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ABSTRACT

This thesis is mainly concerned with the analysis,

using the equivalent source method, of inhomogenious

transmission lines to obtain their properties. The guasi-~
static TEM mode is assumed and numerical results are
obtained for the characteristic impedance, the relative

effective dielectric constant, relative wvelocity, attenuation

and inductive and capacitive coupling coefficients for a

number of microstrip configurations. These include standard

microstrip, suspended substrate microstrip, coupled microé

strip and suspended substrate coupled microstrip lines.
Microstrip lines with rectangular inner and outer

conductor are considered but the method is equally appli-~

cable to transmission lines of arbitrary cross-section

and any number of conductors provided the TEM mode approxi-

mation holds good.
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Chapter 1
1.1 TNTRODUCTION

The analytic method used in this thesis is based
on the equivalence principle which is presented in detail
in appendix A. According to this principle two source
systems producing the same field within a specified region
of space are called equivalent. The fields of interest in
a given region of space need not be determined from the
actual source distribubion since the equivalent sources
‘serve equally as well to do this.

The analysis presented applies to all inhomogen-
eous transmission lines of arbitrary cross-section having
any number of conductors which can support a TEM mode. In
this thesis the method is applied to microstrip lines
enclosed inavectangular box and includes suspended sub-
strate and coupled microstrip type lines.

Since 1951 various approaches have been used to
analyse microstrip lines. The conformal mapping technique
[8] wes one of the earliest methods used for microstrip
analysis. Variational techniques [5] have been found to
yield satisfactory results with relatively simple formulae
but with the limitation that they do not yield a direct

solution to the charge distribution nor do they suggest




2
systematic procedures for improving the approximate solu-—
tion. An extension of the variational wmethod,using the
Rayleigh~Ritz procedure [17],requires inversion of large
order matrices with elements that have to be generatzd by
numerical integration and,moreover,the adequacy of the
charge distribution on the conductors may not be apparent.

The method of images [46] results in equations
which usvally become difficult to handle. Relaxation
techniques [15] are found to give less accurate results,
especially for the calculatibn of attenuation. The finite
difference method [18 wusually suffers from the same disg-
advantage.
| The method of moments {21, the technique used in
tﬁis thesis, solves the two dimensional ILaplace equation
in_terms of eguivalent sources on the boundary of the
region of interest. Appendix B gives a complete descrip-
tion of the method. ZEither a step approximation or piece=
wise linear approximation can be used for the source with
point matching to test the boundaxry conditions which may
be Dirichlet, Neumann, impedence or a combination of any
of these.

The principal approximations used in the method
{11 follow:

(a) The contour is approximated by N straight

line sagments.



(b) The equivalent source is approximated as
either a step function or a piecewise linear function.

(c), Boundary conditions are satisfied at discrete
points on the boundary.

No further mathematical approximations are made
and those that have been made can be carried out to a
higher order by increasing the number of straight line seg-
ments approximating the boundary.

The accuracy of the solution depends in general on-
the shape of the boundary, oh the boundary conditions and
for any particular problem it depends on N, the number of
contour segments. Since the solution involves a matrix
ihversion, we were restricted toan N of the order of 100
because of computing execution time and memory storage con=—
siderations. In 21l problems attempted no ill-conditioned
natrices were ever encountered.

The equivalent source solution can be extended
easlly to regions which contain two or more homogeneous
dielectrics as in the case of microstrip or suspended sub-
strate microstrip. In this situation we need additional
surface sources on boundary contours dividing the dielec-—
tric regions with an integral over each region.

The method had been successfully employed to find
potential distributions [1] in any given region of space.
The problem of calculating resistence between two conduct-

ing surfaces on or within a homogeneous medium or the two
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body capacitance [1] can eaéily be evaluated by this pro-
cedure. .

The general method for microstrip line analysis is
given next in the chapter. Chépter 2 deals with the single
layer dielectric supported microstrip line and this analy-
sis is extended in Chapter 3 to the suspended substrate
microstrip line. Coupled lines over a single dielectric
layer are considered in Chapter 4 and this is followed by
a consideration of coupled lines of the suspended substrate
type.

Humerical results (computed on an IBM 370 computer)
are presented for characteristic impedance7 relative veloc-
ity, relative effective dielectric constant, attenuation
and for inductive and capacitive coupling coefficients fox
single and coupled miqrostripo These results are compared
with published results {61 , {7] , [11] == [14] using

other technigues.
1.2 THE GENERAL METHOD

The problem involves finding the solution to
Laplace equation in a region of space subjected to general
boundary conditions at the bounding contours. Here, we
are concerned only with the two dimensional problem. The
general method used [1] involves transforming the bound-
ary value problem into an integral equation which is then

solved by the method of moments [2%.




Consider a two dimensional region R as shown in
Fige 1.1 that is bounded by contour C and in which‘the
potential @ everywhere satisfied the two dimensional

Laplacian equation

R 2
b Cb 4 3,&:2@ =3 0. (/‘G’T)
?d x> d3Yy*
I\Y
c ,
f

Fig. 1.7

The boundary condition at contour C is specified
by
54 - 2 g ¢ 1
(©) 7 +f (0) 24 SROFL @ (1:2)

where L, % F )% are given functions of C and
n1 and n2 are respectlvely outward and inward normals to C.

Dirichlet, Neumann and impedaace boundary condi-
tions are special cases of the above general boundary con-

. . 3 be s o ... .1 - - o . N .t
ditions and determine the values of «, F‘7 ¢ and 7Y at a
2
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particular point on C,

An arbitrary Laplacian potential distribution in R
can be produced by sources on the boundary. If dipole and
flux sources are asgsumed on C %hen as a consequence of the
equivalence principle [37] there are an infinite number of
source distributions which can produce the same @ in R.

Letting v (C) denote a flux source distribubtion on
C the potential @ at any point f can be expressed as
58 =y (@ m X 4 (1.5)

: }3-37)

Where k is a constant chosen such that
H : ‘
k» |§-S Imax (1a4)
with £ and § on C.

The reason for choosing k according to (1.4) is
evident if we choose C to be & circle of unit radius. If
k = 1 and ¢ is constant in (1.3) then ¥ = 0 at the centre
ofrthe circle regardless of the magnitude of o . The pPrOob=
lem becomes mathematically indebterminate and requires
infinite v %o produce finite @. This cannot occur if we
use k according'to (1.4). Physically we can think of this
restriction as requiring that positive ¢ produce positive
@ at every point on C.

Specialising (1.3) to C and applying the boundary

condition of (1.2) we get

“BQ\D ' ’af_tl =N °
K¢~¢’*‘%sﬁ?ﬁ,'r %2 N, T om C v, . (-5




Equation (405) is aﬁ integral equation for deter—
mining < on C and once ¢ is found @ in R is given by
(1.3).

To solve (1.5) the genéral method of moments [2]
is used with pulse functions for expansion and point metche
ing to test the boundary conditions. This gives a step
approximation to the equivalent sources o (C).

The apalysis which follows is essentially the same
as that described inl1].

If we define N points on C approximating the bound-

ary by N straight line segments ACi and a pulse function:

P,(C) = 1 omn aci, ) (1.6)

= O elsewhere. )

Then <« is given by

e PL(O) (1.7)

N (1.8)
Wt e} l. r‘
£ T
where <; (%) is Green's function given by
T8 = [ ek (1.9
' 404 |58

For a point j on the boundary we have

930 =05 = &y s (59 (1.10)

. 3

i=1




The boundary equation (1.2) for a specific contour

point J becomes

s
G5+ "“g”‘ﬁ“;:m thy  wmr 29 (1.11)

- with N such equations generated, j = 1, 2, cocccooe
N, defining N segment mid~points.
In terms of equivalent sources and Green's function

(1.11) can be rewritten as
—tj a [ g- . (/io/i2>
(. 2. Q‘{\y, ~R . S v C - ‘Q’ \.3
6(7&4 3‘3" \\A’S‘_Y\’\QZ.L;‘ Jx)’*'%:»)?"‘\z L=t J
where “in = \71( SJ) is Green's function at the
~ Jth element with the ith element at the source point,

Write (1.12) in the form

L — ’ 14
B‘i" ’a\"J\ - _ - (/i@ ;_))
PRCER =%t e J
t=1
end define -
Sy oM,
= g CR g O AL
QJL 1y = T (1e14)
Iet [P] represent the square matrix of elements eji?
then equation (1.13),in matrix form,can now be written
as
Cei(«] =[~] (1.15)

where [v-] is the column matrix of v, and [Y] is

the column matrix of ?55



The equivalent sources are then given by

Clel= 17, - e

Matrix (21 is usually well conditioned and can be
inverted by any convenient algorithm.

If [P} denotes the row matrix of pulse function
Pi, then the functional expression for equivalent sources
is
el ] e

el 12] 7M[+]. i

Finally, letting [#] denote row matrix of\fi then

q
B

(1.18)

the potential at any point § in R is given by

g = [a]ls] (119

- i,_“ } [‘Ej =] [QJ] . (1.20)




Chapter 2

2.1 APPLICATION OF'THE‘METHOD TO MICROSTRIP

The method described in Chapter 1 is now used to
analyse the simplest of microstrip configurations as shown

in Fig.(2.1). It consists of a single strip resting on a

A .|

é«i

N T e

d PR A AP AV i A A A L A a4 s

Fig. (2.1)

single dielectric layer of relative permittivity érq on a
conducting ground plane.

Increasing the number of dielectric layers and
enclosing the microstrip in a box are extensiong of the

above model. HMicrostrip enclosgsed in a box is shown in

Fige (2.2).

When a transmission line contains a uniform loss-—
less medium for wave propagation, the TEM mode of trans-
mission can be completely described by the electrostatic
field {#] . Even when a non-uniform medium is used, the

electrostatic field is an approximation to the dominant

10
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mode of the field in the line. This approximation holds
good provided the cross-—sectional dimensions of the line
are much smaller than the wavelength used.

The present analysis for the microstrip parameters
is based on the theory of distributed parameter transmige
sion lines {51 . It depends on a capacitance calculation
from Tield values obtainable from the potential distribu-
tion. Some results are also presented using the varia-
tional approach {6] , which necessitates the calculation
of the magnetostatic field, a problem similar to that of
determining the electrostatic field, but this time the mag-
_wnetic boundary conditions must be satisfied., The varia-

tional method is presented in appendix C.
2.2 THEORETICAL PROCEDURE

The guasistatic potential distribution @ for every
homogeneous sub-region of the microstrip structure shown in
Fig. (2.2) must satisfy the two dimensional Laplace eguation

i’/“?"ﬁb(x, y) = O, (2.1)

Equation (2.1) is solved numerically satisfying
the boundary conditions for the potential distribution
along every contour of interest,

As the microstrip structure shown is symmetrical
about the y—axis, we consider only the right half portion
for analysis purposes. If the boundary contours are num-

bered as indicated in Fig. (2.2), the boundary conditions




To be satisfied are:

g = V1 on contour (1) and (2), k(2e2)

@ = V2 on contour (3) and (4), (2.3)
9@ = 0 on contour (5) and (6), (2.4)
o1

/‘

gi;%%fgﬂég%;:o on contour (7), (2.5)

wihere V1 and V2, respectively, are the potentials given

to the shield and the strip; n, and n, are the normals on
appropriate éides of the contour separating dielectric
regions; 'eyq ié the relative permittivity of the dielec-
tric supporting the strip and €r2 =€4= 1 for the air
region.

From the electrostatic potential distribution so
calculated, the electric field values are then evaluated
and from which we are able to determine the surface charge
distribution and hence the_capacitance cof the line on a
per unit length basis.

As pointed out earlier the magnetostatic field is
needed to be able to apply the variational approach (6] .
The problem of obtaining the magnetostatic field is simi-
lar to that for the electrostatic field but the boundary

conditions to be satisfied in this situation are:

e 0 on contour (1), (2), (3) and (4) (2.6)
o, x
& = V1 on contouﬁ (6), (2.7)
4 = V2 on contour (5) (2.8)
¥k Ak =0 on contour (7) - (2.9)

S an

N
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Qhere Vi, va, Bay Dy have tﬁeir usual meaning and Qireprew
sents the magnetostatic scaler potential. |

The magnetostatic problem is homogeneous as sug~
gested by boundary condition (2.9). This is due to the
fact that even thongh the materisl supporting the strip
has a relative dielectric constant qu differing from that

of free space, it has relative permeability Mo the same
/]

as that of free space so that /11 z}L2

2.3 EFFECTIVE DIELECTRIC CONSTANT

In microstrip the'electric fleld extends into the

‘ailr region outside the dielectric substrate and therefore

has to be considered as a capacitor with a nixed dielece
tric. In situations of this type the concept of an effece
tive dielectric constant is useful and is taken to be the
weighted mean of the dielectric constants of the two mater-
ials. If the two dielectric materials in the capacitor
are replaced by a material with a dielectric constant
equal to the effective dielectric constant, the value of
the capacitance femains unchanged.

