 l 000 

Inch mm 

36 I 7/44 .002 .006 .153 I 28.00 .085 371 .0 

34 I 7/42 .0025 .0075 .1 91 I 43.75 .132 237.0 

32 I 7/4-0 I .0031 I .008 .203 I 67.27 .203 164.0 
: 32 I 19/44 .002 .009 .229 I 78.00 .230 138.4 

30 I 7/38 .004 .012 .305 I 112.00 .339 103.2 
i 30 I 19/'2 .0025 .012 .305 I 118.75 .359 87.3 

28 I 7136 .005 .015 .381 I 141 .75 .529 64.9 

! 28 I 1~ .0031 .016 .408 I 182.59 .553 58.7 
27 I 7135 I .0056 I .018 .457 I 219.52 .664 51.47 

I 29 I 7/34 .0063 .019 .483 I 277.83 .841 37.3 

26 I 10'36 .0050 I .021 .533 I 250.00 .757 41 .48 

' 211 I 19138 .0040 .020 .soa I 304.00 .921) 34.43 
21. i 7·'32 I .008 I .024 .610 ! 448.00 I 1.356 23.3 

24 I 10134 .0063 .023 .584 I 398.90 1.201 26.09 
2.; I 19.'36 I .0050 I .024 I .610 I 475.00 I 1.430 21 .08 

I 24 I 41/4-0 .0031 .023 .5811 I 384.40 1.180 25.511 
22 I 7f.30 I .0100 .030 .762 I 700.00 2.120 14.74 

I 22 I 19134 .0063 .031 .m I 754.11 2.21 13.73 

22 I 26.'36 .0050 .030 .762 I 650.00 1.97 15.94' 
I 20 I 10130 .0100 . .035 .890 I 1,000.00 3.025 10.32 

20 I 19'32 I .0080 .037 I .940 I 1.216.00 3.88 8.63 

20 I 26/34 .0063 .038 .914 I 1.031.94 3.12 10.05 

20 : 41.36 .0050 .036 I .914 I 1.025.00 3.10 10.02 

18 I 7/28 .0159 .048 1.22 I 1,789.80 5.38 5.81 
18 ' 16·30 I .0100 .047 I 1.20 I 1.600.00 4.84 6.48 

! 18 I 19f.30 .0100 .049 1.24 I 1,900.00 5.75 5.48 

18 I 41 .'34 I .0063 I .047 I 1.20 I 1,627.29 4.92 6.37 

I 18 I 65138 .0050 .047 1.20 I 1,625.00 4.91 5.31 
16 7-'24 I .0201 .060 1.52 ! 2.828.00 8.56 3.67 

I 111 I 19129 .0113 .058 1.47 I 2.428.30 7.35 4.27 

15 : 26'30 I .0100 .059 1.50 I 2.600.00 I 7.87 4.00 . 
16 I 65134 .0063 .059 1.SO I 2.579.85 7.81 4.02 

16 I 105.'36 i .0050 I .059 I 1.50 ! 2.825.00 I 7.95 I 3.99 

14 I 1122 .0253 .073 1.85 I 4.480.0 13.56 2.31 
11, : 19.'27 I .01'2 .073 I 1.85 I 3.830.4 I 11.59 2.70 

14 I 41/30 .0100 .073 1.85 l 4,100.0 12.40 2.53 
,.; 10534 I .0063 .073 1.85 : 4.167.5 12.61 2.49 

12 7/20 .0320 2.44 7,188.0 21.69 1.45 

1925 .0179 .093 2.36 6.087.6 18.43 1.70 

12 65t.30 .0100 .095 2.41 8.500.0 19.66 1.75 

16534 .0063 .095 2.41 6.548.9 19.82 1.58 

37,'211 .0159 .115 2.92 9,353.8 28.31 1.11 

4927 .0142 .118 2.95 9.878.4 29.89 

- io 105130 I .0100 I .118 I 2195 
-=-1: :· 'n:,m Na11ona1 Bu,eau of SlanclaraS Cogper Wtre TablllS-HanabOOII 100. 

10,s39.o 31 .78 .98 
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APPENDIX F 

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

TABLE F.1 

coh .. rrnn 

Output data for the generalized capacitance 
matrix with 1 harmonic or 3 Fourier terms 

(units F /m) 
1 2 3 4 

row ******"irlr****"irlr*********"lrlrk***********'1rlrlr***** 
1 * 1.3876E-10 -6.5517E-11 -1.1013E-10 -1.1013E-10 

* 2 * -6.4507E-11 1.2015E-10 -2.7824E-11 -2.7824E-11 

3 * -1.0903E-10 -2.7548E-11 1.451SE-10 -8.5744E-12 
* 4 * -1.0903E-10 -2.7548E-11 -8.5744E-12 1.4515E-10 

colLDTm 

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 

row *******************************"irlr* 
1 * 1.2015E-10 -2.7824E-11 -2.7824E-ii 

* 2 * -2.7548E-11 1.4515E-10 -8.5744E-12 

3 * -2. 7548E-11 -8.5744E-12 1.45 iSE-10 

CPU time 00:00:26.42 elapsed time 00:00:30.21 

TABLE F.3 

Output data for the generalized capacitance 
matrix with 3 harmonics or 7 Fourier terms 

(units F /m) 
i 2 3 4 

row *********"lrlrk****-lrlf****'irH-*****"'*-H:*********** 
1 * 1.8661E-10 -5.9798E-i i -1.3692E-10 -1.3692E-10 

* 2 * -5. 9880E-i 1 1.2140E-10 -3.0758E-11 -3.0758E-11 

3 * -1.3687E-10 -3.0810E-11 1.701SE-10 -2.4647E-12 
* 4 * -1.3687E-10 -3.08 i0E-11 -2.4647E-i2 1. 70 iSE-10 



TABLE F.4 

Output data for the transmission line capacitance 
matrix with 3 harmonics or 7 Fourier terms 

(units F /m) 
column 1 2 3 

row *******************************irk* 
1 * 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 
row ************************************"Hr******* 

1 * 1.9523E-10 -5.9212E-11 -1.4152E-10 -1.4152E-10 
* 2 * -5.9218E-11 1.214SE-10 -3.1116E-11 -3.1116E-11 

3 * -1.4152E-10 -3.1119E-11 1.7387E-10 -1.2294E-12 
* 4 * -1.4152E-10 -3.1119E-11 -1.2294E-12 1.7387E-10 

TABLE F.6 

Output data for the transmission line capacitance 
matrix with S harmonics or 11 Fourier terms 

(units F /m) 

coh.nnn 1 2 3 
row **-k'lrlt****************-irlt*****~***** 

1 * 1.2145E-10 -3.1116E-11 -3.1116E-11 
* 2 * -3.iii9E-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 

Output data for the generalized capacitance 
matrix with 7 harmonics or 15 Fourier terms 

(units F /m) 
column 1 2 3 4 

row ******************************-lrlr******-k-k***** 
1 * 1.9690E- 10 -5.9155E-11 -1.4238E-10 -1.4238E-10 

* 2 * -5.9154E-11 1.2145E-10 -3.1149E-11 -3.1149E-11 

3 * -1.4238E-10 -3.1148E-11 1.7452E-10 -9.9034E-13 
* 4 * -1.4238E-10 -3.1148E-11 -9.9034E-13 1.7452E-10 

TABLE F.8 

Output data for the transmission line capacitance 
matrix with 7 harmonics or 1 S Fourier terms 

(units F /m) 
column 1 2 3 

column 

row ***********-k-k****-k-k**-k-k*********** 
1 * 1.214SE-10 -3.1149E-11 -3.1149E-11 

* 2 * -3.1148E-11 1.7452E-10 -9.9034E-13 

3 * -3.i148E-i1 -9.9034E-13 1.7452E-10 

CPU time 00: 19: 13.63 elapsed time 00:37:SS.38 

TABLE F.9 

Output data for the generalized capacitance 
matrix with 9 harmonics or i 9 Fourier terms 

(units F /m) 
1 2 3 4 

row **********-k-A-******ir*******************irlt***** 
1 * 1. 9726E-10 -5.9151E-11 -1.4256E-10 -1.4256E-10 

* 2 * -S.91S1E-11 1.214SE-10 -3.iiS0E-11 -3.iiS0E-11 

3 * -1.4256E-10 -3.1 iS0E-11 1. 746SE-10 -9.4112E-13 
* 4 * -1.4256E-10 -3.11S0E-11 -9.4112E-13 1.746SE-i0 



T.ABLE F.10 

Output data for the transmission line capcitance 
matrix with 9 harmonics or 19 Fourier terms 

(units F /m) 
column 1 2 3 

row *********************-irk*********** 
1 * 1.2145E-10 -3.1150E-11 -3.1150E-11 

* 2 * -3.1150E-11 1.7465E-10 -9.4112E-13 

3 * -3.1150E-11 -9.4114E-13 1.7465E-10 

CPU time 00:37:27 .85 elapsed time O 1 :23:50.15 
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APPENDIX G 

Tables (G. i-G. 10) 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 **-Jrlr-Jrlr-Jrlr******-lrk********-Jrlr-Jrlr**********-Jrlr-Jrlr-Jrlr* 

i * 7 .2590E-i 1 -2.2850E-11 -4.5873E-i 1 -4.5873E-1 i 

2 

3 

4 

* 
* 
* 
* 
* 

-2.2992E-11 S.8842E-11 -1. 792SE-1 i -1.7925E-11 

-4.5298E-i 1 -1.8 i67E-11 6.8645E-i 1 -5.1797E-12 

-4.5298E-11 -1.8167E-1 i -5.1797E-i2 6.8645E-1 i 

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) 

coh.nnn 1 2 3 
row *********Jrlr****-H-**********~**** 

1 * S.8842E-11 -1. 792SE-11 -1.792SE-11 
* 2 * -1.8167E-11 6.864SE-1 i -5.1797E-12 

3 * -1.8i67E-11 -S.1797E-13 6.864SE-11 

CPU time 00:03:36.83 elapsed time 00:09:52. 75 

TABLE G.3 

Output data for the generalized 
capacitance matrix with 3 harmonic 
on the conductor and 4 harmonics 
around the dielectric (units F /m) 

column 1 2 3 4 
row ********************lrlt******-H*************** 

1 * 1.2038E-i0 -1.9746E-11 -7.1318E-11 -7.1318E-11 
* 2 * -1.9791E-11 S.9705E-11 -1.9957E-11 -1.9957E-11 

3 * -7.1458E-11 -1.9980E-11 9.3560E-11 -2.1218E-12 
* 4 * -7.1458E-11 -1.9980E-11 -2.1218E-i2 9.3560E-11 

t2 4 



T,~BLE 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 1 2 3 
row *******************-.Jrlr******-.JrJr**'irlr* 

1 * S.9705E-11 -1.9957E-11 -1.9957E-11 
* 2 * -1.9980E-11 9.3560E-11 -2.1218E-12 

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 5 harmonic 
on the conductor and 6 harmonics 
around the dielectric (units (F /m) 

column 1 2 3 _.._, 4 
row **-lrlr****-.Jrlr-.Jrlr****-.Jrlr-k*-k***-.Jrlr"'k***-.Jrlr* * * * * *-k-k-k*-k** 

1 * 1.3668E-i0 -1.9507E-1i -7.9590E-i1 -7.9590E-11 

2 

3 

4 

* 
* 

-1. 9460E-11 5.9701E-11 -2.0120E-11 -2.0120E-11 

* -7.9699E-11 -2.009SE-1 i 1.0068E-10 -8.8310E-13 
* 
* 

-7.9699E-i1 -2.009SE-11 -8.83 i0E-13 1.0068E-10 

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 1 2 3 
row *-.Jrlr******'lrlrk*-.Jrlr-.Jrlr**************lrlrk 

i * S.9701E-i1 -2.0120E-11 -2.0120E-11 
* 2 * -2.0095E-11 1.0068E-10 -8.83 i0E-13 

3 * -2.0095E-11 -8.8310E-13 1.0068E-10 

CPU time 0 1: 12:26.54 elapsed time 02: 17:40.03 



TABLE G.7 
Output data for the generalized 

capacitance matrix '-.vith 7 harmonic 
on the conductor and 8 harmonics 
around the dielectric (units F /m) 

column 1 2 3 __ 4. 
row ****-irk******-irk-irlr**-irlr-irlrlr*-irlrlr*-irk-irk-Hr******-lrlr-irlr* 

i * 1.4163E-i0 -1.9518E-1i -8.2061E-i1 -8.206iE-11 
* 2 * -1.9499E-i1 S.9700E-11 -2.0101E-i1 -2.0101E-1i 

3 * -8.2106E-11 -2.0091E-1i 1.0269E-10 -4.8951E-13 
* 4 * -8.2106E-11 -2.0091E-11 -4.8951E-13 1.0269E-10 

TABLE G.8 

Output data for the transmission line 
capacitance matrix with 7 harmonic 
an the conductor and 8 harmonics 

around the dielectric (units (F /m) 

~umn 1 2 3 
row *-irk-Jrk-irlr-Jrk-Jrk1rldrk**-irk*"it * * if * if if* * * * Irk* 

1 * S.9700E-11 -2.0101E-11 -2.0101E-11 
* 2 * -2.0091E-i 1 1.O269E-10 -4.8951E-13 

3 * -2.009 iE-11 -4.895 iE-13 1.0269E-i0 

CPU time 02:45:09.82 elapsed time 05:20: 15.67 

TABLE G.9 
Output data for the generalized 

capacitance matrix with 9 harmonic 
on the conductor and 10 harmonics 
around the dielectric (units F /m) 

column 1 2 3 4 
row ******-lrk************k-k*********************** 

1 * 1.4322E-10 -1.9529E-11 -8.2847E-11 -8.2847E-11 
* 2 * -1.9524E-11 5.9700E-11 -2.0088E-11 -2.0088E-11 

3 * -8.2864E-11 -2.008SE-1 i 1.033 iE-10 -3.607 iE-13 
* 4 * -8.2864E-i 1 -2.008SE-11 -3.607 iE-13 1.033 iE-10 

t25 



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 *jrirjrlr******jrlr-lrirk***********lrlr .... ** ..... * ..... * ...... * 

1 *· S. 9700E-11 -2.00BBE-11 -2.0088E-11 
* 2 * -2.00BSE-11 1.0331E-10 -3.6071E-13 

3 * -2.00BSE-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.10) are output data files far a multiconductor coax cable 
when E = 1.0 r 

TABLE H.1 

Output data for the generalized capacitance 
matrix with 1 harmonic or 3 Fourier terms 

(units F /m) 
column 1 2 3 4 

row -lrlrlt*****'lrk***********'lrk***'lrk***************-k"-k 
1 * 3.9647E-11 -1.8719E-11 -3.1466E-11 -3.1466E-11 

* 2 * 
3 * 

* 

-1.843 iE-11 

-3.1152E-11 

3.4330E-11 -7. 9497E-12 -7. 9497E-12 

-7.8709E-12 4.1472E-11 -2.4498E-12 

4 * -3.1152E-11 -7.8709E-12 -2.4498E-12 4.1472E-11 

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 

row *-k--k-k-k* * * *'*************"" * * * * ** ... * * ...... * ....... * * 
1 * 3.4330E-11 -7.9497E-12 ·-7.9497E-12 

* 2 * -7 .8709E-12 4.1472E-11 -2.4498E-12 

3 * -7 .8709E-12 -2.4498E-12 4.1472E-11 

CPU time 00:00:28. 70 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) 
column 1 2 3 4 

row *****'l(****'k-lr**************""*****-lr*****-k-.lt***** 
1 * 3.3318E-11 -1.7085E-11 -3.9119E-11 -3.9119E-11 

* 2 * -1.7109E-11 3.468SE-11 -8.7880E-12 -8.7880E-12 

3 * -3.9107E-11 -8.8029E-12 4.8614E-11 -7.0421E-13 
* 4 -3. 9107E-11 -8.8029E-12 -7 .042 iE-13 4.8614E-11 



T,A.BLE H.4 

Output data for the transmission line capacitance 
matrix with 3 harmonic or 7 Fourier terms 

(units F /m) 
column 1 2 3 

row ***************-lrk****-lrk-lrk********* 
1 * 3.4685E-11 -8.7880E-12 -8.7880E-i2 

* 2 * -8.8029E-12 4.8614E-11 -7.0421E-12 

3 * -8.8029E-i2 -7.0421E-13 4.8614E-i1 

CPU time 00:02:32.59 elapsed time 00:03:35.64 

TABLE H.S 

Output data for the generalized capacitance. 
matrix with S harmonics or 11 Fourier terms 

(Ln1its F /m) 
~~ 1 2 3 ~~ 4 

row********************************************* 
i * S.S780E-11 -1.6918E-11 -4.0434E-11 -4.0434E-11 

