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ABSTRACT

A study of the shielded coplanar line (SCPL) is presented. The main
goal of this thesis is to develop an equivalent circuit model for a typical
discontinuity in the SCPL. The formulation is based on Galerkin’s
method, using Green'’s function applied in the Fourier transform domain.

The impedance (Z,) has been calculated by using a variational
method. The propagation constant (B(w)) and effective dielectric constant
(&,¢) of the SCPL have been calculated by using the method of moments.
The cut-off frequency of this waveguide has been obtained by a theorem
of Van Bladel and Higgins.
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I. INTRODUCTION

The shielded coplanar line (SCPL) is useful for radar and communi-
cation circuits at microwave and millimeter-wave frequencies. In order
to use this transmission medium in the construction of microwave circuits
and filters, it is necessary to have valid circuit models for typical discon-
tinuities such as the series gap in line, open-ended stub, and a discontin-
uous change in width. There is a definite need for an accurate full-wave
analysis of strip transmission line structures. By full wave analysis is
implied the process of rigorously solving the frequency dependent
electromagnetic (EM) boundary value problem with retention of all the
field components. In this thesis, the boundary value problem associated
with the discontinuity structure of interest incorporated in a SCPL
resonator has been solved in a formulation employing full-wave analysis.
The solution of the problem has been derived using an efficient method.
Specifically, the derivation of the characteristic equation for resonant
frequencies of a resonator model is carried out using Galerkin’s technique
applied in the spectral or Fourier transform domain instead of the space

domain. The resonant frequency of the structure of interest is obtained




by numerically solving the characteristic equation. The details of the
analysis method will appear in Chapter Il of this work.
In Chapter III, at the discontinuity in an open-ended resonator, the

fringing capacitance of the open end will be calculated by two methods.




II. THEORETICAL ANALYSIS

The shielded coplanar line (SCPL) to be analyzed is shown in Fig.l.
A strip conductor is located symmetrically between ground strips on both
sides. The strips are placed on the dielectric substrate. The SCPL is
constructed by placing dielectric and conductor within a closed channel
forming a shield. Dimensions must be sufficiently small to avoid propa-

gation of waveguide modes within the channel.

Y
-f rl

I

> A=
-1

Figure 1. Top and End view of SCPL

It is assumed that the thickness of the conducting strip is negligible

and that all the media and conductors are lossless. For simplicity, the




center and the ground strip are to be located symmetrically in the z-

direction within the ends of the shielding enclosure.

A. FOURIER-TRANSFORMED GALERKIN’S METHOD FOR THE
SCPL RESONATOR

The analysis of wave propagation on the SCPL systems of the type con-
sidered here has been carried out by Itoh and Uwano [Ref.2]. These au-
thors treated the problem using Galerkin’s method of moments in the
Fourier-Transform domain. Their work is summarized in terms of a set

of Green'’s function equations:

Z,p,+ 2, Jy=E, (1a)
Zy)y+ 2y =E; (1b)

Where J, = Jk,, B.) , J. = J (k. B.).

In Egs.(1a) and (1b), J, and J, are the z and x components of the
currents on the strip conductor, and E, and E, are the components of
electric field tangent to the substrate surface, and the Z, are Green’s
functions.

The tildes over the factors in Eqgs.(1a) and (1b) imply Fourier trans-

formation of the respective quantities. In this work, the Fourier trans-




formation is carried out in the bounded region interior to the shielding
enclosure placed around the line segment representing the resonator.

There we have the finite Fourier transformation:

~ +rif2 +al2
S (kp B =.[ dz Sx,2) exp(jk,x) exp(jB,,z) dx (2)

—rif2 —a)2

where k, B, are the discrete transform variables defined by,

k,=({n—1/2)n/a for E, even, — H, odd (in x) modes

k, = nn/a for E, odd , ~ H, even (in X) modes

Bn=(m—1/2)rfrl for E, even, —H, odd (in z) modes

where a is the width of the waveguide enclosure, and rl is its length.