Another definition that is usefﬁl, especially for
capacitors that are partially filled with a dielectric and
the remaining portion air,is that of an effective filling

fraction defined by Wheeler [8] , which is

Cey= (=) + ac, (2.10)
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wWhere €L is the relative dielectric constant of
the dielectric material and q is the effective filiing

fraction which depends on the fraction of the total volume

4

filled with dielectric meterial.
2.4 CALCULATION OF MICROSTRIP PARAMETERS

The capacitance approach as described by Yamishta

[5] is used to calculate the nmicrosbrip parameters. The

microstrip capacitance is required for two situations,
first, when the line is homogeneous, that is with no dielec-

tric present and, secondly, for the actuval line with its

dielectric present.
To evaluate these capacitance values we let
&

'8 = = 41 for the homog eneous line and Lthen é = é
o
I‘,i I‘O I‘,I J,’,‘

for the inhomogeneous line in boundary condition equation

(2.5).

If Co is the capacitance per unit length of line

for the unloaded case and C that for the loaded case, then

its characteristic impedence, Z, is given by

1 (2.11)

e

:Z s -
S sseGEY

A CCo Vo

vihere Vo is the velocity of propagation of light in free

space.
If V represents the velocity of wave propagation

in miorostrip then
V = Vo[TGo ™ o (2.12)
& .
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The relative velocity is

v, = [To . | (2.13)
With a = wavelength, ) , in terms of the free sgpace

wavelenglth, X\, , given by

X =05 (2.1)
’ C

The relative effective dielectric constant is

€. ¢ (2.45)

LA

2.5 ATTENUATION CALCULATION

In microstrip,signal attenuation results mainly
from two sources:

(i) Conductor losses in the shield and strip.
(i) Dielectric losses.

To calculate the conductor losses the actuval sur-
face charge density, fs, on the strip and the shield are
determined, using Gauss'®s theorem, from the calculated
potential distribution. The conductor surface current
densi%y, is’ is the product of The surface charge density,
fsﬁand the velocity of propagation [4]

io= §v. (2.16)




The attenuation loss for the conductors, X, is
evaluated using
ol Power loss in the conductors (2.17)

C = .
2 x power transmitvted

The power loss in each conductor is then

# 5 (2.18)

Pro = S R, 1,7 dl

where the path of integration is around the conductor sure

face. R_, is the surface resistence of the conductor and is
pel

given by

R, = . (2:19)

skin depth =x conductivity

i

¥ o (2.20)

vhere w is the frequency in radians per second, Ho
is the free space permeability and s is Tthe conductor con-
ductivity. Referring to Fig.(2.3) for the integration con=

tours, the total conductor losses from (2.18) are then

L 2. .2 ,
Cq 02

The integrals were evaluated numerically by divide

ing each contour into segments. The current densilty is



Ny
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|
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Fig. (2.3)

calculated at the centre of each segment and is assumed to

be constant on the length of the segment. Thus (2.21)

" becones

. .2 .2 "
Prg = 2 % Rg ig, = A1 + 2 iM. Reicy© al, (2.22)

The total current %hrough each conductor is found
by summing the current through each conductor segment. The
power transmitted is given by the product of the total cur~
rent and the potential difference applied between conduce

tors. The transmitted power can also be obtained from

2
P - (v2=v1) . (2.2%)
Z

i
\

Hence the conductor attenuation may be calculated

using (2.17).
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The dielectric powef loss, PLD’ as given by {47 is

o of
LD s d

where the surface integral is defined as the crosg—

=]

2 ax ay (2.20)

sectional area of the dielectric region, E is the total
electric field for a point in the dielectric,qa is the
conductivity of the dielectric.wa is determined from the

loss tangent for the dielectric, tan §, and is given by

g = ¥ € tan € (2.25)

where € is the dielectric constant of the material
used. It should be noted thatcrd is frequency dependent,.

To evaluate (2.24) numerically the dielectric
region is divided into N subregions and the total electric
field calculated at the centre of each subregion. The
electric field is assumed %o be constant throughout each
subregion.

Referring to Pig. (2.3), (2.24) can be rewritten

as

e

FIp = ZVa B ° ax ay, (2.26)

The attenuation constant, *Xd, for the dielectric

is given by
Kq - PLD H (2.27)

2?T



with PT given by (2.23).

2.6 RESULTS AND DISCUSSION

A numerical analysis of the microstrip configura-
tibn of Fig. (2.2) is carried out using a computer pro-
gram written for the equivalent source method. A descrip=
tion and listing of this program is given in Appendix E.

The conductor and dielectric boundary contours
were numbered as shown in Fig. (202) with the number of

segments assigned to each contour as given in Table (2.1), L

Teble (2.1)

Contour number 1 2 3 4 5 6. 7
Number of segments 12 8 12 10 11 6 11

A total of 70 segments were taken and the aPPropor
tioning to contours depended upon the field variation along
the contour. For example more segments were taken around
the strip corner to accomodate the large field variation 535§5
existing there. A typical division of segments on the

strip is shown in Fig. (2.4).




Computer execution fime in seconds/accuracy for
50, 70 and 100 segments was found to be 9/.95, 12/.99,
32/.995., 8o 70 segments were considered to be economical
and accurate enough. The accuracy of results was tested by
taking the ratio of the characteristic impedance of the
microstrip line as calculated using the charge on the shield
with that obtained by using the charge on the strip. This
testing method was developed since it was noticed that the .
characteristic impedance values as calculated from the
shield and strip charge converged with increasing number of
segenents used and also with adjustment of segment size o
. Tthe field variation along the contour. It was noted that
the characteristic ilmpedance asg calculated on the basis of
shield charge always gave & lower bound value while the
characteristic impedance as calculated using the charge on
the strip always gave an upper bound value.

The effect on the characteristic impedance, Figs. (2.5)
—- (2.6), relative wavelength,Figs. (2.7) == (2.8), effec-
tive dielectric constant, Figs. (29) == (2.10), relative
velocity, Figs. (2.11) == (2.12), and attenuation,Fig. (2.13),
(@t a frequency of 1GHZ) of the microstrip line of varying
the strip width W in the range .5 £ W/H £ 7 was examined.
The dielectric substrate thickness H and enclosing box
dimensions (B = 15 H and WL = 1205 E) were kept constant,
The dielectric material }had a relative dielectric
constant of 8,875, selected to allow comparison

with  the results of  Stinehelfer [15] . The
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Relative velocity versus W/H.
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thickness of the strip T waé taken as H/8 and this was
changed to H/40 for a sécond set of results.

Caléulated values of characteristic impedance
(Fig. (2.5)) and relative waveiength (Fig. (2.7)) as deter-
mined on a capacitance basis compare well with the results
of Stinehelfer [15] . Table (2.3) compares results for
the relative wavelength.calculated on the capacitance and
variational basis to those of Stinehelfer [15] . A better
comparison is seen for the variational calculation than
from the capacitance calculation. Table (2.4) presents
results for the effective dielectric constant as calculated
~using the varistional approach. |

The attenuation of the microstrip over the fre-
quency range 1«5 GHZ is calculated next, Threé different
sets of microstrip dimensions, selected to correspond with
those used in the reference publications, for the config-
uration of TFig. (2.2), are considered. The dimensions are
shown on each graph, il.e., Fig. (2.14) ~= Fig. (2.16).

The dielectric is taken to be alumina ( ETP = 9.%5) which
is that used mostly in practice.

Pig.. (2.14) == Fig. (2.16) show attenuation data
which are in good agreement with experimental values as
given by Pucel et al [7] , except for those in Fig. (2.16).
In fact our results show better agreement with experimental
results than the Pucel et al [7] theory. A possible explan-

ation for the disagreement in Fig. (2.16) is that these




TABLE (2.3)

28

COMPARISON OF RELATIVE WAVELENGTH FOR MICROSTRIP OF

FIG,(2.2) CONFIGURATION  T=H/8 Qf8g8750

Variational Capacitance
W/H Stinehel fer

calculation calculation
0.5 2.4L8 245 2+ 50
0.7 2.53 _ 2,48 2.33
1.0 2.59 2652 2038
1.5 2.68 2.55 2oli3

TABLE (2.L4L)

VARTATIONAL TFFECTIVE DIRLE

CTRIC CONSTANT FOR MICROSTRIP

FIG.(2.2) CON?IGURATION, T=H/8.
“',/.H 61 :80875 61:9055
0.5 6.16 645
0.7 6639 6.69
1.0 6.71 7.02
1.5 7.19 753
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results correspond to a micfostrip configuration with
thicker substrate and higher W/H ratio compared to the other
two configurations considered. It is possible that a sur--

face mode or higher microstrip mode is responsible for

this discrepency. The T, surface mode must be ruled out
because it has too high a cut-off frequency. However, the
TFO surface mode has a zero cut~off frequency and a transe
verse field distribution similar to that for the dominant

strip mode and therefore it might be launched rather easily

with a wide strip configuration. One other pessible explan-
ation is that the loss tangent for the frequency range
_1-5 GHZ pight have a considerably higher value than the

value used.

The reason why the presented attenuatioh results
are higher in each case from Pucel's [ 7] theory is partially
due to the fact that we aré considering microstrip enclosed
in a box while Pucel et al L?] analyse an open microstrip

and partially due to the singularity of field at the strip

corner., The charge density tends towards being singular

at sharp corner contours. An attempt to round the contour
corners resulted in a considerable reduction in losses
(db /wavelength calculated at a frequency of 1GHZ) as is

evident by an inspection of Table (2.2)

An attempt to compare the attenuation results with
those of Gunn [ 97 was made but proved futile as insufficient

information was available on his microstrip dimensions.




e

Table (2.2)

Cornexr , S .
Shape l ' l r\\

Shield Strip  Shield Strip  Shield  Strip

b/ 0578276 L1378121 0578227 1214095 0578143 1179450

However, his assumption of a cubic function representation
for charge distribubion on the strip is far out from the

charge distribution as determined by the equivalent source
method, Fig. (2.17) . The functional representation con-
sidered by Yamishta [4] is a better approximation to the

numerically determined ones, as 1s seen in the next chap-
ter where our attenuation results compare favourably with
the Yamishte results. Our calculaved charge distribubion

compares well with that calculated by Mittra and Itoh [1930
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Chapter 3%

o

3.1 MICROSTRIP WITH SUSPENDED SUBSTRATE

The method described in Chapter 1 is next applied
to microstrip configurations consisting of any number of
dielectric layers. The analysis is exactly the same as
that for sinéle substrate microstrip examined in Chapter 2
except for the consideration of additional surface sources
on the bdundary contours which separate the dielectric
layers.

Suspended substrate microstrip line which is
enclosed in a box is shown in Pig. (3.1). Single layer
microstrip is a special caée of this configuration when
hy = h5 = 0. The analysis, still based on the assump-
tion of guasistatic TEM mode of propagation, requires the
potential distribution @ for every homogenecus sub=region.
As the microstrip structure is symmetrical about the y-
axis, we will consider only the right half region and this
is reproduced in Fig. (3.2).

| Equation (2.1) is numerically solved satisfying
the boundary conditions for the potential distribution
along every contour of intereste For the boundary con-
tours as numbered in Fig. 6592), the boundary conditions

to be satisfied are:

35
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(3.1)
g = V1 on contours 1, 2, 3 and 4,
(3.2)
g = V2 on contours 5 and 6,
(3.%)
20 = 0 on contours 7, 8, 9 and 10,
vy
(5@4‘)
24 b ] .
éyxwﬁjéylﬁfo on contour 11,
(3.5)
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where V1 and V2 are respectively the potentials on

37

the shield and strip, n, and n, are normals to the two sides

of contours,
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éyg is the relative permittivity of the dielectric sub-
strate and éyq = éiYB = ‘1 if the region is assumed 4o be
free space. However, in practice, to provide support to
the strip, some low dielectric.constant material like poly=
styrene foan ( €, = 1.03) is used.

' The characteristic impedance, the propagstion vel-
ocity, | the wave length and the relative effective
dielectric constant for the configurabtion of Fige (3.1)
were obtained using equations (2.11), (2.12), (2.14), (2.15),

respectively.




5.2 RESULTS AND DISCUSSION

The suspended substrate microstrip configuration
of Fige. (3.1) was considered first for the special
case when h5 = O. The contours were numbered as shown in
Fig. (3¢3) with the number of segments selected for each

contour listed in Table (3.1),

» 3
- . P = /W
< I~

) , <
) .
I
i
|
I
|
!