* 2 * -1.6919E-11 3.4700E-11 -8.8903E-12 -8.8903E-12 

3 * -4.043SE-11 -8.8912E-12 4.9677E-11 -3.S127E-13 

4 * -4.043SE-11 -8.8912E-12 -3.5127E-13 4.9677E-11 

TABLE H.6 

Output data for the transmission line capacitance 
matrix with S harmonic or 11 Fourier terms 

(units F /m) 
column 1 2 3 

row *******************AAk***-**~*~*~~*-*_*_*_* 
1 * 3.4700E-11 -8.8903E-12 -8.8903E-12 

* 2 * -8.8912E-12 4.9677E-11 -3.5127E-13 

3 * -8.8912E-i2 -3.5127E-13 4.9677E-11 

CPU time 00:08:04.68 elapsed time 00: 1 i :52.35 

1")Q 
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TABLE H. 7 

Output data for the generalized capacitance 
matrLx with 7 harmonics or 15 Fourier terms 

(units F /m) 
column 1 2 3 4 

row ****************-lrk**-lrk****irltr**-lrk********-lrk*** 
1 * 5.6256E-11 -1.690 iE-11 -4.0680E-11 -4.0680E-11 

* 2 * -1.690 iE-11 3.4700E-11 -8.8996E-12 -8.8996E-12 

3 * -4.0681E-11 -8.8996E-12 4.9863E-11 -2.8295E-13 
* 4 -4.068 iE-11 -8.8996E-12 -2.8295E-13 4.9863E-11 

TABLE H.8 

Output data for the transmission line capacitance 
matrix with 7 harmonic or 15 Fourier terms 

(units F /m) 
colt.rrnn 1 ._....,_ 2 ........ ..- 3 

row *-lrk-lrk-lrk-lrk-lrk****'lrk-lrk-irk******"*'*"*'*"*'** 

column 

1 * 3.4700E-11 -8.8996E-12 -8.8996E-12 
* 2 * -8.8996E-12 4.9863E-1 i -2.8295E-13 

3 * -8.8996E-12 -2.8295E-13 4.9863E-11 

CPU time 00: 18:S 1.82 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 /rn) 
1 2 3 4 

row ****-lr*-lrk"'lrk-lt********************************** 
1 * S.6359E-i 1 -1.6900E-1 i -4.0732E-11 -4.0732E-11 

* 2 * -1.6900E-11 3.4700E-11 -8. 900 iE-12 -8. 900 iE-12 

3 * 
4 * 

-4.0732E-11 -8.9000E-12 4.9901E-11 -2.6889E-13 

-4.0732E-11 -8.9000E-12 -2.6889E-13 4.9901E-11 
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T,A.BLE H. 9 

Output data for the transmission line capacitance 
matrix with 9 harmonic or 19 Fourier terms 

(units F /m) 
column 1 2 3 

row *******-Hr**************-Hr****-Hr*** 
1 * 3.4700E-11 -8.9001E-12 -8.9001E-12 

* 2 * -8.9000E-12 4.9901E-11 -2.6889E-13 

3 * -8.9000E-12 -2.6889E-13 4.9901E-11 

CPU time 00:37:24. 70 elapsed time 00:54:05.02 

t 3 t 
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APPENDIX I 

Tables (I. 1-I. 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 i haromonic 
around the dielectric for a 3-wire 
diectric coated configuration over a 

ground plane 

column 1 __ 2 3 
row *******"irk-lrlt****'lrlt******"irk"irk"irk"irk"irk*** 

1 * 3.693SE-1i -1.1119E-i1 -2.SS60E-12 
* 2 * -1.0808E-11 3.0903E-1 i -1.0808E-11 

3 * -2.SS60E-12 -1.1119E-ii 3.693SE-1i 

CPU time 00:0 i :56.48 elapsed time 00:02:36.43 

TABLE I.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 
row**************"'****lrk**-k-k****** .... **""""*....,* .... * 

1 * 3. 7027E-i i -1.0970E-11 -2.467SE-12 
* 2 * -1.0970E-1 i 3.1089E-1 i -1.0970E-11 

3 * -2.4675E-12 -1.0970E-11 3. 7027E-1 i 

CPU time 00: 12: i 1. 77 elapsed time 00: 15:47.50 



TABLE I.3 

Output data for the transmission line 
capacitance matrix with 5 haromonics 
around the conductor and 5 haromonics 
around the dielectric for a 3-wire 
diectric coated configuration over a 

ground plane 

column 1 2 3 
row *****-J!rlr**-J!rlr****-Jirlr**-Jirlr•irlrirlr-J!rlr * * * * * * *** 

1 * 3.7029E-11 -L0969E-11 -2.468SE-12 
* 2 * -1.0969E-11 3.1087E-11 

3 * -2.468SE-12 -1.0969E-11 

-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. 

Wirfo - Subroutine which allows the user to input wire data while 
minimizing the input requirements from the us~r . 

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. 

Oifstd - 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. 

Oifrad - 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 
permit ti vi ties 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. 

Rgenxy - 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 - 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 

Cgenxy - 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 

Pgenxy - Subroutine which allo'w'S 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 

Newref - Subroutine which allo'w'S 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) 

Cap - Subroutine which calculates the generalized capacitance 
matrix 

Dia - Subroutine which calculates the diagonal terms of the D 
sub matrix 

Ofdia - Subroutine which caluclates the off-diagonal terms of the 
D submatrix 

Place - Subroutine which places the calculated values of the 
various D submatrices into the large D 1 matrix 

Sum - Subroutine which calculates the generalized capacitance 
matrix by summing certain ro'w'S of the large D 1 matrix 

Trans - Subroutine which calculates the transmission line 
capacitance matrix from the generalized capacitance 
matrix. 

Plane - Subroutine which places the values of the generalized 
capacitance matrix into the transmission line capacitance 
matrix when a ground plane is present 

P 1 - Subroutine 'wnich used to reduce the order of the D 1 
matrix from 2N (2k+ 1) to N (k+ 1) 

Minv - Subroutine which is a camed 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 (J 1-123). 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 

i . TO - Terminal output to screen 
2. TI - Terminal input from screen 
3. PO - Program output to screen 
4. PI - Program input from screen 
S. PY - Program variable that is not passed 

to other subroutines 
6. PC - Program counter which is used only 

in that program or subroutine 

7 .PI/O- Program input variable which is 
from another subroutine and then 
passed to another 

9. FO- Program output to a file 
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variable 
name 

Conf 

!opt 

Nw 
Nhc 
Nhd 
Nfc 
Nfd 

Nf 

Mdi 
Md2 
Md3 
Md4 

TABLE J .1 
Variables used in Subroutine Main 

description 

Type of wire configuration, bundle '8' 
ribbon cable 'R', multiconductor coax 
cable 'C', wire bundle over a ground plane 
'P' 
option for either dielectric coated wires 
bare wires 
Iopt = 1 refers to dielectric coated wires 

. Iopt = 2 refers to bares wires and is used 
when inductance or coax cable is selected 
Number of wires in the s tern 

# of harmonics evaluated around conductor 
# of harmonics evaluated around dielectric 
# of F oi.rier terms around conductor 
# of F oi.rier terms around dielectric 
Total # of F oi.rier terms, for bare wire 
Nf: Nfc, for dielectric coated wires 
Nf-Nfc+Nfd 
dimension for C ( eneralized ca . matrix) 

dim. for C 1 (transmission line ca • matrix) 
dim. for D submatrices 
dim. for D 1 matrix (all D submatrices) 

dim. for Pctl & Rpl (Cap. & Ind. matrix 
when und lane is resent res ecti vel ) 

dim. for RD 1 matrix in some subroutines 
dim. for RD 1 matrix in some subroutines 

T r-ansmission line ca acitance matix 
T r-ansmission line inductance matrix 

variable 
type 

138 

input 
output 
t e 

Char* 1 TI/O PI/O 

I TI/O PI/O 

I TI/O PI/O 
I TI/O PO 
I TI/O PO 
I PO 
I PO 

I PO 

I PO 
I PO 
I PO 
I PO 
I 0 
I PO 
I PO 
I 0 
I PO 
I PO 

R*16 0 
R*16 I 
R*16 I/O PO 
R*16 Tl/O PO 
R*16 Tl/O PO 

I PO 
R*16 Pl/O FO 
R*16 PI/O FO 
R*16 PI/O FO 



TABLE J .1 
Variables used in program Main (continued) 

variable 
name 

NWH 

description 

PCTL Transmission line Cap. matrix w en gnd. 
· resent 

SAC 1 saved transmission line ca . matrix 
LT workin vector 

PD 1 D 1 matrix when 
NS m.nnber of stran s in a wire 
NX number of remainin solid wires in s . 
RCL Inductance matrix for coax cable 

WRC conductor radius before sizi 
M 1 sizin constant to reduce inversion error 
X relative horizontal distance between wires 

relative vertical distance between wires 
wire-to-wire se . measured from center 
reference 

lane 

coLD1ter 
coLD1ter 
coLD1ter 

variable 
type 

I 

R*16 

R*16 
R*16 
R*16 
R*16 
R*16 
R*16 
R*16 
R*16 
R*16 

I 
I 

R*16 
R*16 
R*16 
R*16 
R*16 
R*16 
R*16 
R*16 
R*16 

I 
I 
I 
I 
I 
I 
I 
I 
I 
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input 
output 
t e 
SV 

PI/O FO 

PI/O FO 
TO PI/O 

TI/O PO 
PO FO 
PO FO 
PO FO 
PO FO 
PO FO 
PO FO 
PI/O 
PI/O 
PO FO 
PO FO 
PO FO 
PO FO 
PO FO 
PO FO 
PO FO 
PO FO 
PO FO 
PC 
PC 
PC 
PC 
PC 
PC 
PC 
PC 
PC 
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TABLE J .2 
Variables used in Subroutine Winfo 

variable variable input 

name description 
type output 

type 
Prmot1 Y /N response to all wires solid char*1 TI 
Prmot2 Y /N response to all wires stranded char*i TI 

Ns # of wires that are strand char*1 TI PO 
Prmot3 Y /N response to all wires have same rad. char*1 TI 

Nx Remainin2: solid wires in svstem I PO 
Nw Total no. of wires in the svstem I PI 

Smrc Smallest conductor radius in svstem R*16 PI/O 
Re Conductor radius R*16 PI/O 

Conf Type of configuration selected char*i PI/O 
WRC conductor radius before sizin2: R*16 PI/O 

Prmpt4 
Y /N response to remaining wires have char*i TI 
the same conductor radius 

PrmptS 
Y /N response to all strands have the char*i TI 
same conductor radius 

Prmpt6 
Y /N response to all wires have the char*i TI 
same conductor radius 

TABLE J .3 
Variables used in Subroutine □info 

variable variable input 

name description type output 
tvoe 

Prmpt8 Y /N response to are all dielectric radii char*i TI the same 
Xrd Radius of the dielectric R*16 TI 
Nw Total number of wires in the svstem I PI 
Rd Dielectric radius measured from center R*16 TI/O PO 
No no. of particular wire in svstem I TI PY 
Inc Previous wire number I PY 

Prmpt9 Y /N response to previous dielectric char*i TI radius - to present dielectric radius 
WKO dielectric radius before sizing R*16 PO 



variable 
name 

Prmpt10 

Xer 
Er 
Nw 
No 
Ino 

Prmpti j 

variable 
name 

Smrc 
Ni 

AA1 
Iref 
Nw 
Re 
Rd 

Iopt 

TABLE J .4 
Variables used in Subroutine Rpinfo 

description 

Y /N response to is relative permittivity 
of the wires the same 
Relative permittivity of the dielectric 
Relative permittivity of the dielectric 
No. of wires in the svstem 
no. of particular wire in the svstem 
Previous number of wire in svstem 
Y /N response to previous relative 
permittivity = to present value 

TABLE J .S 
Variables used in Subroutine Size 

description 

Smallest strand or conductor radius 
Power of sizing factor to min. error 
Sizing factor to minimize error 
# of reference wire set to 1 
Total no. of wires in the system 
Conductor radius 
Dielectric radius measured form center 
Option as to either dielectric coated 
wires or bare wires selected for svstem 

variable 
type 

char*i 

R*16 
R*16 

I 
I 
I 

char*i 

variable 
type 

R*16 
I 

R*16 
I 
I 

R*16 
R*16 

I 
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input 
output 
type 

TI 

TI 
TI/O PO 
PI 
TI PV 
PV 

TI 

input 
output 
type 
PI 
PY 
PO 
PO 
PI 

PI/O 
PI/O 

PI 
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TABLE J.6 

Variables used in Subroutine D if std 

variable variable input 

name description type output 
type 

Nw Total no. of wires in the svstem I PI 
Ns No. of wires that are stranded in svstem I PI 

Smrc Smallest stand or conductor radius R*16 PO 
Re Conductor radius R*16 PO 

Conf Configt.nation selected char*1 PI 
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. I PV 
Ino Previous wire no. 1 PV 

Rstd Radius of one strand of wire I TI 
Nstd No. of strands comorisin~ the wire I TI 

Prmpt7 Y /N response to previous wire radius char*1 TI eoual present wire radius 
WRC conductor radius before sizing R*16 Po 
XRC eoui valent conductor radius R*16 PY 

TABLE J .7 
Variables used in Subroutine Samstd 

variable variable input 

name description type output 
type 

Nw Total no. of wires in the system I PI 
Ns No. of wires that are stranded in system I PI 

Smrc Smallest stand or conductor radius R*16 PI 
Re Conductor radius R*16 PO 

Conf Configt.nation selected char*1 PI 

K 
Dummy wire counter when coax 
or shielded wire bundle I PY 
confi~tion is selected 

Rex Inside radius of shield of coax cable R*16 TI PO 
_Kstd Radius of one strand of wire R*16 TI 
Nstd No. of strands comprisin~ the wire I TI 
~ Xrc Eoui valent conductor radius R*16 PY 
- N dummy variable for no. of stranded wires I PY 
- _WK.C conductor radius before sizing R*16 PV 



variable 
name 

CONF 
NX 
NW 

RCX 
N 
K 
RC 

WRC 
SMRC 

NO 
INO 

variable 
name 

CONF 
NX 
NW 

RCX 
N 
K 
RC 

WRC 
SMRC 

variable 
name 

TABLE J .8 
Variables used in Subroutine 0ifrad 

variable description type 

confi2:uration selected char*i 
number of wires that are solid I 
number of wires in the svstem I 
inside radius of coax shield R*16 
dummv counter I 
dummv counter I 
radius of conductor R*16 
radius of conductor before sizin2: R*16 
smallest conductor radius in svstem R*16 
present wire number I 
previous wire number I 

TABLE J .9 
Variables used in Subroutine Samrad 

description variable 
type 

confiIDJration selected char*1 
number of wires that are solid I 
number of wires in the svstem I 
inside radius of coax shield R*16 
dummy counter I 
dummy counter I 
radius of conductor R*16 
radius of conductor before siziruz: R*16 
smallest conductor radius in svstem R*16 

TABLE J .10 
Variables used in Subroutine RGENXY 

description 

number of wi 

sizin constant 

variable 
type 

R*16 
I 

R*16 
R*16 
R*16 
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input 
output 
tvce 
PI 
PI 
PI 

TI/O 
PV 
PV 

TI/O PO 
PO 
PO 
TI 
PV 

input 
output 
type 
PI 
PI 
PI 

TI/O 
PV 
PV 

TI/0 PO 
PO 
PO 

input 
output 
t e 
TI/0 
PI 
PO 
PO 
PI 



TABLE J .11 
Variables used in Subroutine BGENXY 

variable 
name description 

YV ALUE vertical cntr-to-cntr wire se aration 
. IREF m.rrnber i ven to reference wire 

TABLE J .12 

variable 
type 

I 
R*16 
R*16 
R*16 
R*16 

I 
R*16 

Variables used in Subroutine CGENXY 

variable description variable 
name type 

NW number of wires in the svstem I 
X horizontal cntr-to-cntr wire separation R*16 
y vertical cntr-to-cntr wire separation R*16 

IREF number 12:i ven to reference wire I 
XVALUE horizontal cntr-to-cntr wire separation R*16 
YVALUE vertical cntr-to-cntr wire separation R*16 