The analytical task then consists of assuming suitable coordinate
forms for the current densities J, and J,, and Fourier-transforming
these. Inner products are then formed in Egs.(1a) and (1b), in accordance
with the standard procedure of the method moments. This procedure
gives rise to a set of homogeneous equations in the unknown coefficients
assumed in J, and J,. The solution condition for the simultaneous
equations leads to a determination of the resonance frequency of the
SCPL resonator of the problem. The unknowns E, and E, can be elimi-

nated by applying Galerkin’s method in the spectral domain. The first




step is to expand the unknown J, and J, in terms of assumed basis func-

tions J,; and J,; with unknown coefficients ¢; and d,.

To= ) a7 ke B (a)
i=]
N2

Te= ) cJoflm B (36)
J=1

The basis functions J, and -Zv must be chosen to be the Fourier
transforms of space-domain functions J,{(x,z) and J,{x,z) which are phys-
ically realistic, and which are zero except for the region | x| < 4/2 and

| z| < If2. Substituting (3) into (1) yields the matrix equations,

N1
Zzzzdij 7t Z"}]xj = Ez (4a)
=1

szzdi]zi + Zxxzc}lxj = E, (4b)
i=1 j=1




Where .7,,=.7,,(k,,, B .7,d=.7x,(k,,, B.) . Taking products of the re-
sulting Eqgs.(4a) and (4b) with the basis functions and for different values

of i, j, yields the matrix equations:

N1 N2
Jzk Zzzzdi J2i Tk szzc:j ij =Ju E; (4c)
i=1 J=1
N2
Jxi szzdijzi + Jx Zxe‘fj i =JIxi E, (4d)

i=1 j=1

Making summations of Eqgs.(4c) and (4d) to complete the inner products,

yields the matrix equations:

+o0 +o0 N1
Z Z T4z, Zd,};,
i=1

m=-—00 N=—00

+o00 +oco N2
+ 2 2 Jzkzzxchj xj = Z Z‘]zkEz (Sa)
m=—00 n=—0c0 J=1 m n




+00 +o0 N1

Z Z J lezx di‘] zi

m=—o0 n=—0c0 i=1
+ Z 2 Jxl Zxx (.:,ij = Z zjxlEx (Sb)
m=—o00 n=—00 J=1 m n

The right-hand sides of Eqgs (5a). and (5b) are zero by virtue of Parseval’s
theorem, because the currents J{(x), J,{x) and the field components
E(x,d), E{x,d) vanish in complementary regions of x. For example,
when the inner product of jzk E, on the right-hand side of Eqs.(5a) and
(5b) is taken, J,{x) is zero outside the strip, and E/(x) is zero on the strip.
Therefore, the final boundary condition is satisfied. Equations (5a) and

(5b) will be expressed in matrix form as follows:

N1 N2
D akiD + ) kit =0 (50
i=1

=




N1 N2
Y0+ Y et <o
i=1 J=1

Where

400 +o00

Ki0p= )Y Tl B i B

m=—o0 M=—00

+o00 +o00

K%0= )Y Ttk B Zedlln B

m=-—co m=—o0o

+o00 too

K ap= D ) Tulb B fl B

Mm==0om=—co

Where Z,, = Z,(kn, B)-

(5d)

(6a)

(60)

(6¢)

(6d)




A homogeneous system of equations is thus obtained in terms of the
unknown coefficients ¢, d, . In order that ¢ and 4, have nontrivial sol-
utions, the determinant of the matrix must be zero, and hence the reso-
nant frequency is determined for the resonator.

Equations (5) are now solved for the angular frequency w, by seeking
the root of the resulting characteristic equation. The resonance frequency
of the SCPL strip line resonator is derived from the obtained value of
w,. The accuracy of the solution can be systematically improved by in-
creasing the number of basis functions ( N1, N2 ) and by solving larger
size matrix equations. However, if the first few basis function are chosen
so as to approximate the actual unknown current distribution reasonably
well, the necessary size of the matrix can be held small for a given ac-
curacy of the solution, resulting in numerical efficiency. Hence the choice

of basis functions is important from the numerical point of view.