€ i
H 7&“’“"‘;\‘/"“’}
»F-4 &
_ /1M
[ 9 5
Hy & € I il 2
7 y \SE
H, €. 2; {
JL_" l i P s ‘)
L e 1
f= 2.WL ;-1'
Fige (3.3)

& total of 100 segments was used with segment
lengths small where there was considerable variation of

the field along the contour.



Table (3.1)

Contour number 1 2 % 4 5 6 7 8 9 10
Number of segments 15 5 12 17 1% 10 6 4 10 10

The microstrip characteristic impedanoe,Fige (3.4),
relative wavelength,Pig. (3.5), effective dielectric con-—
stant,Fig. (3.7), conductor attenuation constant (c%CW/RS),
Fig. (3.6) and dielectric attenuation comstant ( <y /vy ),
Fige (3.8) was calculated for a fixed strip width but varyé
ing width dimension of the enclosing box in the range
1.5 £ 2 WL/W £10. The height of enclosing box H, thick=-
ness of dielectric substrate (H2 = .2H), suspension height
N(H,l = o 4H) and thickness of strip (T = H/50) were kept
fixed. The Qielectric considered was quartz (€, = 3.78)
and this is changed to alumina (€, = 9.35) for the second
set of results. The width of the strip was then varied

(o5 & VW/H &£ 10), keeping the size of the enclosing box fixed

]

(WL = 5H) and its effect on the basic pérameters determined,
Figse (3.9) == (3.13). Here the substrate was taken to be
alumina ( €y = 9.,35). The substrabte thickness was next
varied on the range .1 £ HZ/H < <5, while keeping the strip
width constant at W = H. Results for alumina ( €, = 9.35)
are presented in Table‘(534)e

~ Curves of characteristic impedance, Fig. (3.4),
relative wavelength, Fig. (3.5), conductor attenuation con-

stant, Fig. (3.6), and dielectric attenuation constant,

Fig. (3.8), compare well with those of Yamishta [4] .
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CTARLE (3.4)
SUSPENDED SUBSTRATE MICROSTRIP PARAMRTERS FOR FIG.(3.3)

CONFIGURATION, 67:9 <55

H2/H %o Ceffective Relative  el/Re e /TOL
(OHMS) velocity (DB/OHM)  (DB.OHM)
0.1 49,6 1.473 824 091 47,80
0.2 46.5 1.679 772 .093 71.07
0.3 L322 1.938 «718 -095 82.03
0.l 39.9 2,267 <660 0 7 86,77
0.5 3601 2.780 <601 122 90.67
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The suspended substrate microstrip general config-
uration of Fig. (%.1) was considered next. The contour
numbering is given in Fig. (3.1) and the number of sege

ments selected for each contour is listed in Table (3.2),

Table (3.2)

Contour number 5 4 5 6 7 8 9 10
8

/}
Number of segments 9 50 7 6 3 2 8 97

Again a total of 100 segments was used with the
majority of segments placed on the strip contour (contoﬁr
~number 4) so as to accomodate the large field variation at
the strip edge. _

Dimensions which were kept constant in the analysis

are h, = 370, hp = MW, hz = .1W, B =W, T = W/00,

Results are presented in Tables (3.5) and (3.5) for,

respectively,a quartz substrate ( €y = 3.78) and alumina
substrate ( €; = 9.35). No theoretical or experimental
values are available for comparison purposes.

Suspended substrate microstrip overcomes some of
the problems encountered with standard microstrip such as
its narrow strip width for higher characteristic lmpedence
and high attenuation. Our results indicate that strip
widths for single layeréd microstrip and for suspended

substrate microstrip for a characteristic impedence of 500

and for a fiied substrate thickness H are in the ratio 1/4.5,



TAPLE (3.5)

SUSPENDED SUBSTRATE MICROSTRIP PARAMETERS.FOR FIG.(3.1)

CONFIGURATION, €,=3.78.

7.0 Relative «¥/Rs Ay Jos,
2WL/H €effective
(0HMS) velocity (DB/OHM) (DB.OHM)
1.5 052635 1.15 «9321 .0095 24,39
200 57921 '1913 : 09418 00076 16061‘%‘
3.0 58.75 Te11 - 9483 .0072 14,94

TABLE (3.6)

SUSPENDED SUBSTRATE MICROSTRIP PARAMETERS FOR FIG.(3.1)

CONFIGURATION, €,=9,35,

" Zo Relative & W/Rs "y [y,
2UL/W R Cerfective
(CHMS) velocity (DB/OHM) ' (DB.OHM)
15 y9.04 10311 8735 01245 14,13
2.0 5L.10 1.261 .8906 .00898 12,60
3.0 56,31 1.212 9090 .00750 11.61
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The attenuation results presented in Fig. (3.6)
show that a significant reduction in attenuation is
obtained by suspending the substrate., It is further
decreased by placing a low’dieiectric constant substrate
in the immediste vicinity of the centre conductor (h5 # 0)
as seen from Table (3.3).

It should be pointed out that in order %o compare
the attenuation results for the different microstrip con=
figurations it is necessary that total power transmitted
be the same in all cases. This can be done by keeping the
characteristic impedance the same for each case.

Table (3.3) compares the attenuation loss for three
different microstrip configurations each having a character=-
istic impedence of 46.5¢.. lLosses are calculatéd in db/ohm

( X W/R_) for a substrate dielectric constant of 9.3%5.

Table (%.3)

Type of Single Layered Suspended Suspended
Configuration Microstrip Substrate Substrate
h5 h37

loss db/ohm
(zxc W/RS) 0118 .095 -015

A major reduction in losses occurs when the sube
strate is moved away from the centre conductor, i.e., when

h5 # 0. It follows that a major region of loss is the
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interface region between thé centre conductor and the die-
lectric. A small movement of substrate away from the cone-
ductor causes the attenuation to decrease by a large smount.
Losses can be further reduced by reducing the thickness of

of the

O
)
un
O
0

the substrate. It has been shown {9} that
order of that for the air filled line are obtainable with

this type of suspended substrate structure.
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Chapter 4
COUPLED MICROSTRIPS

Meny microwave components use %he coupling between
paralleled lines as a basic parameter in their designe
Examples of such components include directional couplers,
Tilters, delay lines and single %o balanced strip line
transformers. There are two types of direction coupler
which can readily be designed using the microstrip config-
uration, the coupled type and the branch line type. In
the former case, use is made of the natural coupling that

exists between two microstrips placed side by side.
4.1 THE METHOD OF ANALYSIS

The basic coupled microstrip configuration is
shown in Fig. (4.1). It contains a ground plane, a dielec-
tric stab and two conducting strips placed side by side on
top of the dielectric.

conducting strips

W/””f% /77//'@, , o
/ / Y /oy dielectric

///’

R

PAVarard /r/// A

(4.1)
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The numerical solution obtained to the coupled-
microstrip problem is good only in the quasi static limit,
i.e., when_propagation is taken to be TEM. This approxi-
mation holds good only for microstrip dimensions which are

small compared to the wavelength. This is generally the

case with microstrip dimensions and substrate materials
frequently used in integrated microwave cirtcuit technology.
In the region where this approximation does not hold good,

that is when microstrip dimensions are comparable to the

vwavelength considered, the solution still provides a basis
for solving the full propagation problem and serves as a
guidencs to design.,

We will consider the coupled strips as being
enclosed in a box as shown in Fig. (4.2). Wheﬁ the two
strips are excited by voltage sources of equal amplitude
and phase, equal currents flow in the same direction in
the two strips. Because of the even symmetry of the eclec~
tric field about the vertical axis, this mode is called
the even coupled-strip mode. An open circuit or magnetic

wall could be placed at the symmetry plane without affect-

ing the field distribution.
Similarly, when the two strips are excited by

sources of equal amplitude but opposite phase, they carry

equal currents bubt in opposite directions. Due to the odd

symmetry of the electric field, this mode is called the odd
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coupled-strip mode. As the>voltage at the line of sym-
metry is zero, a short circult or an electric wall may be
located at-the symmetry plane without affecting the field
distributiono |

The two dimensicnal Laplacian equation (2.1) is
solved for the potential distribution in each homogeneous
subregion of the micr&stripe Due to the geometric sym-
netry about the y-axis, only the half portion shown in

Fig. (4.3) is considered.
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Fig. (4,35

If the boundary contours are numbered as shown,
the boundary conditions to be satisfied ares
(i) For both mode§
g = VI ' for contours 1 and 2, (4.1)
g = V2 for contours 3 and 4, (4.2)
éﬁfﬁi_%gf?ﬂé: o for contours 7 andNS& (#.3)



(ii) For the even mode

%;% = 0 for contours 5 and 6 '(4,4)

(iii) For the odd mode
@ = O for contours 5 and 6 (4.5)

The parameters are calculated from evaluated capac-
itance values as presented in [11] and discussed in Chap=

ter 2.
4,2 CALCULATION OF COUPLED=LINE PARAMETERS

The potential solutions are obtained,using the
equivalent Sburce nethod, for the empty coupled line, i.e.,
‘without dielectric (putting €v, = 1 in boundary condition
specified by (4.3)) and for the actual coupled line.

If Co represents the capacitance per unit length
of each coupled line for the unloaded case and Cr repre-
sents the capacitance per unit length for the loaded case,
then using subscript ‘e’ to represent even mode values we

get a relative effective dielectric constant of

€Ee = WS_ESM (4.6)
2y Coe

The even mode characteristic impedance is then
: P
i

Zoe =

cara e

] CoeCr¢Vo

4

S rm

VoCoeJ éaeH
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This gives an even mode veldcity of propagation, Vp , of
> e

Vo
Vpé = A
A Jeee\)( .
= Vo Coe“ . (408}
Cre

Equation (4.7) can then be rewritten as

(4.9)

>

Z0o T e
e Vpe Cre

The even-mode wavelength, Ne, is

A = [TTo
A >
Cre

Mo

No (4.10)

\/eeQH.

]

1f we use the subscript ‘o' for odd mode values,

the corresponding odd-mode parameter values for the coupled~

line are
Cr
- . —— O ’ ’
Oé4% = Coo (&.11)
Vp, = el
_/ %:an ________

- Vo //7”227“" (#.12)
O 9
) -~



1

ﬂ/” CoOCrOVo

/l

Vo COO Jéo e#‘

o C(#.13)

Vp, O7

CoO
r— ' )\o
Cro

Mo

ooty

€opy

Xodd

i

(4.14)

i

Here CoO represents the capacitance . ﬂwper unit
length of line for the odd mode for the empty dielectric
case and Cro is the corresponding value for the loaded
case.

Even and odd mode parameter values are related o
the coupled line values by the following relations as
given in [117 ©

(i) The characteristic impedance is
Co_+ Co
Cog o 1

g o,

Oz + Org Vo [Co_ Co,

20

fl

. N \y\ 1
= ° 1 . (4.15)

Vo/ Coo(}oe é’@H
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where the effective‘dielectric constant Qeff is
given by

¢ . Org + Ory (4.16)
eft ™ Co, Co,

(2) Two coupled mode inductance parameters, L,
and Lm, are now defined. In terms of the even and odd

mode inductances they are

IJ E /U' < eo i 1 + m“j'wm ]

1 2 A Coe CoO )
L o= pote | _ 4 1 ]

m 2 5 Coe Coo .

As well, an inductive coupling coefficient, KL’ is defined

as
K = D
L Lq
_ Co, = Co, (4.17)
CoO 4 Coe

Equation (4.17) may also be written in the form

K . 1 = ZOO.A . fie}}
L Zo €¢ 5
e e (%#.18)
ZOe €e

(3) Similarly, we can define two coupled mode
capacivance parameters, C,j and Cm, and a capacitive coup-
ling coefficient, KC’ in terms of the even and odd mode

capacitances. Thus,
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. e 1
Cq = [Cre + Crg ] 3
¢, B = [Cro - Cre] ,
K <= Gﬁl
Cc = oo
/I
= Cr, - Org (4.19)
Cr_ -+ Cre

Equation (4.19) can be written as.

1 _ Z_OO . / €e€H_
£
= 404 “Cey , (4.20)
C ) .
20
1 4 m,_.g.m €e€#
Zoe E.
2ff

(4) The effective propagation constant, /g s

expressed in terms of coupling coefficients, is then

T - 1 - KX -
P o= 75 V/ée# LEC - 2
1 o KL

where W is the angular frequency in radians per
second. _

For high directivity and wide bandwidth at tight
coupling KL is usua}ly made approximabtely equal to KC° In

thig special situation (4.21) becomes

Jx= v}‘é“\/a (&.22)
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4.% RESULTS ANWD DISCUSSION

The coupled microstrip configuration, shown in
Fige (4.2), was analysed using the computer program for
the equivalent source method. Table (4.1) lists the num-

ber and shows the distribution of segments for each contour.