AA1 sizing constant R*16 

TABLE J .13 
Variables used in Subroutine PGENXY 

variable 
description 

vert. hei ht of wire measured from cntr 
horizontal cntr-to-cntr wire se aration 

horizontal cntr-to-cntr wire se aration 
number i ven to reference wire 

variable 
type 

I 
I 

R*16 
R*16 
R*16 
R*16 

I 
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input 
output 
t e 
PI 

TO PO 
TO PO 

TI 
TI 
PI 
PI 

input 
output 
type 
PI 

TOPO 
TOPO 

PI 
TI 
TI 
PI 

input 
output 
t e 
PV 
PI 
TI 

TO PO 
TO PO 

TI 
PI 



variable 
name 

IGREF 
NW 
X 
y 

IREF 

variable 
name 

PI 
NW 
NW1 

NW12 
NFC 
NFC1 
NF□ 

NFD1 
LO 
NF 
AC 
AD 

DELTC 
DELTD 
NSW 
NPW 

XSEP 
'!'SEP 

X 
y 

;.Ki 
- -:.K2 
_l:.K 

TABLE J .14 
Variables used in Subroutine NEWREF 

description 

round reference wire number 

m.rrnber i ven to reference wire 

TABLE J .15 
Variables used in Subroutine CAP 

description 

variable assigned to value of pi 
m.nnber of wires in the system 
no. of wires in system less ref. wire 
NW! squared 
rn.nnber Fourier terms around conductor 
no. of Fourier trms around cond.+avg.term 
number of Fourier terms around dielectric 
no. of Fourier trms around die. + avg term 
total trms around cond & die. *no. of wires 
total Fourier terms around cond & die 
angle of matchpoint on conductor surf ace 
angle of matchpoint on dielectric surf ace 
offset angle of matchooint on conductor 
offset angle of matchooint on dielectric 
present source wire 
present potential wire 
hoizontal wire separation 
vertical wire separation 
horizontal wire separation 
vertical wire separation 
permittivity of dielectric - 1 
oermittivity of dielectric + 1 
permittivity of dielectric 

variable 
type 

R*16 
I 

R*16 
R*16 

I 

variable 
type 

R*16 
I 
I 
I 
I 
I 
I 
I 
I 
I 

R*16 
R*16 
R*16 
R*16 

I 
I 

R*16 
R*16 
R*16 
R*16 
R*16 
R*16 
R*16 

input 
output 
t e 
TI 
PI 
PO 
PO 
PO 

input 
output 
type 
PV 
PI 
PO 
PO 
Pt 

PI/0 
PI 

PI/0 
PI/0 
PI/0 
PI/0 
PI/0 
PI/0 
PI/0 
PI/0 
PI/0 
PO 
PO 
PI 
PI 

PI/0 
PI/0 
PI/0 

' 





variable 
name 

BETA 
MPP 
AC 

DELTC 
CANG 
.SANG 

Qi 

XSEP 
RC 
NPW 
Q12 
Q2 

Q22 
RO 

THETA 
81 

CONF 
NSW 

IREF 
RC 

!OPT 
NFC1 
RD 
D 

TABLE J. 16 

Variables used in Subroutine OFDIA 

description 

makes with cntr.+offset 
r max=NFC 

akes with wire cntr 

cosine o 
sine of BETA 
total horiz. dis between potential wire 
mate oint and cntr of source wire 
cntr. -to-cntr. distance between wires 
conductor radius measured from center 

otential wire 

tota vert. dis. between potential wire 
ma · nt and cntr of source wire 
Q2 

resent source wire 
no. of wire that is selected as reference 
conductor radius measured from center 
o tion either bare or dielectric coated 
no. of Fourier terms less av . term 
dielectric radius measured from center 
small otential submatrix 

no. of harmonics around conductor 

variable 
type 

R*16 
I 

R*16 
R*16 
R*16 
R*16 

R*16 

R*16 
R*16 

I 
R*16 

R*16 

R*16 
R*16 

*16 
R*16 

char*1 
I 
I 

R*16 
I 
I 

R*16 
R*16 
R*16 
R*16 

I 
I 
I 

R*16 
R*16 

I 

i47 

input 
output 
t· e 

PV 
PC 
PI 
PI 
PV 
PY 

PY 

PI 
PI 
PI 
PV 
PY 
PY 
PY 
PY 
PY 
PI 
PI 
PI 
PI 
PI 
PI 
PI 
PO 
PY 
PY 
PI 
PC 
PC 
PC 
PY 
PV 



variable 
name 

NH□ 
AD 

DELTD 
GMA 

RHATN 
THETN 

JJ 
ER1 
14 
84 

variable 
name 

CONF 
NPW 
81 
RC 

NSW 
J 

NFC 
D 

lUt-JT 
B81 
RO 

~ NFCt 
- 1~81 
~ I ~ :<.1 
- t:B82 

TABLE J .i6 (cont) 
Variables used in Subroutine OFDIA 

description 

no. of harmonics around dielectric 
angle of matchpt~ cntr, and horizontal 
of set of matchpt. cntr. and horizontal 
angle E normal makes with r direction 
unit normal vector in r directon 
unit normal vector in theta direction 
program counter (matrix index) 
permittivity of dielectric - 1 
program counter (matrix index) 
dummy variable 

TABLE J .17 
Variables used in Subroutine DIA 

description 

variable used for type of confiquration 
present potential wire 
dummy variable 
conductor radius 
present source wire 
program counter 
no. of Fourier terms around dielectric 
small potential submatrix 
option either bare or dielectric coating 
dummy variable 
dielectric radius measured from center 
no. of Fourier tmrs + avg. term 
dummy variable 
oermittivivt of dielectric + 1 
dummy variable 

variable 
type 

I 
R*i6 
R*i6 
R*i6 
R*16 
R*16 

I 
R*16 

I 
I 

variable 
. type 

char*l 
I 

R*16 
R*16 

I 
I 
I 

R*16 
I 

R*16 
R*16 

I 
R*16 
R*16 
R*16 

t48 

input 
output 
type 

PI 
PI 
PI 
PV 
PV 
PV 
PC 
PI 
PC 
PV 

input 
output 
type 

PI 
PI 
PV 
PI 
PI 
PC 
PI 
PO 
PI 
PV 
PI 
PI 
PV 
PI 
PV 



variable 
name 

Ji 
12 
Ai 

NHD 
13 
14 
Ai2 

AD 
OELTD 

82 
83 

ER2 
84 

variable 
name 

NP 
NF 
MM 
NN 
LO 
01 
J 

TABLE 1 . 1 7 (cont) 
Variables used in Subroutine DIA 

description 

program counter (matrix index) 
program counter (matrix index} 
dummy variable 
no. of harmonics around dielectric 
program counter (matrix index} 
program counter (matrix index} 
Ai squared 
angle of matchot. cntr. & horizontal 
offset angle of matchot .. cntr .& horizontal 
dummy variable 
dummy variable 
permittivity of dielectric +1 
dummy variable 

TABLE J. 18 

variable 
type 

I 
I 

R*16 
I 
I 
I 

R*16 
R*16 
R*16 
R*16 
R*16 
R*16 
R*16 

Variables used in Subroutine PLACE 

variable description type 

program counter (matrix index) I 
total number of Fourier terms I 
no. of present potential wire I 
no. of present source wire I 
prod of NF * no. of wires I 
lan2:e potential matrix comprised of O's R*16 
pro\!1 a111 cotmter (matrix index) I 

149 

input 
output 
type 

PC 
PC 
PV 
PI 
PC 
PC 
PC 
PI 
PI 
PV 
PV 
PI 
PV 

input I 
i 

output ' 

tvoe 
PC 
PI 
PI 
PI 
PI 
PO 
PC 



variable 
name 

PI 
EPS 
A3 

NWH 
CONF 
MNW 

NW 
IROW 

NF 
IL 
J 

LO 
Ai 
A2 
K 

NFC 
RD1 
01 

IOPT 
PCG 
CER 

RC 
RD 

MSUM 
I 

CG 
II 

IREF 
A3 
PD1 

J 
NW12 
NWi 

- CT[ 
- JJ 

TABLE J .19 
Variables used in Subroutine SUM 

description 

variable assigned to pi 
variable assinged to value of permittivity 
dummy variable 
no. of wires above the 12:nd. plane 
variable assigned to type of configuration 
dummy var. for wires (depends on conf) 
number of wires in the svstem 
dummy variable assigned to row 
no. of Fourier tenns 
program counter (matrix index) 
program counter (matrix index) 
no. of Fourier tenns * no. of wires 
dummy variable 
dummy variable 
program counter (matrix index) 
no. of Fourier terms around the conductor 
reduced D 1 matrix (gnd. present) 
potential matrix 
variable assigned to type of configuration 
general capacitance matrix (gnd. present) 
pennitti vity of dielectric in coax cable 
conductor radiLIS 
dielectric radiLIS 
used to add certain tenns in matrix 
program counter(matrix index) 
generalized capacitance matrix 
pro~1 arn counter (matrix index) 
variable assigned to reference wire 
dummy variable 
potential matrix when ~d. plane is oresnt 
program counter (matrix index) 
NW1 sauared 
no. of wires less reference wire 
transmission line capacitance matrix 
Program counter (matrix index) 
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variable input 

type output 
type 

R*16 PV 
R*16 PV 
R*16 PV 

I PV 
char*i PI 

I PV 
I PI 
I PC 
I PI 
I PV 
I PV 
I PI 

R*16 PV 
R*16 PV 

I PC 
I PI 

R*16 PI 
R*16 PI 

char*i PI 
R*16 PO 
R*16 PI 
R*16 PI 
R*16 PI 
R*16 PV 

I PC 
R*16 PO 

I PC 
I PI 

R*16 PY 
R*16 PV 

I PC 
I PI 
I PI 

R*16 PO 
I PC 



variable 
name 

NWH 
NW 
NP 
NF 
NK 

NN 
N 
MP 
I 
J 

RD1 
Di 

variable 
name 

K 
I 
J 

NWH 
PCTL 

PCG 

TABLE J .20 
Variables used in Subroutine P 1 

description 

no. of wires above 2:round plane 
no. of wires (real and ima2:e) 
pro2:ram counter (matrix index) 
total no. of Fourier terms 
program counter (matrix index) 
program counter (matrix index) 
program counter (matrix index) 
program counter (matrix index) 
pro2:ram counter 
pro2:ram counter 
reduced Di matrix when 2:nd plane present 
potential matrix comorixed of D's 

TABLE J .21 

variable 
type 

I 
I 
I 
I 
I 
I 
I 

. I 
I 
I 

R*16 
R*16 

Variables used in Subroutine PLANE 

variable description type 

program counter (matrix index) I 
pro2:ram counter (matrix index) I 
program counter (matrix index) I 
no. of wires above the 2:nd. plane I 
transmission line cao matrix 2:nd. present R*16 
generalized cao. matrix 2:nd. present R*16 

lSt 

input 
output 
tvoe 

PV 
PI 
PC 
PI 
PC 
PC 
PC 
PC 
PC 
PC 
PO 
PI 

input 
output 
tvoe 

PC 
PC 
PC 
PI 
PO 
PI 



variable 
name 

D 
NK 
N 
K 
L 
M 
A 

BIGA 
IZ 
IJ 
J 
KI 

HOLD 
JI 
I 

JK 

variable 
name 

A 
M 
N 
B 

TABLE J .22 
Variables used in Subroutine MINV 

description variable 
type 

resultant of determinant 

vector storin indices 
i ut matrix which inverted then out uted 

m counter (matrix index) 

TABLE J .23 
Variables used in Subroutine MPRT 

R*i6 
I 
I 
I 
I 
I 

R*16 
R*16 

I 
I 
I 
I 

R*16 
I 
I 
I 

description variable 
type 

in ut matrix to be rinted R*16 
number of rows in A I 
number of columns in A I 
literal in ut of title (hollerith form) CHAR 
no. of characters in B I 

m counter I 
m counter matrix index) I 

I 
I 

j ,....., 

.. .J..:. 

input 
output 
t e 

PO 
PC 
PI 
PC 
PI 
PI 

PI/0 
PV 
PC 
PC 
PC 
PC 
PV 
PC 
PC 
PC 

input 
output 
t e 

PI FO 
PI 
PI 
PV 
PC 
PC 
PC 
PC 
PC 
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APPENDIX K 

The following is a listing of the FORTRAN capacitance model. 

0001 
0002 
0003 
ooo 4 
ooos 
0006 C 
0007 C 
oooa c 
0009 C 
0010 C 
0011 C 
0012 C 
0013 C 
0014 C 
0015 C 
0016 C 
0017 C 
0018 C 
0019 C 
0020 C 
0021 C 
0022 C 
0023 C 
0024 C 
0025 C 
0026 C 
0027 C 
0028 C 
0029 C 
0030 C 
0031 C 
0032 C 
0033 C 
0034 C 
0035 C 
0036 C 
0037 C 
0038 C 

039 C 
40 C 
41 C 
42 . C 
43 c 
44 c 

S C 
CS C 
7 C 

C 
C 
C 
C 
C 
C 
C 
C 
C 

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 
NFC 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 

Dl(NW*NF,NW*NF) LARGE MATRIX DIMENSION IN MAIN PROGRAM 
BUT IS DIMENSIONED AS Dl((NW*NF)**2) IN SUBROUTINE CAP 

LT(2*NF*NW) SIZE OF WORKING VECTOR 
SCR((NF*NW+l)/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. 



0057 
oosa 
0059 
0060 
006 l 
0062 
0063 
0064 
006 5 
0066 
0067 
0068 
0069 
0070 
0071 
0072 
0073 
0074 
0075 
0076 
0077 
0078 
0079 
0080 
0081 
0082 
0083 
0084 
0085 
0086 
0087 
0088 
0089 
0090 
0091 
0092 
0093 
0094 
0095 
096 
097 
098 
099 

00 
101 
102 
03 
04 
05 ., 

7 • 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

C 
C 
C 
C 
C 
C 
s 
10 

15 

20 

25 

30 
35 
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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 ) , Y ( 10, 10) , RC ( 10 ) , RD ( 10) , ER ( l O) , 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*l6 C(64),C1(49),D(82,82),Dl(496,496) 
REAL*l6 RL(49),RPL(64),X(8,8),Y(8,8),PD1(8) 
REAL*l6 ER(8),H(8),PCTL(64),WRD(8) 
REAL*l6 RC(8),RD(8),CER,DET,WRC(8) 
REAL*l6 SAC1(49),Z(49),RLB(49),ZB(49),SAPCTL(64),ZP(64) 
REAL*l6 RPLB(64),ZPB(64),RCL(49),ZC(49),ZCB(49),RCLB(49) 
REAL*l6 RCB(49),RD1(88,88),PCG(8,8) 
DIMENSION LT(992),SCR(248) 
CHARACTER*l CONF 
EQUIVALENCE (SCR(l),LT(l)) 

FOLLOWING ROUTINE INPUTS PARAMETERS TO THE PROGRAM FROM THE 
SCREEN 

THIS ROUTINE ENTERS CONFIGURATION OPTIONS 

WRITE(6,10) 
FORMAT(/,lSX,'SELECT WIRING CONFIGURATION FROM 

+ THE FOLLOWING LIST', 
+/,5X,'WIRE BUNDLE (B)', 
+/,5X,'MULTI-CONDUCTOR COAX CABLE (C)', 
+/,SX,'WIRE BUNDLE OR RIBBON CABLE OVER A GROUND PLANE (P).' 
+/,SX,'RIBBON CABLE (R)', 
+/,SX,'SHIELDED RIBBON CABLE OR WIRE BUNDLE (NOT YET AVAILABLE 
+ ( s) , , 
+/,SX,'TWISTED PAIR (NOT YET AVAILABLE) (T)', 
+/,SX,'ENTER TYPE OF CONFIGURATION: (B),(C),(P),(R),(S),OR,(T) 
+ CONF• ',$) 

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(/,lSX,'NOTE: SELECT FROM THE FOLLOWING OPTIONS',// 



0116 
0117 
0118 
0119 
0120 
0121 
0122 
0123 
0124 
012s 
0126 
0127 
0128 
0129 
0130 
0131 
0132 
0133 
0134 
0135 
0136 
0137 
0138 
0139 
0140 
1141 
1142 
1143 
1144 
1145 
1141 
1147 
'141 

Ct 

40 

45 

so 

55 

60 

65 

70 

75 

80 
85 

90 

+,lOX,'IOPT•l IMPLIES DIELECTRIC COATED WIRES' ,/,lOX,'NOTE: 
+ SELECT THIS OPTION IF',/17X,'(B),(P),(R),(S), OR (T) WAS 
+SELECT!:D' , / / 
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+,10X,'IOPT•2 IMPLIES BARE WIRES',/,lOX,'NOTE: SELECT THIS OPTION 
+ IF (C) WAS SELECTED',/,17X,' OR INDUCTANCE MATRIX IS DESIRED',/) 

WRITE(6,40) 
FORMAT(5X,'ENTER OPTION (IOPT)• ',$) 
READ(S,*)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) 
FORMAT(/,25X,'NOTE: THE SHIELD OF THE COAX CABLE OR WIRE BUNDLE 