B. GREEN'S FUNCTION FOR THE MOMENT METHOD

Equations (la) and (1b) may be expressed in the matrix form [Ref.2]:

A~ ~

(7

where the transformed Green’s functions have the values:

10




(RTH2 + RTH1)

Z ZED

xXZ

k,p

5 _ [k = y)RTH2 + (k2 — y)RTHI]

(8a)

2z

ZED

1

> 2 2
Z. =k, —71")RTHI ZED

t

N2

ZX

2
ZED = (RTH1 + ER x RTH2)( 4

(85)

(8c)

2
72

RTHI

Casel =0

RTH1 = y; tanh(y,d)

RTH2 = y, tanh(yh)

case2 y?<0

RTH]l = -1y, tan(ylh)

RTH2 = — y, tan(y,h)

11
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2 2 2
Yi= \/kn + B — Bt

-~

Where i = 1,2 in the indicated layer. The quantities Z,, Z,,, Z,, are ac-

tually the Fourier transforms of dyadic Green’s function components.

C. CUT-OFF FREQUENCY IN TWO-DIELECTRIC LAYERED
RECTANGULAR WAVEGUIDES

If a rectangular wave guide is partially filled with a solid dielectric
arranged as inq,icated in rig.1, this dielectric results in lowering the cut-
~off frequency and phase velocities of the modes as compared with that

of a guide of the same dimensions wholly filled with air.

Figure 2. Cross sections of the waveguide s

12




These effects have led to several important technical uses of layered-
dielectric guides. The field in the guide is a linear combination of ele-
mental waves, infinite in number, and termed normal modes. These
modes are to be found by taking a z (axial) dependence of the form
exp(jhz) for the six components of E and H and by constructing, through
separation of variables, a wave which matches all boundary conditions.
This procedure, as is illustrated below, yields a relation between A? and
w? termed the characteristic equation of such form that, for a given an-
gular frequency w, A? can take only a discrete, though infinite, set of
values (the eigenvalues). To each eigenvalue corresponds a mode. When
the eigenvalue A? is negative, h is imaginary, exp(j4z) is a damping factor
and the mode is not propagated. When 4? is positive, the mode is
propagated. The transition between these two states occurs at a frequency
termed the cut-off frequency of the mode, for which A? is equal to zero.
The lowest of these modal cut-off frequencies is the fundamental cut-off
frequency of the guide, below which no energy can be propagated in the

guide. It follows from Maxwell’s equations that the field components of

13




a mode can be expressed as a function of E, and H,, by the equations

[Ref.11]:
2 — —
(& )E, = k’E, = jH(VE,) + jou(k,VH,) (9a)
c
2
(%) - k) H, = k*H, = jHVH,) — joek,VE,) (95)
c

where the subscript ¢ denotes a component in the plane of the cross sec-
tion, k is a unit-vector directed along the z-axis, and E, E,, H,, H, de-

termine the (x,y) dependent part of a component. Thus, typically

E,= 1_5-2(x, y) exp(j(wt + hz))

It also follows from Maxwell’s equations that in each homogeneous me-

dium, E, and H, satisfy Helmholtz’s equation.
v2 2, _
yd+k"4=0, A=(E,H,)

Equations (9) and (10) enable expression of the boundary conditions

OH,
on E, and H,. The conditions at a metallic wall are E,= e 0; the

14




conditions at a dielectric interface, in the particular case of Fig.2, are that
the quantities:
jh @ Jou; g

Lo p ROy (10a)
ki2 ox ¢ k12 8y d

h OE
J 0 z+J 1__a_E

, i=h,s 1056
kzayz( ) (105)

be continuous at the interface. These considerations are applied to the
guide depicted in Fig.2. Separation of variables in Eqs.(9a), (9b) and

application of boundary conditions at the metallic walls yields

v —1)

. X .
E,,= 4, sm(mn-a-) sin(y, Ih ) (11a)
E, = Aj cos(mn =) cos(u v=b ) (118)
z d S
=)
H,,= B, cos(mn—;—)cos(uh v 7 h ) (l1¢)

15




(V—Is)
l

S

) (11d)

H, = B;cos(mn % ) cos{uy,

Where subscript h refers to the dielectric, and s to the air media, and m

is integer (including zero). Let U, be an auxiliary variable defined by

2 1/2

U= () - = (ZE7'% i=hs (12)