Table (%.1)

Contour number 1 2 % s 5 6 7 8 Total
Number of segments 16 10 21 15 12 8 6 12 = 100

The effect of varying the strip width on the coupled
line characteristic impedance, inductive and capacitive
coﬁpliug coefficients, relative velocity and effective
dielectric constant was determined. The height of the sub-
strate H, dimensions of the enclosing box (WL = 8H, B = 5H)
and strip thickness (T = H/50) was kept constant. The strip
width was varied on the range .2 L W/H < 2. The dielectric
was assumed to be alumina ( ég = 906); Sets of results
Figures (4.4) == (4.18) were obtained for different strip
separations (D = .2, D = .6H, D = H).

Quasi~TEM theory predicﬁs, and this is as well
obvious from the relative velocity curves of Figg. (4.4) ==

(4.6), that the coupled line must support two waves of

N

unegual phage velocity. The phase velocity 1 greater
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.-Relative velocity versus W/H.
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Fig.(L.6). Relative velocity versus w/H,
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for the odd mode wave and lesser for the even mode wave.
This is due to the fact that the strip capacitance to
ground is lower for the even mode case than that for the
odd mode case. The difference in velocities decreases as
the separation between the strips is increased. As seen
from Figse (4.4) == (4.6), for a W/H ratio of 1, the dif-
ference between even and odd mode rélative velocities is

<0475 for a separation of D = .2H while this difference is .

-051% for a separation of D = H. Correspondingly, the
characteristic impedance of the two modes are unequél,
being greater for the even mode case than for the odd mode
as is seen from Fig. (4.15) and (4.16). Also, this
impedance difference increases when the spacing between
strips is reduced. This means that tight éoupiing between
strips over a large bandwidth is not obtainable.

From the results presented in Figs. (4.13) and
(4#.14) it can be seen that in general the inductive coupling
coefficient, KL’ is greéter than the corresponding capaci-
tive coupling coefficient, KC’ which means that the even mode
effective dielectric constant is larger than the odd mode

effective dielectric constant and this agrees with the

&

results in Figs. (4.10) -~ (4.12). ZEquations (4.18) and
(4.20) predict this as well. TIn addition inspection of

Figs. (4.10) and (4.11) shows that the difference bebween

even and odd mode effective dielectric constant decreases

as the separation between the strips is increased but the coup~

led mode effective dielectric constant increases, Fig. (4.187.
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Table (4.2) shows good agreement between the cal-
culated even and odd-mode characteristic impedance.values
and that of Bryent and Weiss [12] , Judd et al [14] and
P.B. Johns et al [13] . The results for the inductive and
capacitive coupling coefficient Figs. (4.13) and (4e14),
and for hﬂf;% %20, Figse (4.7 = (4.9) are in good agree-
ment with the .corresponding results of Krage and Haddad
[11] . Some non-agreement may be accounted for by the fact
that the results calculated were for coupled microstrips
enclosed in a box while other results were determined for
an open structure with the strip thickness assumed to be:
 Zero. |

In the calculation of attenuation the alumina sube
strate was assumed To be 025" thick. Attenuation data for
the even mode is presented in.Figg (4.17). No experimental
or theoretical attenuation results are available Ffor come

parison purposes,
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Effective dielectric constant versus w/H.
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Effective dielectric constant versus W/H.
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Fig.(4.13). Inductive couvling coefficient versus W/H.
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TABLE (L.2)
COMPARTISON OF CHARACTERISTIC IMPEDANCE OF THE COUPLED MICRO-
STRIP CONFIGURATION OF FIG.(h.2), €,=9.60.

. Bryant and P.B, Johns Judd et al
Dimensions This method

Weiss [12] et al. 13 [1a]

D/H W/H Even 04d TEven 0dd Even 0dd Even 0dd

0.2 1.0  64.5 31.6 63.4 33.1 63,0 31.5 62.8 31.2
0.2 2.0 L41.0 27.4 40.7 25.1 40.1 23,0 39.6 23.7
1.0 1.0 56,5 k3.2 56.2 L44.3 55,0 42,3 55.1 4L3.L
1.0 2.0  37.6 30.1 37.6 31.2 36.7 29.7 36.4 30.3




Chapter 5

5.1 COUPLED SUSPENDED SUBSTRATE MICROSTRIP

The physical configuration of coupled suspended
substrate microstrip that is considered in this chapter is
shown in Fig. (5.1). Single layered coupled microstrip is
a special case of this configuration when hq = 0 and this
further reduces to the simple microstrip considered in
Chapter 2 for D/H = oo,

The quasistatic TEM mode of wave propagation is
- assumed and equation (2.1) must be satisfied by potential
¢ in every homogeneous sub-region of the coupled microstrip
configuration. The two dimensional Laplace equation is
solved satisfying appropriate boundary conditions.

Ags the microstrip étructure of Fig. (5.1) is sym=-
netrical about the y-axis only the right half region of
the configuration is analysed as the field distribution is
identical in the left half region. |

If the bbundary contours are numbered as shown in
the Fig. (5.2), the boundary conditions to be satisfied

follow:
(1) TFor the evenmmode field

g = V1 on contours 1, 2 and 3, (5.1)
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g = v on contours 4 and 5,

(5.2)
g%‘i% = 0 on contours 6, 7 and 8, (5.3)
Erp %@. + ,%@“% = 0 on conbour 9 and 10, (5:4)
, i -
N .
S’ﬂ% + éI‘c? ?"ﬁ% = 0 on contour 11. (5.5)
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(2) For the odd-mode field all boundary conditions

remain the same except (5.3) which is changed to
g = 0 on contours 6, 7 and 8. (5.6)

Here n..

10 Do V1, V2, etc., have their usual mean-

ing.

The analysis is again carried out for the dielectric
empty and dielectric loaded cases. The capacitance per
unit length of the line is determined for each case and
parameters of the coupled line are obtained from relations

(4.6) through to (4.21),
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5.2 RESULTS AND DISCUSSION

Suspended substrate coupled microstrip configura-
tion shown in Fig. (5.1), is analysed again using the com=~
puter program of Appendix E. Table (5.1) gives the number

of segments taken on each contour.

Table (5.1)

Contour number T2 3 4 5 6 7 8 9 101
Number of segmeants 12 3 410 20 44 410 6 4 6 410 40

Total = 105

The characteristic impedance, Figs. (5.7) and (5.12),
relative velocity,Figs. (5.8) =~ (5.9), effective dielectric
constant,Figs. (5.5 -~ (5.6), capacitive and inductive
coupling coefficients,Pigs. (5.3) ~- (5.4) and attenuation,
Fige (5.10) is calculated with variation of strip width in
the range .2 £ W/H &£1.4. Substrate thickness (H2 = «25H),
suspension height (H1 = .75H), enclosing box dimensions
(WL = 8.5H, B = 5H) and strip thickness (T = H/50) were all
kept constant. The dielectric constant of the substrate
material was taken to be 10. Sets of results were obtained
for strip separations ranging from D = .2H to D = .5H.

The variation of suspended substrate coupledAline
paramétefs was next examined (Fig. (5.11) end Figs. (5.13)
~ (5.22)) for different substrate thicknesses in +the

range Oobﬂﬂi‘é H2 £ 0.9H for consbtant strip width of W = H
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and enclosing box dimensions of WL = 8.5H and B = 5H. For
the attenuation calculation an H1 + HEVélue of 025" was
assumede - | |

Results for the oapacztl re coupling coefficient,

Figs. (5.4) and (5.22), and for the effective dielectric
constant , Figs. (5.13) and (5.14) , show good agreement
with corresponding results of Krage and Haddad [14] . Any
non-agreemnent may partly be accounted for by the fact that
Tthe model considered was enclosed in a box and had a finite
strip thickness whereas in [11] open coupled-strips are
considered with zero strip thickness.

The configuration shown in Pig. (5.1) can be used
to achieve equal inductive and capacitive coupling coeffic-
ients, i.e., KL = KC’ which is useful for obtaiﬁing a high
directivity and wide bandwidth at tight coupling. To
accomplish this a region of air or some low dielectric con-
stant material must separate the dielectric which supports
the strips and the ground plane. For small values of
H1/H the effect of +the air gap is t0 reduce the even-mode
effective dielectric constant more than the odd-mode value,
Figs. (5.15) and (5.16) show values of odd-mode effective
dielecﬁric constant larger than even-mode effective dielec-
tric constant and therefore a value of the KC greater than
KL as seen from equations (4.18) and (4020); The results
in Fig. (5.3) and Fig. (5.4) indicate a value of KC;>L_

So some value of H1 between 0 <H < .75 will give a Value

oxL I{C = KLo
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-Effective dielectric constant versus E1/H.
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Relative velocity versus H1/H.
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Characteristic impedance versus H1/H.
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CONCLUSION

This thesis describes a general method for
analysing the characteristics of single and coubled
microstrip transmission lines which have rectangular
outer conduétors and a multilayered dielectric. The:
method is numerical and is based on a TEM wave approxi-
mation and uses the equivalent source technique. The
method is exact in the limit in that it includes no
unavoldable apvroximations. The accuracy is limited by
the available computer time and memory. The method
involves reducing a functional equation to a matrix
equation and then inverting the matrix to obtain a

solution, which is vparticularly well suited to machine

computation,

The method described is easily applied to bound-
aries of arbitrary shape., A major advantage is the ease
with which arbitrary boundary conditions can be treated.
Treatment of boundary conditions by the usual finite
difference method is often complicated.

The equivalent source solution in this thesis
has been extended to regions which contain two or more
homogenious dielectrics. In this case additional surface
sources on the boundary contours separating the two
dielectric regions are needed.An advantage of this
solution is that the strip thickness can be taken into

account.
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Both the finite difference and finite olement
solutions apply a differential operator in a two-dimens-~
ional region. This solution applies an integral operator
to the one dimensional contour C, For given increments
of contour segment length, better accuracy is expected
for solutions presented since integral overators are

= 5

better behaved than differential operators,

Other main features of this method are:
i) A non uniform mesh can be used to allow for the
investigation of realistic structures and field distribu:-
tions and to make optimum use of available computer
capability.
ii) Microstrip contained within a conducting box can
be easily considered to give information on the effect of
the enclosure,
1ii) It is possible %to have enclosing conductor dimen-
slons which are large compared with microstrip conductor

,

width and substrate thickness.

iv) The method is sufficiently general to allow

94

solutions to be obtained for single and coupled microstrip

transmission lines and for related problems such as the

slot line (static approximation only as the line is highly

dispersive).
From the results obtained and their comparison
with published theoretical and experimental results, it

is seen that the method outlined is sufficiently accurate
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general and oracticable to practical microstrip znalysis
and could Serve as a great asset in the design of some
microstrip components such as directional couplers,

strip line

i

e T N, 3 . . K + i A
filters, cdelay lines and single to balance

transformers.




APPENDIX A

THE EQUIVALENCE PRINCIPLE

There are many different source distributions oute—
side a specified region of space which produce identical
fields inside the region. Two sources producing the sane
field within a given region of space are said to be equive

alent fB] o Thus we do not need to know the actual source

distribution in order to find the field in the given region
of space, an equivalent source distribution is sufficient
"to do this.

The equivalence principle can now be illustrated
by a simple example. TLet Fig. (L.1) represent a source

internal to S with free space external o S.

\\“—‘“—
Fige (h.1)

In order to set up an equivalent source system for

the fields external to S let the original field exist

96
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external to § and a null field internal to & with free
space everywhere as in Fig. (A.2).

region (2)

s 8

region (1)

zero field

/35 = xH
M, = T xa

Fig. (A.2)

To support the external field there must exist on
S electric and magnetic surface currents JS and Mss It
the regions are numbered as shown, the fields at S and sur-

face currents are related by
bx [82 - a] Ly (1)

[:§(2> - .E<1>] x B - B (4.2)

As we have assumed zero field in region (1) we get

A -3

js = nx H, (A.3)

H]
=),
>
;‘_‘f >

f; (A.1)



98
- -2 s ' -
Since JS and MS act in unbounded free space, the

field values can be found from

PO ey ~1 - .
Bom o VEEAY (IxVXR-T) (4.5
; — -9 - -~
T = TxA+Z (92T RE -F) (4.6)
Where
Y = g+ Jv & (Aa7)
4 = Jwp ‘ (4.8)
I
~ . 20 =3k | per ,
- ./7/ S )
|r-r]
—3 "‘".k s ! -l
?(r);-='“ﬁ;%~J{2?f, M(x?) ™Y r~r] AT (4.10)
: x| .