&',/,25X,'IS ASSUMED TO BE A WIRE THAT IS NOT STRANDED') 
WRITE(6,60) 
FORMAT(//,SX,'ENTER # OF WIRES INCLUDING SHIELD NW•',$) 
READ( 5, * )NW 
.ELSE 
WRITE(6,65) 
FORMAT(//,SX,'ENTER # OF WIRES (NW)• ',$) 
READ(S,*)NW 
END IF 
IF(CONF.EQ.'P') NW•2*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(SX,'NUMBER OF WIRES SELECTED OUT OF RANGE.',/,SX, 

&'PROGRAM DIMENSION STATEMENTS MUST BE MODIFIED.') 
GO TO 50 
END IF 
END IF 
WRITE(6,85) 
FORMAT(SX,'ENTER t OF COSINE OR SINE TERMS AROUND THE CONDUCTOR 

+',/,SX,'(I.E. THE t OF HARMONICS AROUND THE CONDUCTOR NBC) • ',$) 
READ(S,*)NHC 
IF(NHC.GT.20) THEN 
WRITE(6,90) 
FORMAT(//,lSX,'INCORRECT INPUT, VALUE SELECTED EXCEEDS 

& PROGRAM DIMENSIONS.',/, 
&lSX,'PROGRAM DIMENSION STATEMENTS MUST BE MODIFIED') 

GO TO 80 
END IF 
IF(IOPT.EQ.1) THEN 
WRITE:(6,105) 
FORMAT(SX,'ENTER # OF COSINE OR SINE TERMS AROUND THE 

+DIELECTRIC',/,SX,'(I.E. THE# OF HARMONICS AROUND THE DIELECTRIC 
+NBD)• ',$) 

REAI>(S,*)NBD 
IF(CONF . .EQ.'S') THEN 
IF(NBD.EQ.NBC) TB.EN 



Ol 7 4 
ol 75 
ol 7 6 
Ol 77 
ol 78 
Ol 79 
Ol80 
0181 
0182 
0183 
0184 
0185 
0186 
0187 
0188 
0189 
0190 
0191 
0192 
0193 
0194 
0195 
0196 
0197 
1198 
1199 
1200 
1201 
1202 
1203 
1204 
1205 
12H 
lll7 • 
• 
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WRITE(6,106) 
106 FORMAT(SX,'NOTE: IF NHC IS AN 000 NUMBER THEN NHC SHOULD',/,SX, 

&'BE EVEN ANO ONE GREATER THAN NHC. REENTER NEW VALUES') 
GO TO 80 
END IF 
END IF 
IF(NHD.GT.20) THEN 
WRITE(6,110) 

110 FORMAT(//,lSX,'INCORRECT INPUT, VALUE SELECTED EXCEEDS 

C 

&DIMENSION.',/,lSX,'PROGRAM DIMENSION STATEMENTS MUST BE MODIFIED') 
GO TO 100 
END IF 
END IF 

C NFC•NO. OF COSINE+ SINE TERMS+ AVG. TERM AROUND CONDUCTOR 
C NFD•NO. OF COSINE+ SINE TERMS+ AVG. TERM AROUND DIELECTRIC 
C 

C 

IF(CONF.EQ.'R') THEN 
NFC•NHC+l 
NFD•NHD+l 
ELSE 
NFC•2*NHC+l 
NFD•2*NHD+l 
END IF 
IF(IOPT.EQ.l) THEN 
NF•NFC+NFD 
ELSE IF(IOPT.EQ.2) THEN . 
NF•NFC 
END IF 

C MDl•DIMENSION FOR C MATRIX 
C MD2•DIMENSION FOR Cl,RL,SACl,Z,RLB,ZB,RCL,ZC,ZCB,RCLS, 
C RCB MATRICES 
C MD3•DIMENSION FORD SUBMATRIX 
C MD4•DIMENSION FOR Cl MATRIX NOTE: THAT Dl IS ALSO 
C DIMENSION AS (NW*NF)**2 WHICH IS MD8 
C MDS•DIMENSION FOR LT VECTOR 
C MD6•DIMENSION FOR SCR VECTOR 
C MD7•DIMENSION FOR RPL,PCTL,CAPCTL,ZP,RPLB,ZPB MATRICES 
C MDS•DIMENSION OF Dl 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 
NWB•NW/2 
CALL WINFO(RC,RD,NW,CONF,NS,NX,SMRC,WRC,WRD) 
CER•l.OQO 
IF(IOPT.EQ.l) THEN 

CALL DINFO(NW,RD,WRD) 
CALL RPINFO(NW,ER) 
END IF 
IP(CONF.EQ.'C') THEN 
WRITE(6,115) 



0233 
0234 
0235 
0236 
0237 
0238 
0239 
0240 
0241 
0242 
0243 
0244 
0245 
0246 
0247 
0248 
0249 
0250 
0251 
0252 
0253 
0254 
0255 
0256 
0257 
0258 
0259 
12&0 
2'1 
1'2 
2U 

1214 
12'5 
UH 

7 

•• t 

' 

115 

120 

125 

130 

135 

140 
145 

150 
155 

160 

165 

170 
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FORMAT(SX,'ENTER THE RELATIVE PERMITIVITY OF THE DIELECTRIC', 
+/,SX,'INSIDE THE COAX CABLE. CER• ',$) 

READ(S,*)CER 
END IF 
CALL SIZE(SMRC,AAl,NW,RC,RO,IOPT,IREF) 
IF(CONF.EQ.'R') THEN 
CALL RGENXY(NW,AAl,X,Y,SEP) 
ELSE IF(CONF.EQ.'B') THEN 
CALL BGENXY(NW,AAl,X,Y,IREF) 
ELSE IF(CONF.EQ.'C'.OR.CONF.EQ.'S') THEN 
CALL CGENXY(NW,AAl,X,Y,IREF) 
ELSE IF(CONF.EQ.'P') THEN 
CALL PGENXY(NW,AAl,X,Y,IREF,H) 
END IF 
IF(CONF.EQ.'P') GO TO 130 
WRITE(6,120) 
FORMAT(5X,'IS THE REFERENCE NUMBER THE SAME AS THE GROUND',/ 

+,SX,' 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.1) THEN 
WRITE(6,l35)NW,NHC,NHD,NHC,NBD,NFC,NFD 
FORMAT('l',80('*'),//,6X,'GENERALIZED ANO TRANSMISSION LINE CAP 

+ACITANCE MATRIX PARAMETERS',//,6X,'CONOITIONS:',/ 
+,11X,I3,' WIRES',/ 
+,11X,I3,' 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(NFO-NFC)l40,150,150 
WRITE(6,145)NFC 
FORMAT(/,' ***ERROR*** NUMBER OF COEFFICIENTS AROUND CONDUCTOR G 

+IVEN GREATER THAN NUMBER AROUND DIELECTRIC.',/,14X,'BOTH SET EQU 
+AL TO ' , I 3 , ' • ' , / ) 

NFD•N!'C 
WRITE(6,155) 
FORMAT(/,24X,'PHYSICAL CHARACTERISTICS:',//,lOX,'CONOUCTOR 

+',15X,'DIELECTRIC',19X,'RELATIVE',/,12X,'RADIUS',19X,'RADIUS 
+' ,20X,'DIELECTRIC',/,63X,' CONSTANT',/) 

DO 165 J•l,NW 
WRITE(6,160)J,WRC(J),J,WRD(J),J,ER(J) 

FORMAT(3X,'RC(',I2,')• ',lPEl0.3,' (METERS)',lX, 
+'RO(',I2,')• ',El0.3,' (METERS)',lX, 
+'ER( ',I2,' )• ',lX,El0.3,/) 

CONTINUE 
ELSE IF(IOPT.EQ.2) THEN 
WRITE(6,170)NW,NHC,NBC,NFC 
FORMAT('l',80('*'),//,6X,'GENERALIZED AND TRANSMISSION LINE 

+CAPACITANCE MATRIX PARAMETERS',//,6X,'CONDITIONS:' ,/ 
+,llX,I3,' WIRES ',/ 
+,llX,I3,' COSINE TERMS AROUND THE CONDUCTOR',/ 
+,11X,I3,' SINE TERMS AROUND THE CONDUCTOR',/ 
+,11X,I3,' FOURIER COEFFICIENTS AROUND THE CONDUCTOR') 

WRITE(6,175) 
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FORMAT(/,24X,'PHYSICAL CHARACTERISTICS:',/,lOX,'CONDUCTOR RAD 
+IUS' ,/) 

DO 185 J•l,NW 
WRITE(6,180)J,WRC(J) 

FORMAT(3X,'RC(' ,I2,')• ',lPEll.4,' (METERS)',/) 
CONTINUE 
END IF 
CALL CAP(NW,NFC,NFD,NF,RC,RD,ER,IREF,IOPT,C,Cl,D,Dl,SCR,LT 

+,NHC,NHD,X,Y,MDl,MD2,MD3,MD4,MD5,MD6,MD7,MD8,MD9,MD10,PCTL 
+,CONF,PDl,CER,RDl,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,NWl,NWl,'TRANSMISSION LINE CAPACITANCE',29) 
KN•l 
DO 190 I•l,NWl 
DO 190 J•l,NWl 
SACl(KN)•Cl(KN) 
KN•KN+l 
CONTINUE 
ELSE 
CALL MPRT(C,NW,NW,'GENERALIZED CAPACITANCE FOR BARE WIRES',38) 
CALL MPRT(Cl,NWl,NWl,'TRANSMISSION LINE CAPACITANCE FOR 

&BARE WIRES',44) 
ON•l 
DO 205 I•l,NWl 
DO 205 J•l,NWl 
SACl(ON)•Cl(ON) 
ON•ON+l 
CONTINUE 
CALL MINV(Cl,NWl,DET,LT(l),LT(NWl+l)) 
MN•l 
DO 210 I•l,NWl 
Do· 210 J•l,NWl 
RLB(MN)•l.1126497Q-17*Cl(MN) 
MN•MN+l 
CONTINUE 
CALL MPRT(RLB,NWl,NWl,'TRANSMISSION LINE INDUCTANCE',28) 
END IF 
ELSE IF(CONF.EQ.'P') THEN 
NWH•NW/2 
Ir(IOPT.EQ.l) THEN 
CALL MPRT(PCTL,NWB,NWB,'TRANSMISSION LINE CAPACITANCE 

+ OVER A GROUND PLANE' ,49) 
KL•l 
DO 220 I•l,NWB 
DO 220 J•l,NWB 
SAPCTL(KL)•PCTL(KL) 
KL•KL+l 
CONTINUE 
ELSE IF(IOPT.EQ.2) THEN 
NWH•NW/2 
~L MPRT(PCTL,NWB,NWB,'TRANSMISSION LINE CAPACITANCE OF BARE 

' WIRES OVER A GND. PLANE' ,61) 
KP•l 
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DO 235 I•l,NWH 
DO 235 J•l,NWH 
SAPCTL(KP)•PCTL(KP) 
KP•KP+l 
CONTINUE 
CALL MINV(PCTL,NWH,DET,LT(l),LT(NWH+l)) 
KO•l 
DO 240 I•l,NWH 
DO 240 J•l,NWH 
RPLB(KO)•l.1126497Q-17*PCTL(KO) 
KO•KO+l 
CONTINUE 
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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,NWl,NWl,'SHIELDED WIRE CAPACITANCE MATRIX',34) 
IF(IOPT.EQ.1) THEN 
KR•l 
DO 250 I•l,NWl 
DO 250 J•l,NWl 
SACl(KR)•Cl(KR) 
KR•KR+l 
CONTINUE 
ELSE 
KS•l 
DO 251 I•l,NWl 
DO 251 J•l,NWl 
SACl(KS)•Cl(KS) 
KS•KS+l 
CONTINUE 
CALL MINV(Cl,NWl,DET,LT(l),LT(NWl+l)) 
KT•l 
DO 252 I•l,NWl 
DO 252 J•l,NWl 
Cl(KT)•Cl(KT) 
RCL(KT)•l.1126497Q-17*Cl(KV) 
KT•KT+l 
CONTINUE 
CALL MPRT(RCL,NWl,NWl,'SHIELDED TRANS. LINE INDUCTANCE MATRIX' 

&,38) 
END IF 
ELSE IF(CONF.EQ.'C') THEN 
CALL MPRT(C,NW,NW,'GENERALIZED COAX CAPACITANCE',28) 
CALL MPRT(Cl,NWl,NWl,'COAX CAPACITANCE MATRIX',23) 
KU•l 
DO ·26 5 I•l, NWl 
DO 265 J•l,NWl 
SACl(KU)•Cl(KU) 
KU•KU+l 
CONTINUE 
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CALL MINV(Cl,NWl,OET,LT(l),LT(NWl+l)) 
KV•l 
00 270 I•l,NWl 
00 270 J•l,NWl 
Cl(KV)•Cl(KV)*CER 
RCLB(KV)•l.1126497Q-17*Cl(KV) 
KV•KV+l 
CONTINUE 

160 

CALL MPRT(RCLB,NWl,NWl,'COAX TRANS. LINE INDUCTANCE MATRIX',34) 
END IF 
ENO 
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THIS SUBROUTINE ALLOWS THE USER TO ENTER INFORMATION CONCERNING 
THE VARIOUS TYPES OF WIRES TO THE PROGRAM FROM THE SCREEN 

SUBROUTINE WINFO(RC,RD,NW,CONF,NS,NX,SMRC,WRC,WRD) 
REAL*l6 SMRC,AAl 
REAL*l6 RC(NW),RD(NW),WRC(NW),WRD(NW) 
CHARACTER*l PRMPTl,PRMPT2,PRMPT3 
CHARACTER*l PRMPT5,PRMPT6,CONF 
IF(CONF.EQ.'S'.OR.CONF.EQ.'C') THEN 
WRITE(6,5) 
FORMAT(/SX,'ARE ALL WIRES SOLID INSIDE SHIELD? ENTER Y/N • ,$) 
READ(5,6)PRMPT1 
FORMAT(Al) 

ELSE 
WRITE(6,10) 
FORMAT(/SX,'ARE ALL WIRES SOLID? ENTER Y/N ',$) 
READ(5,20)PRMPT1 
FORMAT(Al) 

END IF 
IF(PRMPTl.EQ.'N') THEN 
WRITE(6,30) 
FORMAT(SX,'ARE ALL WIRES STRANDED? ENTER Y/N' $) 
READ(5,40)PRMPT2 
FORMAT(Al) 
IF(PRMPT2.EQ.'N') THEN 
WRITE(6,50) 
FORMAT(SX,'ENTER # OF .WIRES THAT ARE STRANDED NS•',$) 
READ(S,60)NS 
FORMAT( I2) 
WRITE(6,70) 
FORMAT(SX,'DO ALL STRANDS HAVE SAME RADIUS? ENTER 

&Y/N ', $) 
READ(S,80)PRMPT3 
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) 
FORMAT(SX,'DO REMAINING SOLID WIRES HAVE TBE SAME 

&RADIUS? ENTER Y/N ', $) 
READ(5,100)PRMPT4 
FORHAT(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 
WRITE(6,110) 
FORMAT(SX,'00 STRANDS HAVE THE SAME RADIUS? ENTER Y/N' $) 
READ(5,120)PRMPT5 
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) 
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FORMAT(SX,'00 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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SUBROUTINE FOR INPUTING THE DIELECTRIC RADIUS 

SUBROUTINE DINFO(NW,RD,WRD) 
CHARACTER*l PRMPT8,PRMPT9 
REAL*l6 RD(NW),WRD(NW) 
INTEGER NW,NO,INO 
REAL*l6 XRD 
WRITE(6,10) 
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FORMAT(/,SX,'ARE ALL DIELECTRIC RADII THE SAME? ENTER Y/N ',$) 
READ(S,20)PRMPT8 
FORMAT(Al) 
IF(PRMPT8.EQ.'Y') THEN 

ROUTINE FOR ENTERING DIELECTRIC RADII IF THEY ARE THE SAME 

WRITE(6,30) 
FORMAT(/,lSX, 'NOTE: THE RADIUS OF DIELECTRIC IS 'THE 

+' ,/,21X,'RADIUS FROM THE CENTER OF THE 
+' ,/,21X,'CONDUCTOR TO THE OUTER EDGE OF 
+' ,/,21X,'THE DIELECTRIC',/) 

WRITE(6,40) 
FORMAT(SX,'ENTER RADIUS OF DIELECTRIC (RD)• ',$) 
READ(S,*)XRD 
DO 60 I•l,NW 
RD(I)•XRD 
WRD(I)•XRD 
WRITE(6,SO)I,RD(I) 
FORMAT(SX, 'RD(' ,I2,' )• ',Ell.4) 
CONTINUE 
ELSE 

ROUTINE ENTERING DIELECTRIC RADIUS IF THEY ARE DIFFERENT 

DO 160 II•l ,NW 
IF(II.EQ.l) THEN 
WRITE(6,70) 
FORMAT(/,SX,'ENTER WIRE# NO.•',$) 
READ(S,80)NO 
FORMAT(I2) 
WRITE(6,90)NO,NO 
FORMAT(SX,'ENTER RADIUS OF DIELECTRIC OF WIRE(',I2,')' 

& , /, 2 SX, ' RD ( ' , I 2 , ' ) • ' , $ ) 
READ(S,*)RD(NO) 
WRD(NO)•RD(NO) 

ELSE 
INO•NO 
WRITE(6,100) 
FORMAT(SX,'ENTER WIRE# NO.•',$) 
READ ( 5 , 110 ) NO 
FORMAT(I2) 
WRITE(6,120)NO,INO 
FORMAT( SX, 'IS RD(' ,I2,' )•RD(' ,I2,') ?' ,/,SX, ' 

+ ENTER Y/N ',$) 
READ(S,l30)PRMPT9 
FORMAT(Al) 
IF(PRMPT9.EQ.'Y')THEN 

RD(NO)•RD(INO) 
ELSE 

WRITE(6,l40)NO,NO 
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0061 140 FORMAT(5X,'ENTER RADIUS OF DIELECTRIC OF WIRE(',I2,')' 
Q062 &,/,25X,' RD(',I2,')• ',$) 
0063 READ(5,*)RD(NO) 
0064 WRD(NO)•RD(NO) 
0065 END IF 
0066 END IF 
0067 WRITE(6,150)NO,RD(NO) 
Q068 150 FORMAT(5X,'RD(',I2,')• ',El0.3) 
0069 160 CONTINUE 
Q070 END IF 
0071 RETURN 
0072 END 
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SUBROUTINE RPINFO FOR ENTERING THE RELATIVE PERMITTIVITY 
OF EACH WIRE 

SUBROUTINE RPINFO(NW,ER) 
REAL*l6 ER(NW) 
INTEGER INO,NO 
CHARACTER*l PRMPT10,PRMPT11 
REAL*l6 XER 
WRITE(6,10) 
FORMAT(/,SX,'IS THE RELATIVE PERMITIVITY THE SAME 

+ FOR ALL WIRES? ENTER Y/N ',$) 
READ(5,20)PRMPT10 
FORMAT(Al) 
IF(PRMPTlO.EQ.'Y') THEN 

THIS ROUTINE FOR ENTERING RELATIVE PERMITTIVITY 'IF IT IS 
THE SAME 

WRITE(6,30) 
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FORMAT(SX,'ENTER RELATIVE PERMITIVITY OF DIELECTRIC ER•',$) 
READ( 5, * )XER 
DO 50 I•l,NW 
ER(I)•XER 
WRITE(6,40)I,ER(I) 
FORMAT(SX,'ER(',I2,')• ',Ell.4) 
CONTINUE 
ELSE 

THIS ROUTINE FOR ENTERING THE RELATIVE PERMITTIVITY IF DIFFERENT 

DO 150 II•l,NW 
IF(II.EQ.1) THEN 
WRITE(6,60) 
FORMAT(/,SX,'ENTER WIRE i NO.•',$) 
READ(5,70)NO 
FORMAT(I2) 
WRITE(6,80)NO,NO 
FORMAT(SX,'ENTER THE RELATIVE PERMITIVITY OF ',/,SX,' 

&WIRE(',I2,') ER(',I2,')• ',$) 
READ(S,*)ER(NO) 

ELSE 
WRITE(6,90) 
FORMAT(SX,'ENTER WIRE i NO.•',$) 
READ(S,lOO)NO 
FORMAT(I2) 
WRITE( 6,110 )MO, INC 
FORMAT(SX,'IS ER(' ,I2,')•ER(',I2,') ?' ,/,SX,' 

& ENTER Y/N ' , $) 
READ(5,120)PRMPT11 
FORMAT(Al) 
IF(PRMPTll.EQ.'Y')THEN 

ER(NO)•ER(INO) 
WRITE(6,l25)NO,ER(NO) 
FORMAT ( SX, 'ER ( ' , I 2 , ' ) • ' , El O • 3 ) 

ELSE 
WRITE(6,l30) 

FORMAT(SX,'ENTER RELATIVE PERMITIVITY OF WIRE(' ,I2,') 
r. ER(',I2,')• ',$) 

READ(S,*)ER(NO) 
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WRITE(6,140)NO,ER(NO) 
FORMAT ( SX, 'ER ( ' , I 2, ' ) • ' , El O. 3) 
END IF 

END IF 
INO=-NO 

CONTINUE 
END IF 
RETURN 
END 
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SUBROUTINE SIZE SIZES THE RELATIVE MEASUREMENTS TO THAT OF 
THE SMALLEST RADIUS OF THE CONDUCTORS TO MINIMIZE COMPUTAT~ONAL 
ERRORS 

SUBROUTINE SIZE(SMRC,AAl,NW,RC,RO,IOPT,IREF) 
INTEGER NW,NJ 
REAL*l6 SMRC,AAl,RC(NW),RD(NW) 
NJ•-1.0QO*QLOGlO(SMRC) 

AAl•lO**NJ 
IREF•l 

DO 10 K•l,NW 
RC(K)•RC(K)*AAl 
RD(K)•RD(K)*AAl 

CONTINUE 
RETURN 
END 
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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*l6 RSTD , RC(NS),SMRC,XRC,WRC(NS) 
INTEGER NS,NO,INO,NW,NSTD 
CHARACTER*l CONF 
WRITE(6,10)NW,NS 
FORMAT( // ,SX,'TOTAL NUMBER OF WIRES NW•' ,I2,/, 

&SX,'TOTAL NUMBER OF STRANDED WIRES NS•' ,I2) 
IF(CONF.EQ.'C') THEN 
WRITE(6,20) 
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FORMAT(/,SX,'ENTER INSIDE RADIUS OF COAX SHIELD RCX• ',$) 
READ(S,*)RCX 
END IF 
IF(CONF.EQ.'S') THEN 
WRITE(6,2l) 
FORMAT(/,SX,'ENTER INSIDE RADIUS OF SHIELD RCX• ',$) 
READ(S,*)RCX 
END IF 
IF(NS.LE.0) NS•NW-1 
WRITE(6,30) 
FORMAT(//,SX,'ENTER STRANDED WIRE INFORMATION') 

WRITE(6,40) 
FORMAT(/,SX,'ENTER RADIUS OF ONE STRAND OF WIRE 

& RSTD• ',$) 
READ(S,*)RSTD 
WRITE(6,60) 
FORMAT(SX,'ENTER # OF STRANDS NSTD• ',$) 
READ(S,*)NSTD 

IF(NSTD.EQ.7.0R.NSTD.EQ.10.0R.NSTD.EQ.19. 
&OR.NSTD.EQ.26.0R.NSTD.EQ.37.0R.NSTD.EQ.41. 
&OR.NSTD.EQ.65) THEN 

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. IF VALUE',/, 
&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 

XRC•3.0*RSTD 
XRC:a4.0*RSTD 
XRC•S.O*RSTD 
XRCa6.0*RSTD 
XRCa7.0*RSTD 
XRC•8.0*RSTD 
XRC•9.0*RSTD 
THEN 

IF(CONF.EQ.'C'.OR.CONF.EQ.'S') THEN 
RC(l)•RCX 
WRC(l)•RCX 
IF(CONF.EQ.'C') THEN 
WRITE(6,90)RC(l) 



0061 90 FORMAT(/,5X,'INSIDE RADIUS OF COAX CABLE RC(l)• ',El0.3 0062 ELSE 
0063 WRITE(6,9l)RC(l) 
0064 91 FORMAT(/,5X,'INSIDE RADIUS OF SHIELD RC(l)• ', El0. 3) 0065 END IF 
0066 END IF 
0067 DO 110 JJ•l,N 
0068 IF(CONF.EQ.'C'.OR.CONF . EQ.'S') THEN 0069 K•JJ+l 
0070 ELSE 
0071 K•JJ 
0072 END IF 
0073 RC(K)•XRC 
0074 WRC(K)•XRC 
0075 WRITE(6,100)K,RC(K) 
0076 100 FORMAT(5X,'RC(',I2,')a ',El0.3) 
0077 SMRC•RC(K) 
0078 110 CONTINUE 
0079 RETURN 
0080 END 
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SUBROUTINE DIFSTD IS USED FOR ENTERING STRANDED WIRE 
INFORMATION IF THE DIMENSIONS OF THE STRANDS ARE OF 
DIFFERENT DIMENSIONS 

SUBROUTINE DIFSTD(NW,NS,SMRC,RC,CONF,WRC) 
REAL*l6 RSTD,RC(NS),SMRC,WRC(NS) 
INTEGER NS,NO,INO,NSTD 
CHARACTER*! PRMPT7,CONF 
IF((NW-NS).EQ.0) THEN 
N•NW 
ELSE 
N•NS 
END IF 
DO 170 JJ•l,N 
IF(JJ.EQ.l) THEN 
IF(CONF.EQ.'C'.OR.CONF.EQ.'S') THEN 
IF(CONF.EQ.'C') THEN 
WRITE(6,10) 
FORMAT(SX,'ENTER INSIDE RADIUS OF COAX CABLE RCX• ',$) 
READ(S,*)RCX 
ELSE 
WRITE(6,11) 
FORMAT(SX,'ENTER INSIDE RADIUS OF SHIELD RCX• ',$) 
READ(S,*)RCX 
END IF 
RC(JJ)•RCX 
WRC(JJ)•RCX 
WRITE(6,20)JJ,RC(JJ) 
FORMAT(SX,'RC(',I2,')• ',El0.3) 
END IF 

WRITE(6,30) 
FORMAT(/,SX,'ENTER WIRE# NO.•',$) 
READ(5,40)NO 
FORMAT(I2) 

ELSE 
INO•NO 
WRITE(6,50) 
FORMAT(SX,'ENTER WIRE# NO.•',$) 
READ(5,60)NO 
FORMAT(I2) 
WRITE(6,70)NO,INO 
FORMAT(SX,'IS THE CHARACTERISTICS OF WIRE(',I2,')• 

+WIRE(',I2,').',/,SX,'ENTER Y/N ', $) 
READ(5,80)PRMPT7 
FORMAT(Al) 
IP(PRMPT7.EQ.'Y') TilEN 

RC(NO)•RC(INO) 
WRC(NO)•RC(INO) 
GO TO 130 

END IF 
END IF 

WRITE(6,90)NO 
FORMAT(SX,'ENTER RADIUS OF ONE STRAND OF WIRE(',I2,') 

&RSTD• ', $) 
READ(S,*)RSTD 
WRITE(6,110)NO 
FORMAT(SX,'ENTER # OF STRANDS OF WIRE(',I2,') NSTD• 

& , , $) 

READ(S,*)NSTD 

170 



171 

0061 IF(NSTD.EQ.7) RC(NO)•3.0*RSTD 
0062 IF(NSTD.EQ.10) RC(NO)•4.0*RSTD 
0063 IF(NSTD.EQ.19) RC(NO)•S.O*RSTD 
0064 IF(NSTD.EQ.26) RC(NO)m6.0*RSTD 
0065 IF(NSTD.EQ.37) RC(NO)•7.0*RSTD 
0066 IF(NSTD . EQ.41) RC(NO)•8.0*RSTD 
0067 IF(NSTD . EQ.65) RC(NO)•9 . 0*RSTD 
0068 IF(NSTD.EQ.7.OR . NSTD.EQ.10 . OR.NSTD.EQ.19. 
0069 &OR . NSTD.EQ.26.OR . NSTD.EQ.37 . OR.NSTD.EQ.41. 
0070 &OR.NSTD.EQ.65) THEN 
0071 GO TO 130 
0072 ELSE 
0073 WRITE(6,120) 
0074 120 FORMAT(5X,'INCORRECT INPUT FOR THE NUMBER OF STRANDS.',/, 
0075 &5X,'INPUT SHOULD BE 7,10,19,26,37,41,OR 65 . IF VALUE',/, 
0076 &5X,'ENTERED IS DIFFERENT TRY AGAIN, OTHERWISE PRGRAM',/, 
0077 &5X,'MUST BE MODIFIED.',//) 
0078 GO TO 100 
0079 END IF 
0080 130 WRITE(6,140)NO,RC(NO) 
0081 140 FORMAT(5X,'RC(',I2,')• ',El0.3) 
0082 IF(RC(INO)-RC(NO))150,150,160 
0083 150 SMRC 2 RC(INO) 
0084 160 CONTINUE 
0085 170 CONTINUE 
0086 RETURN 
0087 END 
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C 
C ROUTINE DIFRAD IS USED FOR ENTERING SOLID WIRE INFORMATION 
C WHERE THE WIRES HAVE THE SAME RADIUS 
C 

SUBROUTINE DIFRAD(NW,NX,RC,SMRC,CONF,WRC) 
REAL*l6 RCX,XRC,SMRC,RC(NW),WRC(NW) 
INTEGER NW 
CHARACTER*l 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-l 
WRITE(6,10)NW,NX 

10 FORMAT(//,SX,'TOTAL NUMBER OF WIRES NW• ',I2, 
. &/,SX,'TOTAL NUMBER OF SOLID WIRES NX• ',I2) 

GO TO 40 
ELSE 
WRITE(6,20)NW,NX 

20 FORMAT(//,SX,'TOTAL NUMBER OF WIRES NW• ',I2, 
&/,SX,'TOTAL NUMBER OF SOLID WRIES NX• ',I2) 

IF(CONF.EQ.'C') THEN 
WRITE(6,30) 

30 FORMAT(/,SX,'ENTER INSIDE RADIUS OF COAX SHIELD RCX• ',$) 
READ(S,*)RCX 
ELSE 
WRITE(6,31) 

31 FORMAT(SX,'ENTER INSIDE RADIUS OF SHIELD RCX• ',$) 
READ(S,*)RCX 
END IF 
END IF 
END IF 

40 IF((NW-NX).EQ.0) THEN 
N•NW 

so 

51 

ELSE 
N•NX 
END IF 
IF(CONF.EQ.'C'.OR.CONF.EQ.'S') THEN 

DO 150 I•l,N 
IF(NX.LT.NW) THEN 
K•I+NX+l 
ELSE 
K•I 
END IF 

IF(IC.EQ.1) THEN 
RC(IC)•RCX 
WRC(K)•RCX 

IF(CONF.EQ.'C') THEN 
WRITE(6,SO)K,RC(K) 
FORMAT(/,SX,'INSIDE RADIUS OF COAX SHIELD• RC(',I2,')• 

& ' , ElO •. 3) 
ELSE 

WRITE(6,Sl)K,RC(K) 
FORMAT(/,SX,'INSIDE RADIUS OF SHIELD• RC(',I2,')• ',El0.3) 

END IF 
WRITE(6,60)I,RC(I) 
FORMAT(/,37X,'RC(',I2,')• ',El0.3) 

ELSE 
WRITE(6,70) 
FORMAT(SX,'ENTER WIRE i NO.•',$) 
READ(S,SO)NO 
F0RMAT(I2) 
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0068 
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0072 
0073 
007 4 
0075 
0076 
0077 
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0079 
0080 
0081 
0082 
0083 
0084 
0085 
0086 
0087 
0088 
0089 
0090 
1091 
I092 
I093 
to94 

s 
6 
7 
8 
9 
0 
1 
2 

90 

100 

110 

120 

130 
140 
150 

160 

170 

180 

190 

200 

210 

220 

230 

240 
250 

WRITE(6,90)NO,K 
FORMAT(SX,'IS RC(' ,I2,')=-RC(' ,I2,')? ENTER Y/N ',$) 
READ(5,100)PRMPT8 
FORMAT(Al) 
IF(PRMPT8.EQ.'Y')THEN 

RC(NO)=-RC(K) 
WRC(NO)=RC(K) 

ELSE 
WRITE(6,110)NO,NO 
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FORMAT(SX,'ENTER RADIUS OF WIRE(' ,I2,') RC(' ,I2,')• ',$) 
READ(S,*)RC(NO) 
WRC(NO)=-RC(NO) 

END IF 
END IF 

NO=-K 
WRITE(6,120)NO,RC(NO) 
FORMAT(5X,'RC( ',I2,')=- ',El0.3) 
IF(RC(K)-RC(NO))l30,130,140 
SMRC=-RC(K) 
CONTINUE 

CONTINUE 
ELSE 
DO 250 I•l,N 
IF(I.EQ.1) THEN 
WRITE(6,160) 
FORMAT(/, 5X, 'ENTER WIRE i NO.=- ', $) 
READ(5,170)NO 
FORMAT(I2) 