The sources are at v’ and the field points are taken
at r.

Use is next made of uniqueness theorem (2] . This
theorem states that field in = lossy region is unigquely
specified by the sources within that region plus the tan-
gential component of T over the boundary or the tengential
component of H over the boundary or the former over part of
the boundary plus the latter over the rest of the boundary.
It is known that the field so calculated will ve the orig-
inally postulated field, i.e., E and T external to S and
zero internal to S. The final result of this procedure

gives a formula for T and H everywhere external to S in



terms of the tangential components of T and H on 8.

We do not have to specify a null field internal to
S as previeusly considered. Any other field will serve
eéqually as well giving infinitely many equivalent source

currents as far as the external region is concerned. This

6]

is evident from (4.1) and (4.2).

It must be noted that equations (4.5) to (A.10)
cannot be used to determine field values unless the equive
alent source currents wradiate into an unbounded homogen-
€eous region.

Ve have used the tangential components of both E
_and H in setting up the equivalent source problem. From
the uniqueness theorem we know +that only the tangential
cemponent of E or B is needed to determine the field thus
we will show how equivalent source problem can be set up
in terms of only magnetic currents (tangential ﬁ) or only
electric currents (tangential H).

Let us go back to the system shown in Fig. (4.1)
where all sources lie within S and set up the equivalent
source system shown in Fig. (4.3).

Over S we have placed a perfect electric conductor

-
7

supporting a sheet of magnetic current Mse Extermal to S

the same field and medium as in the original systen are
specified. Since the tangentiai component of B is zero on
the conductor (just behind ﬁs) and equal to original field

components in front of ﬁs’ we get, from (A.2)
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We now have the same tangential component of E
over S in Fig. (A.1) as in Fig, (A.3), so from uniqusness

theorem the field outside S must be the same in each case.

EH

zero field

electric conductor

=
i
=il
»
B>

Pig. (A.3%)

One can set up the equivalent source problem in
terms of electric currents only in an analogous manner.
In this case the electric current sheet, 35 = i X ﬁ, over
a perfect magnetic conductor covering 8§ (a boundary of
zero tangential component of E) produces the same field
external to 8 as the original source system.

The equivalence principle is thus based on a one o
one correspondence between fields and sources when the
uniquensss condifions are met.

Congider now an analogous concept as applied in
cireuit theory to better understand the equivalence princi-
ple. Examine the situation. of a source connected to a
passive network, as shown in Fig. (A.4).

To set up an equivalent problem for the passive

network, the original source is switched off but its source
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impedance is left connected;
A current source I, equal to the network terminal
current of-the original problem, is placed across the net-

work terminals while a voltage source V, equal to the OTig—

o I, e
T
source ! passive
o— o network
1k
Fig. (A.4)

-inal network terminal voltage is placed in series with the

network terminals. This is shown in Fig. (A.5).

Fa

N AT
NV —
v

W

source passive

®

- network

Fig. (A.5)

From basic circuit concepts we know that fhere is
no excitation of the source impedance from the applied
equivalent sources,whereaggthe excitation of the passive net-
work is unchanged. Thus the circuit of PFig. (A.5) is the

circuit analogue of the field system in Fig. (A.2).
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Since there is no excitation of the source impe=
dance in the circuit in Pig. (A.5) we can replace the source
impedance by any arbitrary impedance without affecting the

excitation of the passive network. Replacing the source

impedance by s short circuit, short circuits the current
source, so That we are left with a voltage source alone
and this is analogous to the problem depicted in Fig, (A.3),

Similarly an infinite source impedance open circuits the

voltage source leaving only & current source and this is

analogous to the problem depicted in (A.3) with the elec-

tric conductor replaced by a magnetic conductorssupportihg

-—

X . e A
.an electric current sheet, JS = n X He



APPENDIX B
THEE METHOD OF MOMENTS

The method of moments [2] 1s used for computing
solutions to 1inear equations. The basic proéedure involvesg
reducing the functional equation to be solved to a matrix
equation and then solving this matrix equation by known
techniques such as a matrix inversion technique.

Let us consider an equation of the inhomogeneous
type

(f) = g | (B.1)

vhere I, is an operator, g is the source or excita-
tion end f is the reguired field or response function to
be determined. Assume the solution to (B.1) to. he deter—
ministic, i.e., f is unique. We must identify the oper-
ator L, its domain (the function f on which it operates)
and its range (the function g). TFurthermore, we need an

inner product <«f, gw which is a scaler defined to satw

isfy
<, g> = <g, £> (B-2)
<P+ fog, g>x «<f, > +g<g, h>, (B«3)
LEF, P> >0 if £ £ 0, (Bo&t)
» <f%, f>= 0 if £ = O (BaS)
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where < , g are scalers and the asterisk (*)
defines a complex conjugate. o

We .can now proceed to solve equation (B.1) where
L is the linear operator, g is known and f is the function
to'be determined.

Let £ be expanded in a series of functions fq; f2,

fag cooe fn in the domain of f as

f = Zn < T, | (B.6)

where <, are constants and fn are called expan-
sion functions. For an exact solution (B.6) is usually an
V_infinite sunnation whereas for an‘approximate solution it .-
is & finite summation.

Substituting (B.6) into (B.1) and using>the linear-

ity property of L gives

Z oK I(f) = g (B-7)

If a suitable inner product < f, g> is availa~-
ble we can define a set of weighting functions Wiy Wo, WB,
ceoe W, in the range of L. Taking the inner product of

(B.7) with each w, gives

<, <wm,: L(i‘n)>== <wm, g >

for mo= 1, 2;\5 o (B.8)

=,
i)

Writing (B.8) in matrix form, we get




where
W, L(fq) L2 L(fg)
[1mnfx = | v LE) wy, I(EY)

Xl = | = |

[gm] = seoceo .

[ -1

s8> |
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¢S Oen 6000
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et

If the matrix llj is non~-singular, its inverse

[l]”q exists and the & _ are then given by

ESN

(] = Dan] ™[]

The solution for f is given by (B.6)

<

Define another matrix

[f£] = [f,l fo I3 eeens fn]

We may write (B.6) as

(B.10)

(B.11)
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f o= ["f"’n] [xn] (B.12)

Substituting (B.10) in (B.12) we get

. = -

£ = [£n] [%an] Lgm] (B.13)
This solutiorn can be. exact or approximate depending

upon the choice of fn and Ve

One of the main tasks in any particular problem is
& suitable choice of fn and Woo The fn should be linear-
ily dindependent and chosen so that (B.6) can approximate
T reasonably wélle Additional factors which affect the
choice of fn and v, are the accuracy of solution desiredg
--the ease of evaluation of matrix elements, the size of the
matrix that can be inverted and the realizatiop of a well-

conditioned matrix [l] o



APPENDIX C
THE VARTIATIONAIL METHOD

Fig. (C.1) shows a microstrip enclosed in a box

with perfectly conducting walls.

'
i
!
i
|
!
i

| .
! V277

€y g

-, T

/%

Ps
-
7

~ b4
L - — = =

FPig. (C.1)

o
N e > Y

The box encloses inhomogeneous matter whose dig—
tribution may be a function of transverse co-ordinates but
not of the co-ordinates along the direction of propagatione.
If Z is the direction of propagation as shown, the field

. 4 . -j F z
vectors may be expressed as E (x, y) e and
= ., -3 Pz . s
H (x, y) e s Wwhere R is the propagation constant
LG] . E and H are three dimensional vectors depending on

X and y only.
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Maxwell's equations are

—_

Curl E + jw M
€

xS )

Curl H - jw

= 0, (C.1)
= 0, (C.2)

Substituting for F and B into (Ce1) and (C.2) yields

R (x,57) + jupaf(x,y) efjﬁz

=3 F E (xy) eI (4

i

"% cur1 (x,5) = jw €

it

~

), (0.3)

B(x,y) e IF2

€ A CI- T (0.4)

These two equations may be simplified to

ns]

Curl E + jw m

=

Curl H - Jw €

Now by multiplying (C.5)

—

3

= J P 2, xE (C.5)

J

L

= j P éz x H . (C.6)

scalerly by B and (C.6)

108

scalerly by E and substracting the two resulting equations

we get
H e xE + Jw AH-HE - B.vx H© +  Jw € E-E
= JFPH-(B,xE) - JRE.(&, xH) (0.7)

Rearranging -(C.7) and combining the terms on the

right hand side gives

.‘\\
\
—

— ‘ - — ol
BE.Nx E - B.vx H + Jjw AIHI® + ju € 1E]

= 2B &

2

-(E x H) . (C.8)
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Integrating (C.8) o&er the cross-gsection of the

microstrip and solving for ﬁayields

/5" = w_//g(é 1E1° 4 M lng) . ds + jf/;(ﬁ.vx'fieﬁ.viz—ﬁ).ds
2.[£ éz' (2 x ). ds

(C.9)

If we specify'ﬁ and H to be the gradients of scaler
potentials ¢ and ¥ , respectively, the second integral in
the numerator vanighes ag Curl (Gradient @) = O and Curl

(Gradient ¥ ) = 0 (C.9) becomes

B - W /22¥HH}2 + 6?1E12) y ds (C°10)
| 2/£ £, (E x H)-ds -

Equation (C.9) can easily be shown to be a varia-

™

tional expression of f - "This is done by calculating the
variation of £ and observing that it venishes provided‘ﬁ
and H satisfy Mexwell's equations (C.5) and (Ce6) and pro-
vided the tangential component of E vanishes over the walls
of the microstrip. Thus trial fields T and § must be con=
tinous and must possess first order derivatives throughout
the cross~section and at the boundary the tangential com-
ponent of E must vanish,

Substituting E = <i¢ and H =W in (C.10) we geb

= vl [ (v ) 1 e (oo )] ds (C.11)
2 [7. (Véxvy). gz ds -

f
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For @ and Y satisfying Laplace’s equation we have

Jy. v = 9 (& I¥) (¢.12)

Substituting (C.12) into (C.11) and applying

D'J
[

divergence theorem we get

[ e fe g2l |
o j(ch)qu/)‘_c% s (Ce13) .
s

In the denominator of this equation substitute

fZ =

- V@ x I = < x (F IF) and change the surface integra-.

tion to a line integration. This gives

w[j{/k%%—%’ﬂ—;—j{e#;%%di]

= ) (Co14)
F - 75 ¢ v ol
Equation (C.14) can be written
- ¥ | A+ B (C.15)
= 3 [ " ]
where
A = j[p& ¢ 2% ol (C.16)
c_ é_r;-'—
Bo=fe 22 dé (C.17)

Q
]

‘ f ¢ v otd (cJa) |




If a scaling is applied so that

¢'= " ¢ -~ (6.19)

_ )24 A +™B)

then  f - 5 e
= ¥ (A +73B) (C.20)
B 2 C Cle

For ﬁ'to be stationary we need

2k

- “;1 5 + F = O | (C.21)

/ |
This gives 'Yf’z m%. (C.22)

If (C.22) is substituted into (C.20) we get

/3= w{)AB

- W (rfe (e §g i )
f ¢ vy




APPENDIX D
GREEN'S FUNCTION AND IDENTITIES

To obtain the field caused by a distributed source
we can proceed by calculating the effect of each elemen-
tery portion of source and then apply superposition to
obtain the overall field. If G(r/ro)vis the field at the
observation point r caused by a unit point source at the
source point Ty then the field at r caused by a source
distribution f(ro) is the integral of Gp over the whole

" range of T, occupied by the source. The function G is
called the Green's function 20 .

Ve will now derive Green's identities which are a

mathematical statement of scaler reciprdcityo The differ-

ence between Green's theorem and the reciprocity theoren

is that no physical interpretation is given to the functions

in the former.
The scaler Green's theorem is based on the follow-

ing identity.
2
V(+IP =4 T &4 Ty T4 (D)

When (D.1) is integrated throughout a region and

the divergence theorem is applied to the left hand term we
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obtain Green's first identity, which is

#q%@?és =/(\+v"<}>—\~ T+ 0 d) T, (D.2)
A | ; _

Interchanging @ and ¢ in this identity and sube
stracting the original from the interchanged equation we

obtain Green's second identity or Green's theoren

]{(4)2‘ ch:ﬁww AT (o

The derivation of integral equations from Laplace's
. equation involves the application of (D.3) to the unknown

field <? and to the Green's function

Jes D = L Lh\gg,\ | (Do1)

The Green's function is the potential of a point

source, i.e., the solution to

T = -5 C8-9) (0.5)

where & is the Dirac delta function and for ressons dige

cussed in Chepter 1, k is selected such that
’
k > | 5~ fl max

Substituting equations (D.4) and (D.5) into (D.3)

we get
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- _ L 5w R
(9’9—3—*——% ?'&b‘)o(c/ 1 (D.6)
: o £ wm R

. . . . 1
whnere R is region internal to C and R

is region
external to C.

To derive integral equation (1.3) we apply equa-

tion (D.6) twice, once for region R and once for R1a Let-
ting subscript i denote quantities in R (internal to ¢) and

e gquantities in 31 (external to C) we have

jg(épla*" %%LBAC',; $ 5k

. (D.7)
o f wm R
( 2 NG 9 W o
e - T D.8
% ) Sbe ¢ o (D.8)

The reason for the minus sign in front of (D.8) is due to the
direction of n which is kept fixed.

Adding (D.7) and (D.8) we get

wvhere ¢ = & in R

¢

Y
&>
®
=
]
o]
-
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: v e . .
Choosing ¢ = 4> on C, equation (D.9) can be

rewritten as

% ( 2" %@L)w de = ¢ (D.10)

I / ‘ -a<bQ ’aq‘)\
Letting () = X C_%_; - 337) (D.11)

We get equation (1.3), i.e.,

277 j[r(c’) “ dac’

- qufcl) in k - ac’
| 3-8 |

The quantity 2TTe <~ can be thought of as the equival-

-0
1

ent charge density on C which produces an electric poten-

tial 4 .




.. APPENDIX E-

THE COMPUTER PROGRAM

The program was coded in FORTRAN for operation
on the IRM gystem BVQ computer. Although lengthy, the
program is rather simple with very little branching,
Standard subroutine packages ARRAY and SIMQ are used for
matrix inversion. All arithmetic is verformed in single

precision. The compile time for the progrem using the

"~ FORTRAN G level compiler was 18 seconds. Total execution

time for one set of microstrip (described by a total of
70 segments) parameters, including a variational calculation,

was 22 seconds.

A flow chart and a complete listing of the progranm

follows:

116
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INPUT

BOUNDARY CONTOURS. AND BOUNDARY CONDITIONS

NO

AN

e-y :8

. 875

CALL SUBROUTINE
LPLACE

FIELD IN
DIFLECTRT

IS

4

€y =1

N

CALL SUBROUTINE
LPLACE

C
r
CALCULATE
PARAMETER
IELD VALUES
LUES T

C

CONDUCTOR

ATTENUATION

by

CALCULATION

DIELECTR

It

C

HATTENUATION

CALCULATION




/ ' 1 18

TIOP WATF IV BAGGARYW AL s NOEXT'

SUBROUTINE LADLACE

THIS FREOGRAM IS A 2EVISICN OF UNE CESCRIBE
Ke FONTOPPTIDANG " SNU IVALENT SCURCE SCLUTICNS
ELECTRCSTATIC AND MAGNETCSTATIC PROBLENS®
INTERNATIONAL CONMVENTICON DIGEST, NAFRCK 167
THE METHOD USED IS GIVEN IN FRoFoHARPRINCT

K:FUNTOPDTIN AN, D, ARRAMANSEN AND N,LC_ALREDTSEN, CONPUTA
OF LAPLACIAN POTENTIALS 8YBARN EQUI VALENT SQURCE METHOI
PROC IEE,VOL 116, NO 10, 0CTORER 1969 ,PD 1719~1720,

l_j__,,

THIS SUBRQUTING SOLVES THE LAPLACE FCQUATICN IN Tun
DIMENSTIONS o THE AOUNDARY CCNDITIONS AN GIVEN At ONG AN
ADRIT\GJY NUMBES IF CPEN CRE CLCSEC CURVES IN THE X=Y PLANE,
IF F=F{X YY) IS THE SOLUTICKR. THE BCUNDARY CONDITICKNS

MUST BF EXPRESSED IN THE FUORM-~

FOR THE ELECTRASTATIC PRCRLEM
ALFE(I;L)*F+DT15(I,L)*(DF/DN1)+BT2F(IyL)*(DF/DN2)=GAMF(IoL)
FOR THE MAGNETOSTATIC PRORPLEM
ALFM(IeL)*F+HT1M(IoL)*(D?/DNi)+BT2N(IeL)*(DF/Dh2)=GAMM(I9L)
WHERE ALF, 8T1, BT2 ANC GANM ARE CIVFF FUNCTICNS ALCNG THE
BOUNDARY CUPVES:DP/QNI ANG DF /DNZ2 2R THE NOERMAL
DERIVATIVES ON EACH SINE OF A BDUNDARY.

DESCRIPTICN OF PARAMETERS

NG IS THE NUMRBER OF CURVES ALCNC WHICK CISTINCT SOUNDARY
CONDITIONS ARE TO BE SATISFIED.

N{L) IS THE NUMBFR 0OF CONTCUR POINTS USEC 10 APPROXIMATE
BOUNDARY CURVE (.

X(IQL}g
Y{Ioi) ARE THZ X-Y COORCINATEYS TC THE 1 TH PQINT 0ON
BOUNDARY CURVE (.

S I5 A CONSTANT CHOSEN TO EE CGREATER THAN THE DISTANCE
BETWEEN AMY TWO BOUNDARY PCINTS,

N ITM IS FQUAL TO THE TOTAL NUMEER CF BCUNDARY SEGMENTS.

ALFEC(TIL,L ),

BT1E{I,L),

BT20( Tol ),

GAME(T.L) ARE THE ELFCTROSTATIC BOUNDARY VALUFES Fpe THE
BCUNDARY C'GM‘_"IT BETWEEN PCINTS I AND I+1 ON CURVE L,

ALFM{T L),

BYIMOT o),

BY2M{ I LY,

GAMM{ T L) ADE THE MAGNETOSTATIC BOUNDARY VALUES FQR THE
SOUNDARY SEGMENT BETWHERN PCINTS I AND I+1 ON CURVE Lo

PTF{TI-L),

PTMUI L) APF RESPECTIVELY THE ELECTRCSTATIC AND
MAGNETOSTATIC POTENTIAL AT BCUNDARY SEGMENT I ON
CURVE Lo

mﬁﬁﬂnﬁﬁ(‘)ﬂ(‘)ﬂﬁ\’\ﬂﬁﬁﬂﬁ(‘)Oﬁﬂﬁﬂﬂﬂﬁﬁﬁﬂﬁﬂ(\ﬁﬁﬂﬁﬁﬁﬁﬁﬁﬂﬂﬂﬁﬁ."\(Wﬁ(‘.(‘)(’).’\ﬂi’\ﬂ(\ﬂﬂﬂﬁﬁﬁﬁ




0(’1(‘30."}()(‘)4’3ﬂ(\ﬂﬂﬁﬁﬂﬁ(‘\mﬁﬂﬁﬁﬁﬂmﬁﬁ

N0

OONG

GROMNE{TI<L)

GRDNM( T, L) ARE RESOECTIVELY THE ELFCTROSTATIC AND
MAGNETCOSTATIC POTENTIAL NCRMAL DERIVATIVES AT BOUNDARY
SEGMENT I ON CURVE (.

GRODTEAI 4L) ,

GROTM{I L) APF RESPECTIVELY THE ELECTROSTATIC AKND
MAGNETOSTATIC TANGENT POTENT IAL DERIVATIVES AT
BOUNCARY SEGMENT [ ONM CURVE Lo

TSCHlIaL.8) [5 AN ARRAY USED FOR STORING THE SEGHMENT
LENGTH AND DIRECTION INFORMATION .

XM IN,

XMAX ¢

YMIN,

YMAX-DEFINE A EECTANGULAR REGICN IN X=Y F{ANF FRCOM XMIN TO
XMAX IN THE X=~DIRECTICN AND FRCM YNMIN T3 YMAX IN THE
Y=CIRECTION,

NXsNY ARE THE NUMRER OF MESH PCINTS IN THE X AND
Y-DIRECTION RESPSCTIVELY,. - :

SUBRGUT INFS REQUIRED - ARRAY AND STIMQ( STANDARD SCIENTIFIC
PACKAGES) »

SUSROUT INE LPLACE(NCquXvY’RohEINvALFﬁsET1F;BT2E;GAME;
*ALFM.BTIM;RTZM,GA%M,NCC;PTE;PTNVGWDNE,GQDAN;GRDTM,
*TSCDySCHvNXyNYaXMIN,XNAX.YM{NaYNAXqFLTDvEPqGPDTF)

DIMENSION X(1397)1Y(1397)yN(7)9ALFE(12)7)iETIF(12y7)1
*BTEE(12,7),GAME(12‘7)»GQDNE(1297)9TSCD(1217v&)9
*GRDNM(1297)qGQDTM(1297)9GF1(7Ge73}oGF3(7Cs7C)vA”(?Q»??)v
*ALFM(12?7)OQTIM(IZQ?)’BT?M(lZv?)]GANM(IZ’?}9DT;(12)7)ﬁ
*AC(IC91C)qRC(lQ,lﬁ)‘CC(lOsIO)oEp(2)78E5(7C)9DTN(1297)q
EXMINCE) s XUMAX(S) s YMIN(S) s YMAX] ) INXLBI s NY(S) yDX(S)H0Y(S),
*BM(?O),9M9(7O)sBﬁT(7O);CHM(1297);BFT(7Q)36QDTE(1297)9
*GF2(7OtTO)7AF(7C970)98E(70)9CFE(1297)9SCH(4)vDLTL(E)

PI=3,1415G62A

RR=RxxD
CALCULATFE DIRECTINON AND LENGTH CF SEGMENTS,
DC 1 L=1,NC

NiN=N{L) -1
D1 I=1. NN

XI=X(I+10)=X{I,L)
YI=Y(I+1 L )=-Y{I,.0)
TSCN(I-L:1)=ATAN2(Y I, %T)
TSCRLTHL s2)=STMN{TSCD(TsLas1))
TSCO(IsL +3)=COSITSOD( {4141 )3
TSCD(I,L,ﬁ):SOQT(XI**2+YI**2)

GENFRATE THs
T

CTROSTATIC{ AE) AND MAGCNETCSTATICIANM)
COEFFICIENT MA I

CES.

Jdd=Q

DO 4 Ly=1,ND

NJ=N{{LJ) ~1

JAa =434

JJd=Edda+Ny

DO 4 J=1,NJ

JJI=JA U+ J .
XJ':(X(JOL;J)+X(J+19L\’))/?_€
YI= (YU L UY+Y (U411 5L J) )/ 2.




[e¥eXa)

OO0

N"OON

00

o]

ITI=0¢

DG 4 LI=1,NO
NI=N{LI)-1
ITTI=TTI+NIY
[AI=LII~NT

DO 4 I=1.NT
II=IATI+]
IF(IT.EQ.JJ)Y GO TO 3
XI=XJd=X{TI,L1I)
X2=XJ=X{T+1,L1)
Y1=Yd=-Y (1L i}
Y2=YJd-Y(I14+1,01)
Ql:)(l*:kzi-\/lfixe
RZ2Z=X2#+% 24+¥ %% D
S1=04

S2=0,
YT=X1#Y2-X2%xVY1
XT=X1#X2+¥Y 1 VY2
TETA=ZATAN2{YT,XT)

GREEN FUNCTION EVALUATION,
S

1=TSCDLTILLI,4)*(1.~0.5%AL0OG(R2/RR) )
OS5 HALOGIR2/01) % (X1xTSCD( I+L 1, 3)
FHYIXTSCOLT 3L 142 ) )+ TETAX (X1 *TSCO(IsLTs2)
F=Y1IxTSCO(I 3L 153))
TETAL=TSCN(JsL Uy 1 }=TSCD{IsLI,s1)
S2=0SxSIN(TETAL ) xALOG( R2/R1 )
$FCOS({TETALIATETA
$3=-5S2
S2P=0.5*COS(TETAL)*ALCG(R2/R1)-SIN{TETAL) *TETA
GF1(JJs11)=
GF2{JJsI1)=
GF3(JJ,11)=

S2=P1

Il s
T manw
T TR0 N

g
—~

=200
[~
- 3
| sl i
oG
Lge13
U in

=

CALCULATFTHFE TOT NUMBER CF SEG
M=0

DO S L=1.ND

M=M+N{L) -1

GENERATE THE ELECTROSTATIC (BE) AND MAGNETOSTATIC
RIGHT HAND SIDE COLUMN MATRICES .
FRRES

DO 6 L=1,NO

NN=H L) ~1 :

JAJ=J 4 |

JJI=JJJ+ NN '

DO & J=1 NN )

JI=JA J+ \
BE(JII=GAMF { J,L)

BM{JJ)=GAMM( J,L)