ELSE 
INO•NO 
WRITE(6,180) 
FORMAT(SX,'ENTER WIRE i NO.•',$) 
READ(5,190)NO 
FORMAT(I2) 
WRITE(6,200)NO,INO 
FORMAT(SX,'IS RC(',I2,')•RC(',I2,')? ENTER Y/N ',$) 
READ(5,210)PRMPT8 
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(SX,'ENTER RADIUS OF WIRE(',I2,') RC(',I2,')• ',$) 
READ(S,*)RC(NO) 
WRC(NO)•RC(NO) 
WRITE(6,230)NO,RC(NO) 
FORMAT(SX,'RC(',I2,')• ',El0.3) 

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 

SUBROUTINE SAMRAD(NW,NX,NS,RC,SMRC,CONF,WRC) 
REAL*l6 RCX,XRC,SMRC,RC(NW) , WRC(NW) 
INTEGER NW 
CHARACTER*l 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 
FORMAT(//,SX,'TOTAL NUMBER OF WIRES NW• ',I2, 

&/,SX,'TOTAL NUMBER OF SOLID WIRES NX• ',I2) 
GO TO 40 
ELSE 
WRITE(6,20)NW,NX 
FORMAT(//,SX,'TOTAL NUMBER OF WIRES NW• ',I2, 

&/,SX,'TOTAL NUMBER OF SOLID WRIES NX• ',I2) 
IF(CONF.EQ.'C') THEN 
WRITE(6,30) 
FORMAT(/,SX,'ENTER INSIDE RADIUS OF COAX SHIELD RCX• ',$) 
READ(S,*)RCX 
ELSE 
WRITE(6,31) 
FORMAT(/,SX,'ENTER INSIDE RADIUS OF SHIELD RCX• ' , $) 
READ(S,*)RCX 
END IF 
END IF 
END IF 
WRITE(6,50) 
FORMAT(SX,'ENTER RADIUS OF THE CONDUCTOR XRC• ',$) 

READ(S,*)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•l,N 
IF(NX.EQ.NW) THEN 
K•I 
ELSE 
K•I+NS+l 
END IF 

IF(K.EQ.1) THEN 
RC(K)•RCX 
WRC(K)•RCX 

IF(CONF.EQ. 'C') THEN 
WRITE(6,60)K,RC(K) 
FORMAT(/,SX,'INSIDE RADIUS OF COAX SHIELD• RC(',I2,')• 

& ', ElO. 3) 
ELSE 

WRITE(6,6l)K,RC(K) 
FORMAT(/,SX,'INSIDE RADIUS OF COAX SHIELD• RC(',I2,')• 

& ', ElO. 3) 
ENO IF 

WRITE(6,70)K,RC(K) 
FORMAT(/,37X,'RC(',I2,')• ',El0.3) 

ELSE 
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RC(K)•XRC 
WRC(K)•XRC 
SMRC•XRC 
WRITE(6,75)K,RC(K) 
FORMAT(/,37X,'RC(',I2,')• ',El0.3) 

END IF 
CONTINUE 
ELSE 

DO 90 I•l,N 
K•(NW+l)-I 
RC(K)=-XRC 
WRC(K)•XRC 
SMRC=-RC(K) 
CONTINUE 
END IF 

RETURN 
END 

., I , 
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THIS SUBROUTINE AUTOMATICALLY GENERATES THE X AND y 
DISTANCES BETWEEN WIRES FOR A RIBBON CABLE 

SUBROUTINE RGENXY(NW,AAl,X,Y,SEP) 
REAL*l6 X(NW,NW),Y(NW,NW),AAl,SEP 
INTEGER NW 

WRITE(6,10) 

176 

FORMAT(SX,'ENTER CNTR-TO-CNTR SPACING OF CONDUCTORS (SEP) 
&= , , $) 

READ(S,*)SEP 
DO 20 I=l,NW 
DO 20 J•l,NW 
IF(I.LT.J) THEN 
X(I,J)•-1.0QO*SEP*AAl 
Y(I,J)•O.OQO 
X(I,J)•X(I,J)+X(I,J-1) 

ELSE IF(I.EQ.J) THEN 
X(I,J)•O.OQO 
Y(I,J)•O.OQO 

ELSE 
X(I,J)•SEP*AAl 
Y(I,J)•O.OQO 
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*l6 X(NW,NW),Y{NW,NW),AAl,XVALUE,YVALUE 

WRITE{6,10) 

177 

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 nx" AND nyn 
+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 THEY 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•l,NW 
DO 40 J•l,NW 
IF{I.EQ.J) THEN 

X(I,J)•O.OQO 
Y(I,J)•O.OQO 

ELSE IF(I.GT.l.AND.J.LT.I) THEN 
X(I,J)•-1.0QO*X(J,I) 
Y{I,J)•-1.0QO*Y{J,I) 

ELSE IF(I.GT.l.AND.J.GT.I) THEN 
X(I,J)•X(IREF,J)-X(IREF,I) 
Y(I,J)•Y(IREF,J)-Y(~REF,I) 

ELSE 
WRITE(6,20)I,J,I,J 
FORMAT(/,SX,'ENTER THE HORIZONTAL DISTANCE BETWEEN 

& WI RE ( ' , I 2 , ' ) AND WI RE ( ' , I 2 , ' ) ' , /, 2 5 X , ' X ( ' , I 2 , ' , ' , I 2 , ' ) 
&• t I$) 

READ(S,*)XVALUE 
X(I,J)•-1.0QO*AAl*XVALUE 
WRITE(6,30)I,J,I,J 
FORMAT(/,SX,'ENTER THE VERTICAL DISTANCE BETWEEN 

&WIRE(' ,I2,') AND WIRE(' ,I2,') ',/,25X, 'Y( ',I2, ',' ,I2,' 
&)• I,$) 

READ(S,*)YVALUE 
Y(I,J)•-1.0QO*AAl*YVALUE 

END IF 
CONTINUE 

RETURN 
END 
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THIS SUBROUTINE AUTOMATICALLY GENERATES THE X ANO y 
COORDINATES OF CONDUCTORS INSIDE A COAX CABLE 

SUBROUTINE CGENXY(NW,AAl,X,Y,IREF) 
REAL*l6 X(NW,NW),Y(NW,NW),AAl,XVALUE,YVALUE 

WRITE(6,10) 
FORMAT(/,15X,'NOTE: ARBITRARILY SELECT A COUNTING SEC 

+,/,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•l,NW 
DO 40 J•l,NW 
IF(I.EQ.J) THEN 

X(I,J)•O.OQO 
Y(I,J)•O.OQO 

ELSE IF(I.GT.l.AND.J.LT.I) THEN 
X(I,J)•-1.0QO*X(J,I) 
Y(I,J)•-1.0QO*Y(J,I) 

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)J,I,J 
FORMAT(/,SX,'ENTER THE HORIZONTAL DISTANCE OF CONDUC 

&(',I2,')',/,5X,'WITH RESPECT TO THE CENTER OF THE COAX CAB 
&/,25X,'X(',I2,',',I2,')• ',$) 

READ(S,*)XVALUE 
X(I,J)•-1.0QO*AAl*XVALUE 
WRITE(6,30)J,I,J 
FORMAT(/,SX,'ENTER THE VERTICAL DISTANCE OF CONDUCTO 

&(',I2,')',/,5X,'RESPECT TO THE CENTER OF THE COAX CABLE', 
&/,25X,'Y(',I2,',',I2,')• ',$) 

REAO(S,*)YVALUE 
Y(I,J)•-1.0QO*AAl*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*l6 X(NW,NW),Y(NW,NW),H(NW),AAl,XVALUE,YVALUE 
NWH•NW/2 
00 20 I•l,NWH 

WRITE(6,10)I,I 
FORMAT(/,SX,'ENTER HEIGHT OF WIRE(' ,I2,') ABOVE GROUND PLANE' 

+,/,25X,'H(',I2,')• ',$) 
READ(S,*)H(I) 
H(I+NWH)•-1.0QO*H(I) 
WRITE(6,333)I+NWH,H(I+NWH) 
FORMAT(/5X,'H(',I3,')• ',El3.4) 
CONTINUE 
DO 40 I•l,NW 
DO 40 J•l,NW 

IF(I.EQ.J) THEN 
X(I,J)•O.OQO 
Y(I,J)•O.OQO 

WRITE(6,334)I,J,X(I,J),I,J,Y(I,J) 
FORMAT ( 5 X , ' X ( ' , I 2 , ' , ' , I 2 , ' ) • ' , E 13 • 4 , 3 X , ' Y ( ' , I 2 , ' , ' , I 2 , ' ) • ' 

+,El3.4) 
ELSE IF(I.EQ.l.AND.J.LE.NWH) THEN 
WRITE(6,30)I,J,I,J 
FORMAT(/,SX,'ENTER THE HORIZONTAL DISTANCE BETWEEN WIRE(',I2, 

+') AND WIRE(' ,I2,')' ,/,25X, 'X( ',I2,',' ,I2,' )• ',$) 
READ(S,*)XVALUE 
X(I,J)•AAl*XVALUE 
Y(I,J)•AAl*(H(J)-H(I)) 

WRITE(6,335)I,J,X(I,J),I,J,Y(I,J) 
FORMAT(SX, 'X(' ,I2,', ',I2, •·)• ',El3.4,3X, 'Y( ',I2,', ',I2,' )• ' 

+,El3.4) 
ELSE IF(I.EQ.l.AND.J.GT.NWH) THEN 
X(I,J)•X(I,J-NWH) 
Y(I,J)•AAl*(H(J)-H(I)) 

WRITE(6,336)I,J,X(I,J),I,J,Y(I,J) 
FORMAT ( SX, 'X ( ' , I 2 , ' , ' , I 2 , ' ) • ' , El 3 • 4 , 3X, ' Y ( ' , I 2 , ' , ' , I 2 , ' ) • ' 

+,El3.4) 
ELSE IF(I.GT.l.AND.J.LE.NWH.AND.J.LE.I) THEN 
X(I,J)•-X(J,I) 
Y(I,J)•-Y(J,I) 

WRITE(6,337)I,J,X(I,J),I,J,Y(I,J) 
FORMAT(SX, 'X(' ,I2,',' ,I2,' )• ',El3.4,3X, 'Y( ',I2,',' ,I2,' )• ' 

+,El3.4) 
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)I,J,X(I,J),I,J,Y(I,J) 
FORMAT ( SX, 'X ( ' , I2, ' , ' , I2, ' l •' , El3. 4, 3X, 'Y ( ' , I 2, ' , ' , I 2, 

+')•',El3.4) 
ELSE IF(I.GT.l.AND.J.GT.NWH) THEN 
X(I,J)•X(I,J-NWH) 
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o057 Y(I,J)•AAl*(H(J)-B(I)) 
0058 WRITE(6,339)I,J,X(I,J) ,I,J,Y(I,J) 
o059 339 FORMAT(SX, 'X(' ,I2,',' ,I2,' )• ',El3.4,3X, 'Y(' ,I2, ',' ,I2, • )•·' 

0060 +,El3.4) 
o06l ELSE IF(I.GT.NWB.AND.J.GT.NWH) THEN 
0062 X(I,J)•X(I-NWB,J-NWH) 
0063 Y(I,J)•AAl*(H(J)-H(I)) 
0064 WRITE(6,340)I,J,X(I,J) ,I,J,Y(I,J) 
0065 340 FORMAT(SX, 'X(' ,I2,',' ,I2,' )• ',El3.4,3X, 'Y(' ,I2,',, ,I2,, )• , 

0066 +,El3.4) 
0067 END IF 
0068 40 CONTINUE 
0069 RETURN 
0070 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*l6 X(NW,NW),Y(NW,NW) 
WRITE(6,10) 
FORMAT(SX,'ENTER REFERENCE GROUND CONDUCTOR IGREF• ',$) 
READ(5,20)IGREF 
FORMAT(I2) 

DO 30 I•l,NW 
DO 30 J•l,NW 
IF(J.EQ.I) THEN 
X(I,,1)•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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SUBROUTINE CAP IS USED TO CALCULATE THE GENERALIZED CAPACITANCE 
MATRIX, AND FROM THAT THE TRANSMISSION LINE CAPACITANCE MATRIX 
FOR THE VARIOUS CONFIGURATIONS SELECTED IN THE MAIN PROGRAM 

DESCRIPTION OF PARAMETERS: 
NW - NUMBER OF WIRES SELECTED 
NHC NUMBER OF COSINE OR SINE TERMS AROUND THE CONDUCTOR 
NHD NUMBER OF COSINE OR SINE TERMS AROUND THE DIELECTRIC 
NFC NUMBER OF FOURIER TERMS SELECTED AROUND THE CONDUCTOR 

WHERE NFC• 2*NHC+l 
NFD - NUMBER OF FOURIER TERMS SELECTED AROUND THE 

DIELECTRIC WHERE NFD • 2*NHD+l 

NOTE: NFD SHOULD BE GREATER THAN OR EQUAL TO NFC 

NF - NFC+NFD FOR IOPT•2 OTHERWISE EQUAL TO NFC 
RC RADIUS OF THE CONDUCTOR 
RD - RADIUS OF THE DIELECTRIC FROM THE CENTER OF THE WIRE 
X - CENTER-TO-CENTER SPACING BETWEEN THE CONDUCTORS 

IN THE X (HORIZONTAL) DIRECTION 
Y - CENTER-TO-CENTER SPACING BETWEEN THE CONDUCTORS 

IN THEY (VERTICAL) DIRECTION 

NOTE: ALL DIMENSIONS MUST BE IN THE SAME UNITS. 

ER - RELATIVE DIELECTRIC CONSTANT OF THE INSULATION 
IREF - NUMBER OF THE REFERENCE CONDUCTOR ("l" INDICATES THE 

FIRST WIRE.) CAN NOT EXCEED THE NUMBER OF WIRES 
IOPT - OPTION SELECTOR 

IOPT•l COMPUTES CAPACITANCE OF DIELECTRIC COATED 
WIRES FOR V.AltIOUS CONFIGURATION 

IOPT•2 COMPUTES CAPACITANCE OF B.AltE 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 SQU.AltE MATRIX OF ORDER (NFC+NFD) 
Dl - WORKING VECTOR OF DIMENSION ((NFC+NFD)*NW)**2 IS 

IOPT•l OTHERWISE THE DIMENSION IS (NFC*NW)**2 
SCR - SCRATCH VECTOR OF DIMENSION (NF*NW+l)/2 
LT - SCRATCH VECTOR OF DIMENSION 2*NF*NW 

SUBROUTINES REQUIRED: 
MINV - MATRIX INVERSION ROUTINE 
MPC - MATJIIX HtJT..,TTPt.ICATION WITH A CONST.1\NT MULTIPLIED 

BY THE RESULT 

SUBROUTINE CAP(NW,NFC,NFD,NF,RC,RD,ER,IREF,IOPT, 
+CG,CTL,D,Dl,SCR,LT,NHC,NHD,X,Y,MDl,MD2,MD3,MD4,MDS, 
+MD6,MD7,MD8,MD9,MD10,PCTL,CONF,PD1,CER,RD1,NWH,PCG) 

COMPLEX*l6 MPR,MR 
REAL*l6 D(MD3,MD3),Dl(MD8),Al2,ER(NW),PCTL(MD7) 
REAL*l6 X(NW,NW),Y(NW,NW),PDl(NW),CG(NW,NW),CTL(MD2) 
REAL*l6 RSTD,XNSTD,SMRC,SRC,SRD,XER,BETA 
REAL*l6 XVALUE,YVALUE,PI,EPS,AC,AD,DELTC,DELTD 
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REAL*l6 GMA,RHATN,THETN,ER1,ER2,CER 
REAL*l6 Al,A2,A3,A4,A5,RDl(MD10),PCG(NWH,NWH) 
REAL*l6 Bl,B2,B3,B4,B5,Bl2,BB1,BBB1 
REAL*l6 RC(NW),RD(NW),CANG,SANG,RO,THETA 
REAL*l6 Ql,Ql2,Q2,Q22,XSEP,YSEP 
DIMENSION LT(MD5),SCR(MD6) 
CHARACTER*! CONF 

CONSTANTS AND COMMON COMPUTATIONS 

PI•3.1415927QO 
EPS•8.854185Q-12 
NWl•NW-1 
NW12•NWl*NWl 
NFCl•NFC+l 
NFDl•NFD+l 
LD•NF*NW 
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C ANGLE BETWEEN MATCH POINTS ON THE CONDUCTOR AND DIELECTRIC 
C SURFACES 
C 