" S2+BT2E(Js LI xS3
S2+BT2M{Jo LU I%S3

(8M)
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SOLVE THE ELECTROSTATIC EQUATION SYSTE,

CALL AREAY (2sM; MyNDIM NDIMAE , AE}

CALL ST#M0O (AELBF .M, KS)

ITFAKS «NFol) WPITE (6,100)

FORMAT (105 334 ELECTRCSTATIC SYSTEM IS SINGULAR}
I (KSeNiFe¥) GO TO 17

SOLVE THE MAGNETOSTATIC EQUATION SYSTEWV,

CALL ﬁ??AV(Q,V,M,NDIM,NPIM,AMeANB

CALL SIMO{AM,RM, M, KS)

ITF{KS dNF o2} WRITELAL.131)

FORMAT( 110,334 MAGNETOSTATIC SYSTENM IS SIRNGUL AR)
IF{KS NELOY GO YO 17

PLACE THZ FLECTROSTATIC AND MAGNETOSTATIC EQU IVALENT
SOURCE SOLUTIONS IN RESPECTIVELY CHE ANC CHM,

JJdd=0n

DG 7 L=1.N2
NN=N((L) -1
JAJ=U44
JJId=JJI+ NN

DG 7 J=1, NN
JI=JAI+ Y
CHE{J L )=REZ(JJ)
CHM{ JdL)=R8M{JJ)

CALCULATE FNIR E£ACH SOUNCARY SEGNENT THE ELECTROSTATIC
POTENTIALIBPTE)Y AND NORMAL (GRDNF) AND TANGENT( GRDTE )
FIELD MAGNITUNE s MAGNFTCSTAT IC PCTENTIAL{PTM), AND
NORMAL (GRDNM) AND TANGENT(GRDTM} FIELLD NAGNITUDES o

Jad=r,

DO &80 LJ=1,ND
NJ=N(LJ}-1
JAI=J I
JId=JYIeNG

DO 80 J=1,NJ
Jd=d4ad+y
BE(JII=C

BM{JJ)=",

BMS{JJ)Y =0,

BMT(JdJ)y="

I1I=2.

DC BC LT =1 .,NO

NI=M{LI)-1}

ITI=TITI+NT

TAI=7T11-~NI

DO K]0 T =14NI

TI=TATI4+T

BECJUI=BEJII+OFT T (I TTIRCRE( T,LT)
BES(III=RTS{ I+ GEP (I IV CHE (T, LT}
BETSS Y= ETLSS)Y+GT LUy TIVSCHE( I, L 1)
BMOJI) =B34 GF 1 (U, TI)%CHN{I,LI)
qi\’zT(JJ):Q"-“T(J\J)"'r"Gf"—’v(JJgII)’*‘CHN(I;LI)
H*"tS(JJ)ZﬁMQ(J.J)‘F'GPE(JJpII)*CHM(IyLI)
Jdd=T,

DO 81 L=1,N0D
NN=N{L) -1
JAI=JJdJ
JJdd=Jd I +NN
DO 81 J=1,sNN
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NNERVWPN'
PTE(J,L)=R -
GRONE (U, L
GRDTE(J L
PTM{J, L )=R
GRDTNAJ L
GRONM (S 4L
PRINT FIELD VALUES.
WRITE(E,83)
FORMAT{ZIMTOLCCTROSTATIC CURVE BOTERNT IALS)
WRITE (A ,88) PTE
WRITE (5,84)
FORMAT (33IHCFLECTROSTATIC CURVE NORNAL FIELD)
WRITE (6,89) GIDNE
WRITE (6,39)
FORMAT{ZLHTTLECTROSTATIC CURVE TARGENT FIELD)
WRITE(A 483 )GRDTE
WRITE (6 455)
FORMAT(IIHCMAGNT TOSTATIC CURVE FGTENTIALS)

WERITE(S.,88) PTM™
WET TE (6 ,86) .
FORMAT({ 2ZHNMAGNETNSTATIC CURVE NORMAL FIELC)
WRITE (A ,83 GRDN #4
WRITZ (6 .87)
FORMAT( Z4HOMAGNE TOSTATIC CURVE TANGENT FIELD)
WRITE(6,83) GRDTM
FORMAT{IHR s 7F1 5.4 )

4

CALCULATE FIZLD VALUES IN A RECTANGULUL AR NET,

IF{EP(1):EQ.1.) G TC 19

DO 29 L=1,5

PLTD{L)=n,

IF{NX{L)=1)17,9, 190

DX{tL)=0,

GO TC 11}

DXL )= {XMAX(L)Y~XN PINCLIIZFLOAT (NX(L)=1)
IFINY(L)~1)17,12,13

DY(L)=0C.

GC TO 14

DY(L)=(YNMAX{LI=YMINI(L))/FLC CAT (NY(LI=-1)
NXX=NX{L)

DD 128 IT=1,MNXY
XJZXMIN(L)+FLOAT (I I-1)%0X (L)
NYY=NY(L)

DO 199 JJ=1,NYY
YJ=YMIN(L)Y+FLOATC Ju=-1 )40y (L)
AC(IIsJJ)=",

‘jC(IIoJJ)—’_".

CCUIINJIY=0.

DO 18 LI=1,ND
NN=N(LT)}-1

DO 173 I=1sNN
X1=XJd~X{1-01)
XZ2=XJ=-X{I+1,LT)
Yi=YJd-Y(I,L1)
Yo=YAd-Y{I+1,L1)
RI=X1#x2+Y 1 nxp
R2= X242 24Y 24xp

YT=X14Y2~%2xv ]

XT=X1%X2+Y1%yYD

TETATATAN2 (YT 4XT)

KST=0

IF{{R1eEQe5)s0R¢(R2:EQe0, ) IKST =1




O

18
169
20

19

161
17

1CC

110
129

s b
Dog
DO

W W
192 I o B

! ' ' 123

IF{KST.EQ.1) So=p7

IFIKSTaFGe1) S2P=0,

IF{(KSToNF, 1) S?zﬁo%*TQCD(IQLIQZ’*ALCG(PZ/pl)
3+TSCD{1] s LI 3)RTETA

IF(KSTaRNEZo1l) Spp=n, e OXTSCD(IZLIe3)XALLCG(R2/R1)
¥=TSCL{T sL. 1 +2)%THETA
ARCETTeJJ)=ACITIT.JJ)I+S2%CHEL I-LT)
BC(II;JJ):QC(II;JJ)+§2F*CHF(IvLI)

CCUTIT s II=SQARTIAC({T I, JIVHE24BCLITsdS)%%2)
PLTD(L) =PLTD(LY+{(CC( ] T1sdd )22 )% CX (L )XCY (L)
CONTINUFE

DO 191 L=1,NOC

NAN=N{) ~1

SCH{L)Y=",

DO 191 1=1,MN
3CH({):QCH(L)+GRDNE{IvL)*TSCD(IoLs@}
CONTINUE

RETURPN

END

SUBROUTINE ARRAY (MCDE s 1oJy NeMsS, D)

DIMENSION S{4900),0(4 S¢a)
NTI=N-~1

IFIMORE-1) 1¢Co,1n0,12¢0

T u=1%xJ+1

NN j4 1

DO 110 K=1,4

NM=NM-NT

DC 11C L=1,1

I1Jd=1U~1

NM=NM=-1

DINM)=S{14)

GO TO 1417
14=0

NM=0

DO 122 K=
DO 128 L=
I1J=10+1
NM=NM+1
S{T UYy=D{NM)
NM=NM+NI
RETURN

END

SURROUT INT SIMO{ABsN,KS)

DIMENSION A(49D72).B(70)
TCL=NC

KS=0

JJ=-N

D0 B85 U= oN

JY=J+1

TGAY~ABS(A(IJ))) 20,3C, 20
3 \

@]
@]
Z
_.,"
~—
zZ
o
mn

IF(A%S(unA)—TUL) 38,2540
KS=1 N




NON

[a¥ele]

AN

40

3¢C

R
VAN -y
AN wrwr (T @ N} o

CALCULATICN,

[ I R )
NTOpe V-uDd

RETURN

II=g+Ne( J=2)

IT=1MAX -

DO 50 K=J, N

T1=T114N

12=1T+17

SAVE=A{ I1)

ACII)=A(12)

A{I2)=SAVE

ACTI Y =A{I1)/BIGA

SAVE=P({ TMaAY )

BLIMAX)=a(J)

BlJ)=SAVE /IRTSA

IF{J-N) 55,70,585

IGS=nNr{ J=-1)

DO 65 I X=JY,N

IXU=1QS +1X

I T=J~-1IX

DO €2 JdX=JY,N
IXIX=NEIX -1 ) +IX
JIXZIXYX+IT
ALIXIXISACTIXRIXI= (AL IXJY*A ACIIXDI)
BOIX)=REIXI=(BIIYHA(IXJ))
NY=N-1 ‘

T T =hseN

DA 80 J=1 ,NY

TA=1T-4

IB=N-J

IC=N

DO 806 K=1.J
BIB)I=B(IR)~A{IA)%B3(IC)
ITA=IA~N

IC=1C~1

RETURN

END

SINGLE MICROSTRIP-PARAMETER
DIMENSICN X{13,7)Y.Y(13,7)}sN
*BT2E{ 12, 7)Y GAME( 12, 7) sGRDNE
FALFM(12:7) «BTIM{12,7) 8T2M{
KGRONMA{L12:7)36GPDTH(1267) ,GRD
HXMINTE) s XMAX{SY s YMIN{S )3 YMA
HRTR{2)sATTC{2),ATON(2) ,ATDD
*QHD(1294)9CQTD(1204)9SIS(‘12
%59(2).01(?).02(?3.CAP1(2)9C
READ IN CONSTANTS .

R=107,

PI=3.1415924

ENMOSFEI X4, -7
TULC=2.897328F +8
‘ED\"]:].S/(F:‘»,‘;_':":NJK x % 2)

SIGMA=S ;8547

FREO=1.F+9

EP(2)=1 ¢

EPR=EP(2)%ERn :

V1=0, ‘"-‘
V=100 ‘

NO=7 \
NOC=¢

w4 Ze o wpr

1

D A
N G~ b M
MYNY S (Tie Z (N

N T ()

T e

=~ TN

Do T By

~~ D e

A SV TN |

~

N~

o TUrr om0
NN~
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anon

ann

11

-
n

NUMRER OF SEGMENTS ON EACH CONTCUR.
N(1)=13

N(2})=9

N{3)=13

N{4)=11

N{5)y=12

N{H) =7

N(7) =12

NDIM=70

D01 L=l

NX(L)=17"

Ny(L)=1O

wWi{(i)=0.%

Wi(23)=0.7

WI{3)=1.0

Wl(d4)=1.3

W1(5)=2.0

HI(6)=2 .0

WI1{(7)=4,7

H=1s

=15, %H

WiL=12¢%%H

T=H/8,

DO RCC Mzl .7

ERP{1)=1.

EFI=8FR(1 %P0

w=wl (M)

W2=V/2o

RECTANGULAR MESH IN THE DIELFCTRIC REGICN.
XMIN{I = oS { W2 2%W2)/ 10,
XMIN(Z)zoS*n>*“2/IGo+“c-o?*W?
XMIN(3)I =0 eSO he2%W2/ 10 +WE
XMIN(G)=0o8% 4% W2/ 102 +tWZ=o2%W2
KMIN(S)ZGer*(WL—W’—»Z*W()/100+W2+n2*w2
XMAX (1) =QeE%X (W2~ e2%W2)/1Ca
xmAX(?):Qn%*.2*w2/10e+w2—92*w2
XMAX{Z3) =000 2xW2/10 %02

XMAX (L) =T e S5 4% W2/ 1N e +WZl= e 2%W2
XMAX{(S) =D SR (WL ~YW2 = 2%W2) /1 0e+W24+o2%W2
YHIN(I)=S%E/10 .
YMIN(Z2 )=S0 oD% 2%H/ 10 a4 o 8%H
YMIN(E):Ce%*n?“F/I“o 9*
YMIN(LG )=7, 2 BEMS 10 o

YMIN(S)=. q\*H/l"‘

YMAX{( 1} =2 5%H/10,
YHMAX( 23 =3 05% e 2%H/ 1D o+ o 8%¥H
YMAX(3)=2¢ 5"‘92‘*!“‘/1 G et o8%H
YMAX{G)=GeBx oR%H /1D
YMAX{3)=9.5xH/10,

BOUNDARY CONTOUR S,

=1

Dal=H/S,
DA2=5 axH/ b o
DAZ3={ %l ~H %M} /2.