AC=-2.0QO*PI/NFC 
AD•2.0QO*PI/NFD 

C 
C ANGULAR ROTATION OF MATCHPOINTS FROM O DEGREES, I.E., THE 
C HORIZONTAL 
C 

DELTC•PI/(2.0QO*NFC) 
DELTD•PI/(2.0QO*NFD) 

C 
C***************************************************************** 
C IS ROUTINE COMPUTES THE OFF-DIAGONAL "D" SUBMATRICES 
C***************************************************************** 
C NPW • PRESENT WIRE IN WHICH THE POTENTIAL IS CALCULATED 
C NSW•PRESENT WIRE IN WHICH THE SOURCE IS RESIDING 
C MPP•PRESENT MATCH POINT ON THE BOUNDARY IN WHICH POTENTIAL IS 
C CALCUATED 
C XSEP•SEPARATION IN THE HORIZONTAL DIRECTON FROM NSW TO NPW 
C YSEP•SEPARATION IN THE VERTICAL DIRECTION FROM NSW TO NPW 
C 

C 

DO 10 NSW•l,NW 
DO 10 NPW•l,NW 
XSEP•X(NPW,NSW) 
YSEP•Y(NPW,NSW) 
MNPW•NPW 
MNPW•NSW 
ERl•ER(NPW)-1.0QO 
ER2•ER(NPW)+l.OQO 
IF((NSW-NPW).EQ.O)THEN 
CALL DIA(NSW,ER,CONF,NPW,NW,RC,NFC,D,IOPT, 

&RD,NFCl,ERl,NF,AC,DELTC,NHC,NHD,AD,DELTD, 
&MD1,MD2,MD3,MD4,MD5,MD6,MD7,MD8,ER2) 

ELSE 
CALL OFDIA(NFC,AC,DELTC,NPW,RC,CONF,NSW,IREF,NW, 

&NHC , IOPT,NHD,NFCl,RD,D,NFD,AD,DELTD,ERl,XSEP,YSEP, 
&MD1,MD2,MD3,MD4,MD5,MD6,MD7,MD8,ER2) 

END IF 
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THIS SECTION TELLS WHERE TO PUT THE SUBMATRIX "D" IN THE 
LARGER "Dl" MATRIX BEFORE IT IS INVERTED 

MM•NPW 
NN•NSW 
CALL PLACE(MM,NN,LD,NF,D,Dl,MD8) 
CONTINUE 

THIS PORTION OF THE PROGRAM INSERTS THE SUBMATRIX ON THE 
DIAGONAL OF THE LARGE "Dl" MATRIX NW TIMES 

INVERSTION OF "Dl" AND COMPUTATION OF THE GENERLIZED 
CAPACITANCE MATRIX "CG" 

FULL MATRIX INVERSION OF THE "Dl" MATRIX IS DONE 
THEN THE TERMS OF THE GENERALIZED CAPACITANCE MATRIX ARE 
COMPUTED 

IF(CONF.EQ.'P') THEN 
CALL Pl(NW,NF,Dl,MD8,LD,NFC,RDl,MD10) 
NWB•NW/2 
MLD•NWH*NF 
CALL MINV(ROl,MLD,DET,LT(l),LT(MLD+l)) 
ELSE 
CALL MINV(Dl,LD,DET,LT(l),LT(LD+l)) 
END IF 
ISTP•l 
IF(DET)20,30,20 
CALL SUM(NW,NF,LD,NFC,Dl,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,NWl2,NWl,CTL,MD2,IREF,IOPT,PDl) 
ELSE IF(CONF.EQ.'P') THEN 
CALL PLANE(NWH,PCG,PCTL,MD7) 
END IF 
RETURN 
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AFTER THE PER-UNIT LENGTH GENERALIZED AND TRANSMISSION LINE 
CAPACITANCE MATRICES HAVE BEEN CALCULATED, CONTROL RETURNS 
TO THE CALLING PROGRAM 

ERROR RETURN 

WRITE(6,40)ISTP 
FORMAT(' ** SINGULAR MATRIX ~T STEP ',Il) 
NW•0 
WRITE(6,S0)NW 
FORMAT(SX,'SINGULAR PASS NW• ',I3) 
WRITE(6,60)MDl,MD2,MD2,MD3,MD3,MD4,MD4,MD5,MD6,MD7,MD8, 

+NW,NW,NW,NW,NW,NW,NW,NW,NW 
FORMAT(///,l0X,'VERIFY THAT VARIABLE ARRAYS AND VECTORS ARE',/, 

+l0X,'DIMENSIONED PROPERLY IN THE PROGRAM.' 
+,/,l0X,'THE DIMENSIONS IN THE PROGRAM MUST BE LESS THAN OR' 
+,/,l0X,' EQUAL TO THE DIMENSIONS LISTED BELOW',//, 
+l0X,'DIMENSION FOR C IS C(' ,I3,')' ,/, 
+l0X,'DIMENSION OF Cl & RL ARE Cl(',I3,'), RL(',I3,')',/, 
+l0X,'DIMENSION OF DIS D(' ,I3,' ,' ,I3,') IN MAIN',/, 
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+lOX,'DIMENSION OF 01 IS 01( ',I3,',',I3,')',/, 
+lOX,'DIMENSION OF LT IS LT(',I3,')' ,/, 
+lOX,'DIMENSION OF SCR IS SCR( ',I3,')',/, 
+lOX,'DIMENSION OF PCTL IS PCTL( ',I3,')',/, 
+lOX,'DIMENSION OF RPL IS RPL(' ,I3,')' ,/, 
+lOX,'DIMENSION OF 01 IS 01(' ,I6,') IN SUBROUTINES GETCAP & 
+PLACE',/, 
+lOX,'DIMENSIONS OF X & Y ARE X( ',I3,',' ,I3,'), 
+Y( 'I3,',', I3,')' ,/, 
+lOX,'DIMENSIONS OF RC,RD,ER,H,& PDl ARE',/, 
+10X,'RC(',I3,'), RD(',I3,'), ER(',I3,'), 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 
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SUBROUTINE OFDIA(NFC,AC,DELTC,NPW,RC,CONF, 
&NSW,IREF,NW,NHC,IOPT,NHD,NFCl,RD,D,NFD,AD,DELTD,ERl,XSEP,YSEP, 
&MD1,MD2,MD3,MD4,MD5,MD6,MD7,MD8,ER2) 

REAL*l6 AC,DELTC,BETA,CANG,SANG,RC(NW) 
REAL*l6 Ql,Q12,Q2,Q22,RO,THETA,Bl,D(MD3,MD3) 
REAL*l6 Al,A3,B2,B3,RD(NW),A2,B4,BS,AD,DELTD,GMA 
REAL*l6 RHATN,THETN,ER1,XSEP,YSEP,ER2 
CHARACTER*l CONF 
DO 60 MPP•l,NFC 

BETA•(MPP-l)*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(Ql2+Q22) 
THETA•QATAN2(Q2,Ql) 
Bl•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,l)•-RC(NSW)*QLOG(RC(NSW)) 
IF(IOPT.EQ.l) THEN 

COMPUTE AVERAGE MN' TERM FOR COAX OR SHIELD WHITH 
SOURCE ON SHIELD R<R' 

D(MPP,NP'Cl)•-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 

O(MPP,l)•RC(NSW)*Bl 
IF(IOPT.EQ.l) THEN 

COMPUTE AVEMGE MN' TERM FOR WIRE BUNDLE WITH PTJANE PRE9ENT 

D(MPP,NFCl)•RD(NSW)*Bl 
END IF 

ELSE 

COMPUTE AVERAGE MN TERMS FOR REMAINING CONFIGURATIONS 

D(MPP,l)•-RC(NSW)*Bl 
IF(IOPT.EQ.l) THEN 

COMPUTE AVERAGE MN' TERMS FOR REMAINING CONFIGURATIONS 

D(MPP,NFCl)•-RD(NSW)*Bl 
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END IF 
END IF 

IF((CONF.EQ.'C'.AND.NSW.EQ.IREF).OR. 
&(CONF.EQ.'S'.AND.NSW.EQ.IREF)) THEN 
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COMPUTE THE MN TERMS FOR CONFIGURATION COAX AND SHIELD WHEN 
SOURCE IS ON THE SHIELD R<R' 

Al•RO 
A3•1.0QO 
DO 10 J•l,NHC 
Jl•J+l 
J2•Jl+NHC 
B2•QCOS(J*THETA)/(2.0QO*J*A3) 
B3•QSIN(J*THETA)/(2.0QO*J*A3) 
D(MPP,Jl)•B2*Al 
D(MPP,J2)•B3*Al 
Al•Al*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 
A3•1. OQO 
DO 11 J•l,NHD 

Jl•J+NFCl 
J2•Jl+NHD 
B2•QCOS(J*THETA)/(2.0QO*J*A3) 
B3•QSIN(J*THETA)/(2.0QO*J*A3) 
D(MPP,Jl)•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 

C COMPUTE THE MN TERMS FOR CONFIGURATION COAX AND SHIELD WHEN 
C SOURCE IS NOT ON THE SHIELD OR FOR PLANE (REAL WIRES), RIBBON 
C CABLES, WIRE BUNDLE, AND WIRE BUNDLE OF GROUND R>R' 
C 

Al•RC(NSW) 
A3•R0*2. OQO 
DO 20 J•l,NHC 
Jl•J+l 
J2•Jl+NHC 
B2•QCOS(J*TBETA)/(J*A3) 
B3•QSIN(J*THETA)/(J*A3) 
Al•Al*RC(NSW) 
D(MPP,Jl)•B2*Al 
D(MPP,J2)•B3*Al 
A3•A3*RO 

CONTINUE 
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COMPUTE ~HE 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' 

IF(IOPT.EQ.l) THEN 
A2•RD(NSW) 
A3•R0*2.0QO 
DO 30 J•l,NHD 

J3•J+NFC1 
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•R0*2.0QO 
DO 31 J•l,NHC 
Jl•J+l 
B2•QCOS(J*THETA)/(J*A3) 
Al•Al*RC(NSW) 
D(MPP,Jl)•B2*Al 
A3•A3*RO 

CONTINUE 
IF(IOPT.EQ.l) THEN 

A2•RO(NSW) 
A3•R0*2.0QO 
DO 32 J•l,NHD 

J3•J+NFC1 
B2•QCOS(J*THETA)/(J*A3) 
A2•A2*RD(NSW) 
O(MPP,J3)•B2*A2 
A3•A3*RO 

CONTINUE 
ENO IF 

ELSE IF(CONF.EQ.'P'.ANO.NSW.GT.NW/2) THEN 

COMPUTE MN TERMS FOR IMAGE WIRES 

Al•RC(NSW) 
A3•RO* 2. OQO 
DO 40 J•l,NHC 
.Jl•J+l 
J2•Jl+NHC 
B2•QCOS(J*THETA)/(J*A3) 
B3•QSIN(J*THETA)/(J*A3) 
Al•Al*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=-R0*2.0QO 
DO 50 J•l,NHD 

J3•J+NFC1 
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)•BS*A2 
A3•A3*RO 
CONTINUE 

END IF 
END IF 

CONTINUE 
IF(IOPT.EQ.l) THEN 
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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•l,NFD 
BETA•(MPP-l)*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,Ql) 

GMA•BETA-THETA 
RHATN•QCOS(GMA) 
THETN•QSIN(GMA) 
Bl•ERl*RHATN/RO 
JJ•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)•0.0QO 

COMPTJTE THE 1\VERJ\GE M'W 't'ERMS FOR SHIELD R<R' ( SOURCE 
ON SHIELD) 

D(JJ,NFCl)•O.OQO 
ELSE IF(CONF.EQ.'P'.AND.NSW.GT.NW/2) THEN 

D(JJ,l)•-RC(NSW)*Bl 
D(JJ,NFCl)•-RD(NSW)*Bl 

ELSE 

COMPUTE REMAINING M'N TERMS FOR OTHER CONFIGURATION R>R' 

D(JJ,l)•RC(NSW)*Bl 

COMPUTE REMAINING M'N' TERMS FOR OTHER CONFIGURATION R>R' 
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D(JJ,NFCl)•RD(NSW)*Bl 
END IF 
IF(CONF.EQ.'S'.AND.NSW.EQ.IREF) THEN 

COMPUTE THE M'N TERMS WHEN R<R' FOR SHIELDED WIRE BUNDLE 
WHEN SOURCE IS ON SHIELD AND POTENTIAL MATCHPOINTS ARE 
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ON DIELECTRICS OF THE INNER WIRES. NOTE, ALSO THAT THESE 
ROUTINES WORK IF THERE IS A DIELECTRIC BETWEEN THE SHIELD 
AND THE INNER WIRES 

Al•l. 0Q0 
A3•1. 0Q0 
DO 65 I=l,NHC 
Jl•I+l 
J2•Jl+NHC 
B2•-ER1*(QCOS(I*THETA)*RHATN-SIN(I*THETA)*THETN) 
B3•-ERl*(QSIN(I*THETA)*RHATN+COS(I*THETA)*THETN) 
D(JJ,Jl)•Al*B2/(2.0Q0*A3) 
D(JJ,J2)•Al*B3/(2.0Q0*A3) 
Al•Al*RO 
A3•A3*RD(NSW) 
CONTINUE 

COMPUTE THE M'N' TERMS WHEN R<R' NOTE: DIELECTRIC RADIUS 
OF SHIELD SMALLER THAN CONDUCTOR RADIUS. THIS ALSO 
CALCULATES THE DIFFERENCE OF THE FLUX DENSITY WHEN SOURCE 
IS ON SHIELD AND POTENTIAL MATCHPOINTS ARE ON THE INNER 
WIRES 

A2•1. 0Q0 
A3•1. 0Q0 

DO 66 J•l,NHD 
J3•J+NFC1 
J4•J3+NHD 
B2•-ERl*(QCOS(J*THETA)*RHATN-QSIN(J*THETA)*THETN) 
B3•-ERl*(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) 

CONTINUE 
ELSE IF(CONF.EQ.'B'.OR.(CONF.EQ.'S'.AND.NSW.NE.IREF) 

&.OR.(CONF.EQ.'P'.AND.NSW.LE.NW/2)) THEN 

COMPUTE THE M'N TERMS WH~N R>R' FOR SHIELDED WIRE BUNDLE 
OR COJ\X Cl\OT,E WllEM ~01 1Rt:E I5 NOT. ON TIii:: SH IELJ:l OR FOR 
THE REMAINING CONFIGURATIONS, I.E., RIBBON CABLES, WIRE 
BUNDLES, AD WIRE BUNDLES WITH GROUND PLANE. 

Al•RC(NSW) 
A3•RO*2.0Q0 
DO 70, J•l,NHC 
Jl•J+l 
J2•Jl+NHC 
Al•Al*RC(NSW) 
A3•A3*RO 
B2•ERl*(QCOS(J*THETA)*RHATN+QSIN(J*THETA)*THETN) 
B3•ERl*(QSIN(J*THETA)*RHATN-QCOS(J*THETA)*THETN) 
D(JJ,Jl)•Al*B2/A3 
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70 
C 
C 
C 
C 
C 
C 

80 

71 

72 

C 
C 
C 

90 
C 
C 

D(JJ,J2)•Al*B3/A3 
CONTINUE 
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COMPUTE THE M'N' TERMS WHEN R>R' FOR SHIELDED WIRE BUNDLE 
OR COAX CABLE WHEN SOURCE IS NOT ON THE SHIELD OR FOR THE 
REMAINING CONFIGURATIONS, I.E., RIBBON CABLES, WIRE 
BUNDLES, AD WIRE BUNDLES WITH GROUND PLANE. 