DO 11 I=1+6H i
X{IL)=DAT®FLOAT{I~1}"
Y{IsL)=0, \
DO 12 [=7,10

X{I sL)=H+DA2XFLOAT(I~&)
Y{Tl,L)="s

DO 12 f=11,12

125




t

n)

31

32

AHEDATHXFLCAT (1I-10)

X{I oL )Y=6»

Y{TI L }=C.

I=13

X{IL)=wi

Y{T L )=H

L=p =

DAI=(R=H) /2,
DAZ={(Y_~4 ¢ ¥H ) /2 o
DAT=4 o H/ 4o

DO 21 [=1,.3

X1l Y=wi,
Y(IeL)—H+DAY*FLDAT(I—1)
o0 27 1=445

X{T s L)z wlL~DA2XFLOAT ([=~3)
YTl L )=8

DO 22 I=5,9

XKL s L )=l o tH=DAZEF NAT{(I~5)
Y{I,.,L }=R

L=3

DAT=.02%W/2,

DAz 46w /4,
DAZ= o 02%W /2,

DA4=T/4 .

DC 31 I=1,3

X{TI 4L I=DAT»FLO3AT{ I-1)
Y{IsL)=H+T

DC 32 1=4,7
X{TaL )= a0 2%W+DA2XFLCAT{ [~3)
Y{I,L)=H+T

DO 33 1=8,9

X{TsL )= dRxW+DARXFLCAT{I-7)
Y(I sl )=H+T

DO 34 I=12413

X{I L) =w2
Y(I+L)=H+T=-DA4*FLOAT(I~G)

126

L=4
DAl=, L2%W/2 ,
DA2= 4620 /6,
DA3= 02w/ 2,

W2 —-DATL % TLOA*(I—I)

s
B

X ~DAZ2XFLCAT(I-3)

-y
-
o ror
H e il

19,11
A2xW=DAZXFLOAT(1-9)

- @
TR I TR IR
T

G

R - T‘f)e*H)/:?v
HAL,

%

[INRASACG (S
f]

SNt
N\ @
o
L]

3

i
8 =
»

<xOO0T QM < xU<
O=~~Q2r Dl ~~O~~

[SRrppay
~

=DATEFLOAT(I~-1)
s 7

]
p

NN
U W i e 1 4]

+T+we~H DARXFLOAT{(I-3)
“11?

bef et
e » (o »

W TN e TN~

-IIIQIIM”

\

~
e

Y

‘+T*H DAZRFLOAT(I~7)

3

N e b

s s O jY
mer=T
o

i !_l

N
>
®

~
N

H-=-DA1*FLOAT{I-1)

<KXOUOUr<xJ«<x
bt ot



[aXe ke

[aXekel

71

73

15

16

17

CIFCINMNGEQ,

L=7

DAT={ WL ~W2~2.%T=H) /4,

DA2=H/5,
DA3=2.%xT/2.,
PO 71 I=1,5

X{IsL)=WL -DALIXFLOAT({I~1)

Y{IoL)=H
DO 72 I=6,17

XD ol Y=w2+2 o ¥ TH+H-DAZHFLOAT{ I~-5)

YOI o1 ) =H
D73 i=tl,10
X{I«l)=W242 %
Y{T oL )=H

BOUNDARY CONDITIONS .

%
2

-
i

z39
Z O
il
r Z
Ut~ it
~
—

N N e e bt b

L TR VT A Tt R TIS

BT2M(
GAMMI(
NN 1é
NN=N (L
DO 18&

% 4 6 © 0 o o o 0t H
TRl b ol el ol sl SRR
— ek
PO DLy >
e e o 7 B 6 € b w0 @& & 7

L AT | AT AT BT

DODm DL DD

zZ ® 6 9 o

[T T T A T TR T TR

U L R e e RS B

io;ooﬁgomvr‘eaeuog-aao—qv

I I it el e TR B T el el e e e S W el o
S N N ot et v et bt et (] e e N e e

l\)en,oooo

CALCULATE

DCo7OOIN

3V}

1 e
1 GO

N~ w

ER{1 )= .07
ERPY=EF{ 1)
CONTINUF
L=7
NN=N{L) -1
DO 18 T=1 NN
ALFE( T L)="

.'
I

BTIE(I,L)=FFP (1)
BT2E (1L )=FP(2)
GAME(T,L)=0,
ALEM(TL)=0,
BTIM{IsL¥=1.

FLCAT(I~10)

*FLOAT {(6~L)

PARAMETERS BY CAPAC ITANCE

METHOC.




a0on ann

aono [a¥ale)

OO0

DN

)

1e

13

132

134

128

R CAME JALF M,

BT2M{T..Li=1,
GAMM{ T l.Y=n,
CALL LL '(“?(NC:,;.vX V9Ror\DI|V9ALFEv;PTLl. PSR
FRTIM BT 2M, GAMMZNQOQC, ETE, FTM, CRCNE, CRENN s CROTNM, TSCD o SCH
ENXy DY ¢ XMIN ¢ XMAX 3 YMIN, YNAX DLTD»EP«;GQDTE}
Ql(I?Q):S’EC%~5(‘1)?531*°<‘F‘(c)*rpc
Q2{IN)=STH (3} 2EP2+5CHE (4 ) %FP]
CAF’l(I'\l)"/\”%(ﬂl(IN)/V()
CAPZ{INI=ARS(Q2IIN)Y/V2)
CONTINUE
UI=USNenNDT (001 (1) /0A81{2)1)
Uz= LJ"“'\OAT(C!\D2(l)/CAP?(?)?
ZO1=05 /{1 *CAPL (2}

{(213)

Z202=0 5/ {J2xCapP2
URT =U1/U% ’
uRzg=uz/u”

EDSI=1 /U701 %%p
EPSP=1./UR2 %%
AMEDA Y =UI /U
AMBDA2=Z /U2

ATTENUATION CALCULATICNS
WIDTH=e S0 8F -3
CALCULLATE SURFACE CHFARCE DENSITY.

DO 131 L=1,4:3

NN=N((L) -1

DO 131 I=1,4NN

RHO( I sL)=GRINE(IsL)*EPI/WIDTH
DO 132 L=2,:3

NN=N{L) -1

DO 132 I=1sNN
RHO(ISLI=GRONE(I,L ) 2FP2/WIDTH

CALCULATE ATTENUATICN FCR FRECUENCIES OF
NC 140 X=1,

FREQI=FLOAT K)*105+q

FREQ=FREND]

CALCULATE SURFACE RESISTENCE.
SKN=SGRT{2,/(2, *O14SN0%SIGMAXFEREQ) )
RET1o/{ SKN*SIGMA )
SIGHALI=2 1 F—a%2 %D I«FREQHED |

CALCULATE CURRCMT DERNSITY AND ECWER LCSS
DC 132 L=1,4

NM=N{L) -1
DO 1332 I1=1,HN

CRTD(IsL)=0HT(T, L )y=
SIS({IsL )= D(I L I=TSCD{ I3 L4 )XWIDTR
PL{T L )=FS fh‘Tﬂ(I»i_):ﬂmJ?

PLTII LI =PLLT ) 2TSCO{lsl+4)%WINTE

1-5 GHZ,

IN

CALCULATE TOTAL CURRENT THRCUGH THE SEIELD,

SIST(1)=51 1IJ+ARS{SIS{I-1L))

EaCH SECMENT,




OO ann

sXale)

aONnOANAN

laFe¥e!

CALCULATE TOTAL CURRENT THROUGH
SIST(2)=0,

DO 135 L=3,4
NN=N{L) -1

DO 135 I=1,NN
SIST(2)=SIST{2}+4aB

135 SISIS(IsL))

CALCULATE TOTAL ©OQ0WER LCSS

BLYS{1Y=—",
DO 13¢& t=1,2
NN=N{L)-1
DO 13€ I=1 NN
PLTS(L)=PLTS(1)I+ABS{PLT(I,L)}
CALCULATE TOTAL POWER LCSS
PLYS{2)=0,
DO 137 L=3,4
NN=N({L) -1
DO 137 I=1NN
137 DLT»(?)‘WITQ(°)+APQ(DLT(19L))

TOTAL POWER LOSS
PLTDT =0,
DO 138 L=1,5%
PLTOT=PLTDT+PLTD(L)*SIGMAL
38 CONTINUE
DC 139 I=1,2
PTR{I)=Vv2=3IST(
ATTC({I)=PL.TS (I}
ATTOLIN=PLTDT/(
1)
1)

[o

*PTR{I)
£R353/100,
B .HEBB8/100,

1)
S{2.%¥PTR(I))
20

<53,

ATDD(TI)=ATTD(
ATCD(IYI=ATTC(
WRITE(H,117)
FORMAT(ISHOATTENUATICN CONSTARNT
WRITE(6,109) ATCD

WRITE{6,108)
FORMAT(IOGHDATTENUATION CONSTANT
WRITE(6510G) ATDD

FORMAT( AHOSHLD=
¥6H DR/CM)

147 CONTIRNUF

1¢9

VARTATICNAL CALCULATICN,

EVALUATE *A* INTFEGRAL .
AA=

L=5
CNN=N{L) -1

Do 221 I=1 NN
AATAA+GREDMNM (T oL,
AAZAARZ g2 vn

PETSCR( Il ,4)

EVALUATE 3¢ INTEGRAL,
B.QI:C'Q
L=4

=N{LY ~1
DO 2722 I=1sNN
BRI=CRI+PTF{T,L)%GR
B3B1=BRt%2.%x=p}

N
L]
N

1267 96H DR/CNM,E

T

oy
I8

STRIP.

IN THE SEFIELLCS

IN THE STRIPR,

IN THE DIELECTRIC,

FOR CCNDUCTCR)

FCR DIELECTRIC)

sHE STRP=,F12,7,

DNE(I-L)X*TSCD({I,0L44)

129




| 130

SR2=0,
.=7
NNh=N{L) -1
DO 2032 T=1 ¢NN
203 BR f FLTyLY=GRe F{I,L)*TSCC(IaLWA)
882;'.('?0*(F91—f92)
/A3
L=3
NN=NE L)Y ~ 1
DD 2n4 T=71 NN
204 BR3IzHOB34D TE(TL L) *GRONE( I, )XTSCO{TaLo4)
BAZ={8 3w 2, 7P
BA=RR1+NRD +123373
C .
C EVALUATY ¥Ct INTEGRAL o
C
$4 Y EABS(GRDTM I L))
C
C CALCULATE VARIATIONAL FARAMETERS.
C :
EFFK=1a/RVYELx*%D
VEL=ABRS{CC/SORT{ AA%XREB))
RVEL=VEL/UN
C .
) WRITE{(S,101)
161 FORMAT{14HATOTAL CURRENT)
WRITE(&,176H6) SIST
NPITF(€e102) CAPT s UUR1 w201
G2 FORM AT(1AHtC(oHLD HMGS IS 3E 126 468X 16H C{SHLD INHMMGS) =,
HET126455X12H VELN(SHLD)=F1Noda, S5X31CH ZC(SHLD)=,F12.4)
WRITE{H1023) CARP2,UR2,2C2
103 FORMAT(14MHoC(STRED HWCS)-vFI 2e435X916H C{STRP INHMGS)=,
FE 1204 s5X,121H VEL RS TRP )= sF10 495K 10K ZU(STFRP )= 4F12,4)
WRITE(A,124)
104 FORMAT(2CHIZFLATIVE WAVELENGT )
WQITS(ﬁulfﬁ) AMODAL ANEDAR
WRITL{A105)

105 VONMAT\,#H FOEFFECYIVE CIFLECTRIC CONSTANT)
\»’J!::{LT;-{';‘QI S1s8P82
106 FOR AT AT gfL’\:vFl?o Ff+s1CX,AH STRp:qF1207)

WHRITE{(AL110)
115 T:GP»‘:H‘»Y(?Q—?'i""\/ﬁ'ﬂvIl\T‘ZC’\;‘«L CALCLLATION)
VQTTC(591117V& s PV EL ZEFFK
111 P«N““(i‘wfvﬂtﬂ\ITY~qF1?54,%x,1OP RELATIVE VELCCITvY=
nrl? 4S5 Xea "H RELATIVE EFFECTIVE DIELECTRIC CONSTANT=,
#fT1 2 &l j]
30 CONTINUE
HWRITEL{A,112)
112 FORMAT(OHS X VALUEZS)
WRITEZ(es114) %
WRITEL(S:113)
113 FORMAT(GHYY vAaLUEg)
WRITE(Aa114) Y
P14 FORPMAT(IRD, 10812 40
WRITEL{AS,118) l}‘ DTN GE RS
1158 FORMA TSR Uf—.tIQod’lOY GH ENOC=3E1504,10X+5H EEQ=
¥E15.4 )
STCP
END

FENTRY
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