A2=-RD(NSW) 
A3=-R0*2.0QO 

DO 80 J=-1,NHD 
J3=-J+NFC1 
J4•J3+NHD 
A2=-A2*RD(NSW) 
A3•A3*RO 
B2•ERl*(QCOS(J*THETA)*RHATN+QSIN(J*THETA)*THETN) 
B3•ERl*(QSIN(J*THETA)*RHATN-QCOS(J*THETA)*THETN) 
D(JJ,J3)•(A2*B2)/A3 
D(JJ,J4)•(A2*B3)/A3 

CONTINUE 
ELSE IF(CONF.EQ.'R') THEN 

Al•RC(NSW) 
A3•R0*2.0QO 
DO 71, J•l,NHC 
Jl•J+l 
Al•Al*RC(NSW) 
A3•A3*RO 
B2•ERl*(QCOS(J*THETA)*RHATN+QSIN(J*THETA)*THETN) 
D(JJ,Jl)•Al*B2/A3 

CONTINUE 
IF(IOPT.EQ.1) THEN 

A2•RD(NSW) 
A3•RO* 2. OQO 

DO 72 J•l,NHD 
J3•J+NFC1 
A2•A2*RD(NSW) 
A3•A3*RO 
B2•ERl*(QCOS(J*THETA)*RHATN+QSIN(J*THETA)*THETN) 
D(JJ,J3)•(A2*B2)/A3 

CONTINUE 
END IF 

ELSE IF(CONF.EQ.'P'.AND.NSW.GT.NW/2) THEN 

COMPUTE THE M'N TERMS FOR THE IMAGE WIRES 

Al=-RC(MSW) 
A3•R0*2. OQO 
DO 90, J•l,NHC 
Jl•J+l 
J2•Jl+NHC 
Al•Al*RC(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,Jl)•-(Al*B4)/A3 
D(JJ,J2)=-(Al*B5)/A3 
CONTINUE 

COMPUTE THE M'N' TERMS FOR THE IMAGE WIRES 
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0371 110 
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IF(IOPT.EQ . l) THEN 
A2:aRD(NSW) 
A3=-RO*2.0QO 
DO 100 J=-1,NHD 

J3=J+NFC1 
J4=J3+NHD 
A2=A2*RD(NSW) 
A3=A3*RO 
64=-ERl*(QCOS(J*THETA)*RHATN+QSIN(J*THETA)*THETN) 
B5•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 

SUBROUTINE DIA(NSW,ER,CONF,NPW,NW,RC,NFC,O,IOPT, 
&RD,NFCl,ERl,NF,AC,DELTC,NHC,NHD,AD,DELTD, 
&MD1,MD2,MD3,MD4,MD5,MD6,MD7,MD8,ER2) 

REAL*l6 ER1,ER(NW),ER2,Bl,RC(NW),D(MD3,MD3),BB1 
REAL*l6 RD(NW),BBB1,BBB2,AC,DELTC,A3,BETA,Al,Al2 
REAL*l6 AD,DELTD,B2,B3,B4,B5 
CHARACTER*! CONF 
IF(CONF.EQ.'P' .AND.NSW.GT.NW/2) THEN 
Bl 2 RC(NSW)*QLOG(RC(NSW)) 
ELSE 
B1 2 -RC(NSW)*QLOG(RC(NSW)) 
END IF 
DO 10 J•l,NFC 
D(J,l)•Bl 

CONTINUE 
IF(IOPT.EQ.l) THEN 

IF(CONF.EQ.'P'.AND.NSW.GT.NW/2) THEN 
BBl•RD(NSW)*QLOG(RD(NSW)) 

ELSE 
BBl•-RD(NSW)*QLOG(RD(NSW)) 

END IF 
DO 20 J•l,NFC 

D(J,NFCl)•BBl 
CONTINUE 

IF(CONF.EQ.'P'.AND.NSW.GT.NW/2) THEN 
BBBl•-ERl*RC(NSW)/RD(NSW) 
BBB2•1.0QO 

ELSE 
BBBl•ERl*RC(NSW)/RD(NSW) 
BBB2•-l.OQO 

END IF 
DO 30 J•NFCl,NF 

D(J,l)•BBBl 
D(J,NFCl)•BBB2 

CONTINUE 
END IF 

DO 80 MPP•l,NFC 
BETA•(MPP-l)*AC+DELTC 
A3•1.0QO 

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•l,NHC 
Jl•J+l 
J2•Jl+NHC 
D(MPP,Jl)•RC(NSW)*QCOS(J*BETA)/2.0DO/J 
D(MPP,J2)•RC(NSW)*QSIN(J*BETA)/2.0D0/J 

CONTINUE 
IF(IOPT.EQ.l) THEN 

Al•RC(NSW)/RD(NSW) 
A3•1.0QO 
DO 50 J•l,NHD 

J3•J+NFC1 
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 

193 



0061 
0062 
0063 
0064 
0065 
0066 
0067 
0068 
0069 
0070 
0071 
0072 
0073 
0074 
0075 
0076 
0077 
0078 
0079 
0080 
0081 
0082 
0083 
0084 
0085 
0086 
0087 
0088 
0089 
0090 
0091 
0092 
0093 
I094 
09S 

I096 
1197 

8 
99 
00 
01 
12 
13 

4 
5 
~ ., 
• 

51 

52 

60 

70 

80 

C 
C 
C 
C 

C 

END IF 
ELSE IF(CONF.EQ.'R') THEN 

DO 51 J•l,NHC 
Jl•J+l 
D(MPP,Jl)•RC(NSW)*QCOS(J*BETA)/2.0DO/J 

CONTINUE 
IF(IOPT.EQ.l) THEN 
Al•RC(NSW)/RD(NSW) 
A3•1. OQO 
DO 52 J•l,NHD 

J3•J+NFC1 
D(MPP,J3)•A3*RC(NSW)*QCOS(J*BETA)/2.0DO/J 
A3•A3*Al 

CONTINUE 
END IF 

ELSE IF(CONF.EQ.'P'.AND.NSW.GT.NW/2) THEN 
DO 60 J•l,NBC 
Jl•J+l 
J2•Jl+NBC 
D(MPP,Jl)•-RC(NSW)*QCOS(J*BETA)/2.0DO/J 
D(MPP,J2)•RC(NSW)*QSIN(J*BETA)/2.0D0/J 
CONTINUE 

IF(IOPT.EQ.l) THEN 
Al•RC(NSW)/RD(NSW) 
A3•1.0QO 
DO 70 J•l,NBD 

J3•J+NFC1 
J4•J3+NBD 
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.l) THEN 
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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•l. OQO 

IF(CONF.EQ.'8'.0R.CONP.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 

C AND THE POTENTIAL MATCBPOINTS ARE ON TSE SHIELD ALSO 
C COMPUTE THE M'N TERMS OF TSE D SUBMATRIX FOR OTHER REAL WIRES 

DO 90 J•l,NHC 
Jl•J+l 
J2•Jl+NHC 
B2•QCOS(J*BETA)/2.0D0 
B3•QSIN(J*BETA)/2.0DO 
D(MPP,Jl)•ERl*A3*Al2*B2 
D(MPP,J2)•ERl*A3*Al2*B3 
A3•A3*Al 
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CONTINUE 
co~~ui~oT~=l~~:~ TERMS OF THE D SUBMATRIX FOR OTHER REAL WIRES 

J3•J+NFCl 
J4•J3+NHD 
B2•QCOS(J*BETA)/2.0QO 
B3•QSIN(J*BETA)/2.0QO 
O(MPP,J3)•-ER2*B2 
D(MPP,J4)•-ER2*B3 

CONTINUE 
ELSE IF(CONF.EQ.'R') THEN 
DO 101 J•l,NHC 
Jl•J+l 
B2•QCOS(J*BETA)/2.0D0 
D(MPP,Jl)•ERl*A3*Al2*B2 
A3•A3*Al 

CONTINUE 
DO 102 J•l,NHD 

J3•J+NFC1 
B2•QCOS(J*BETA)/2.0QO 
D(MPP,J3)•-ER2*B2 

CONTINUE 
ELSE IF(CONF.EQ.'P'.AND.NSW.GT.NW/2) THEN 
A3•l.OQO 

DO 110 J•l,NHC 
Jl•J+l 
J2•Jl+NHC 
B4•QCOS(J*BETA)/2.0QO 
BS•QSIN(J*BETA)/2.0D0 
D(MPP,Jl)•-ERl*A3*Al2*84 
D(MPP,J2)•ERl*A3*Al2*B5 
A3•A3*Al 

DO 120 J•l,NHD 
J3•J+NFC1 
J4•J3+NBD 
B4•QCOS(J*BETA)/2.0QO 
BS•QSIN(J*BETA)/2.0QO 
D(MPP,J3)•ER2*84 
D(MPP,J4)•-ER2*B5 
CONTINUE 

END I!' 
CONTINUE 
END IF 
RETURN 
END 
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SUBROUTJNE PLACE PLACES THE D SUBMATRICES INTO THE LARC 
Dl MATRIX 

SUBROUTINE PLACE(MM,NN,LD,NF,D,Dl,MD8) 
REAL*l6 D(NF,NF),Dl(MD8) 
NP•NF*(MM-l+(NN-l)*LD) 
DO 20 I 2 l,NF 
DO 10 J=-1,NF 
Dl(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,NF,LD,NFC,Dl,RC,CG,PCG,RD,MD8,IOPT,CER, 
&CONF,RD1,MD10,NWH) 

REAL*l6 CG(NW,NW),Dl(MD8),PI,EPS,Al,A2,A3 
REAL*l6 RC(NW),RD(NW),CER,RDl(MDl0),PCG(NWH,NWH) 
CHARACTER*l CONF 
PI=-3.1415927QO 
EPS•8.854185Q-12 
A3•PI*EPS*2.0QO 
NWH=-NW/2 
IF(CONF.EQ.'P') THEN 

MNW•NWH 
ELSE 

MNW•NW 
END IF 
DO 20 I•l,MNW 

IROW•(I-l)*NF+l 
DO 20 J•l,MNW 
IF(CONF.EQ.'P') THEN 

IL•((J-l)*LD*NF/2)+IROW 
ELSE 

IL•(J-l)*LD*NF+IROW 
END IF 
Al•O.OQO 
A2•0.0QO 

DO 10 K•l,NFC 
IF(CONF.EQ.'P') THEN 
Al•Al+RDl(IL) 

ELSE 
Al•Al+Dl(IL) 

END IF 
IF(CONF.EQ.'P') THEN 
END IF 

IF(IOPT.EQ.l) THEN 
IF(CONF.EQ.'P') THEN 
A2•A2+RDl(IL+NFC) 
ELSE 
A2•A2+Dl(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)•Al*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 
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CG(I,J) 2 (Al*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 Dl(l•NWl) 

SUBROUTINE TRANS(NW,CG,NW12,NW1,CTL,MD2,IREF,IOPT,PD1) 
REAL*l6 CG(NW,NW),CTL(MD2),PDl(NW),MSUM,A2,A3 
MSUM•O.OQO 
DO 10 I=-1,NW 
MSUM•MSUM+CG(IREF,I) 
II=-1 
DO 50 I=-1,NW 
IF(I-IREF)20,50,20 
A2=-0.0QO 
A3•0.0QO 
DO 30 J•l,NW 
A2•A2+CG(I,J) 
A3•A3+CG(J,I) 
MSUM•MSUM+A2 
PDl(II)=-A3 
DO 40 J•II,NW12,NW1 
CTL(J)•A2 
II=-II+l 
CONTINUE 
II•l 
JJ•l 
DO 90 J•l,NW 
IF(J-IREF)60,90,60 
DO 80 I=-1,NW 
IF(I-IREF)70,80,70 
CTL(II)•CG(I,J)-CTL(II)*PDl(JJ)/MSUM 
II•II+l 
CONTINUE 
JJ•JJ+l 
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 TO AE 
NXN MATRIX. NOTE THE MATRIX RDl IS THE REDUCED Dl MATRIX. 

SUBROUTINE Pl(NW,NF,Dl,MD8,LD,NFC,RD1,MD10) 
REAL*l6 Dl(MD8),RD1(MD10) 
NWH•NW/2 
NP•NF*NW 
NK•NF*NWH 
NN•NP*NK 
N•O 
MP•l 
DO 20 I•l,NK 
DO 10 J•l,NK 
RDl(MP)•Dl(N+J)+Dl(NN+N+J) 
MP•MP+l 
CONTINUE 
N•N+LD 
CONTINUE 
RETURN 
END 
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THIS SUBROUTINE COMPUTES THE CAPACITANCE MATRIX FOR 
A WIRE BUNDLE OVER A GROUND PLANE FROM THE GENERALIZED 
CAPACITANCE MATRIX 

SUBROUTINE PLANE(NWH,PCG,PCTL,MD7) 
REAL*l6 PCG(NWH,NWH),PCTL(MD7) 
K-1 
DO 10 I•l,NWH 
DO 10 J=-1,NWH 
PCTL(K)-PCG(I,J) 
K•K+l 
CONTINUE 
RETURN 
END 
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SUBROUTINE MINV IS A PROGRAM TO INVERT A MATRIX 

PARAMETERS 
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AmINPUT 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 

SUBROUTINE MINV (A,N,D,L,M) 
DIMENSION L(l),M(l) 
REAL*l6 A(l),BIGA,HOLD,D 
D•l.0QO 
NK=--N 
DO 19 K=-1,N 
NK•NK+N 
L(K)=-K 
M(K)=-K 
KK•NK+K 
BIGA•A(KK) 
DO 3 J•K,N 
IZ•N*(J-1) 
DO 3 I•K,N 
IJ•IZ+I 
IF(QABS(BIGA)-QABS(A(IJ))) 2,3,3 
BIGA=-A(IJ) 
L(K)•I 
M(K)•J 
CONTINUE 

INTERCHANGE ROWS 

J•L(K) 
IF(J-K) 6,6,4 
KI•K-N 
DO 5 I•l,N 
KI•KI+N 
HOLD•-A(KI) 
JI•KI-K+J 
A(KI)•A(JI) 
A(JI)•HOLD 

INTERCHANGE COLUMNS 

I•M(K) 
IF(I-K) 9,9,7 
JP•N*(I-1) 
DO 8 J•l,N 
JK•NK+J 
JI•JP+J 
HOLD•-A(JK) 
A(JK)•A(JI) 
A(JI)•HOLD 

DIVIDE COLUMN BY MINUS PIVOT (VALUE OF PIVOT ELEMENT IS 
CONTAINED IN BIGA 

IF(BIGA) 11,10,11 



0061 
0062 
0063 
0064 
0065 
0066 
0067 
0068 
0069 
0070 
0071 
0072 
0073 
0074 
0075 
0076 
0077 
0078 
0079 
0080 
0081 
0082 
0083 
0084 
0085 
0086 
0087 
0088 
0089 
0090 
0091 
0092 
0093 
0094 
0095 
0096 
0097 
0098 
0099 
0100 
0101 
0102 
0103 
0104 
0105 
010~ 
0107 
0108 
0109 
0110 
0111 
0112 
0113 
1114 
115 
116 
11, 
18 

10 

11 

12 

13 
C 
C 
C 

14 
15 

16 
C 
C 
C 

17 
18 
C 
C 
C 

C 
C 
C 

19 
C 
C 
C 

20 

21 

22 

23 
24 

25 

D•O.OQO 
RETURN 
DO 13 I•l,N 
IF(I-K) 12,13,12 
IK=-NK+I 
A(IK) 2 A(IK)/(-BIGA) 
CONTINUE 

REDUCE MATRIX 

DO 16 I=-1,N 
IK 2 NK+I 
HOLD•A(IK) 
IJ=-I-N 
DO 16 J•l,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 
KJ•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)•l.OQO/BIGA 
CONTINUE 

FINAL ROW AND COLUMN INTERCHANGE 

K•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•l,N 
JK•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 
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0119 
0120 
0121 
0122 
0123 
0124 
012s 
0126 
0127 

26 

27 

DO 26 Ial,N 
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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0001 
0002 
0003 
0004 
0005 
0006 
0007 
0008 
0009 
0010 
0011 
0012 
0013 
0014 
0015 
0016 
0017 
0018 
0019 
0020 
0021 
0022 
0023 
0024 
0025 
0026 
0027 
0028 
0029 
0030 
0031 
0032 
0033 
0034 
0035 
0036 
0037 

C 
C 
C 
C 
C 
C 
C 
C 
C 
C 
C 

1 

2 

3 
4 
5 
6 
7 

+ 

SUBROUTINE MP~T 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 
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B•LITERAL INPUT OF TITLE. HOLLERITH FORM. 
J•NUMBER OF CHARACTERS,INCLUDING SPACES,ETC. IN B 

SUBROUTINE MPRT(A,M,N,B,J) 
DIMENSION B(J),C(18) 
REAL*l6 A(M,N) 
LOGICAL*l B,C/' ', 'M', 'A', 'T', 'R', 'I', 'X',' 
,'-',' ','P','A','G','E',' ','l'/ 
OPEN (UNIT•3,FILE•'GOOD.DAT',STATUS•'NEW') 
WRITE(3,3)B,C 
I•2 
LL•l 
LU•MINO(LL+S,N) 
WRITE(3,6)(L,L~LL,LU) 
WRITE(3,7) 
DO 2 K•l,M 
WRITE(3,4)K,(A(K,L),L•LL,LU) 
IF(LU.EQ.N)RETURN 
WRITE(3,5)I 
CLOSE(UNIT•3) 
LL•LU+l 
I•I+l 
GO TO 1 
FORMAT(' 1', 70Al) 
FORMAT(9X,'*',/,4X,I3,2X,'*',1P6E13.4) 
FORMAT('lPAGE ',I2,' RIGHT - - - -.') 
FORMAT(/,5X,'COLUMN',6(4X,I3,4X)) 
FORMAT(/,3X, 'ROW' ,3X,67( '*')) 
END 

' ,_, , , , , 
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