Applying the boundary conditions at the dielectric interface through

substituting Eqgs.(11) in Egs.(9) and (10 ) and setting y = 0 yields:

Ay sin(Up) + A, sin(Uy) =0 (13a)

Bh COS(Uh) - BS COS(US =( (l3b)

sin(U, U
4, hr;m (Up) + 4 hmmn sin( 5)

kh? tod k2
wU U wU, sin(U

+ By—5" Uy sin —(1”) + By—= U ; 2 _o (13¢)
kh h ks s

16




wey UycosUy — 4 weg UgcosUs B hmn cosUp

h=" ] s” 2 “Ph g 2
kh h kI ks k;
cosU,
+ Bs hmﬂ S — (l3d)
d k2

S

The determinant of the coefficients of this system of four homogene-
ous linear equations in 4,, 4,, B,, B,, must be zero in order that the field
be nonvanishing. Formulating this condition yields the characteristic

equation,

[ KmUhthh + UsthS KeUh + US

Lk} 1kl T kAegU,  KllLggU,
hesmn of | 1 )2

+( )( - ) =0 (14)
AN

3 U
Wherein K, = _eh_ and K, = -U—" , and defining real auxiliary variables
s 3

Vi Vs by

2
V= ((2=) = 1 = (m 272 (150)

17




I
Ve=lm L +1? - 0* 512 (15b)
CS

The factored characteristic equations for the cut-off frequency as obtained

from equation (14) are:

V.th, 1gV,

(=52 1) - KV —a=0 (16)
ks Ik
Vs Vi

kZmvy  kiagv,
where tg = tan, th = tanh

In Eq.(14), on determination of the cut-off frequency through impo-
sition of h = 0, the second term disappears and Eqgs.(10) can be factored
into two simpler equations. ¥ in Eqs.(16) and (17) cannot be real for
h=m=0. No single hyperbolic mode characterized by m =0 can be
propagated. By use of trial frequencies in Eqgs.(16) and (17), we can find
the cut-off frequency for m=h=0. A fortran program for this calcu-
lation is shown in Appendix A. The cut-off frequency for the shielded
coplanar line ( SCPL ) having dimensions shown in Table 1 was found

to be 6.8 Ghz.

18




Table 1. CONFIGURATION DATA IN SCPL

dimension data(mm)
D 22.86
A 2.54
A 7.62
g, 2.2

Dimensions are shown in Table 1 Symbols refer to Fig.2 as follows
D : width of shield
I, : thickness of substrate
I, : height of air

g, : dielectric constant

19




1Il. COMPUTER PROGRAM CONSTRUCTION

A. CURRENT DISTRIBUTIONS
In actual computations for the dominant mode, the strip current densities
.7,, and .7,, have been chosen to have physically plausible distributions, as

shown in Fig.3, for the continuous strip which has width of 24 and length

of 2.

Jz (x)

Jz(z)

NIRRT MR o
e

Jx(z)

Figure 3.  Form of assumed current distributions

20




Where 2a= A4,2b=B,2c=C, 2, =1 ( see Fig. 1).

The coordinate forms of the current distributions in Fig.3 are:
1 x 3
LX) =5-0+15 )

x—=b

—_— 0
J ( )= 2(C “b) x>
21X —x+b 0
2(c —b) x<
S N2
J,(2) = I cos 2
1 l
L@=57  lzl>3

J(x) = —‘lz— sin —1%2

Jz)=~%

2,

Fourier transforms of these current densities are:

2 sin(k,q) 43

T e

21

(18a)

(18b)

(18¢)

(18d)

(18¢)

(18)

(19a)




[HWN = cos(k,a) — 2sin ky@) ( k'l' 2) 2]

ka + 2(1 — cos(k,a)

Talk) = (5= X sin(kyb) — esin(h,)
1 .2
+ ( y— ) | —k—n— ( cos(k,b) — cos(k,c)]

~ 4n cos Bl

sin(frl)
pri

T (B ) =

27 sin(k,,a)

2 2

T (k) =
(k) —m

cos(B,,)) _ sin(B,,,;)
Bmll ﬁmllz

7B =

And then, forming products of the x- and z- dependent factors,

T B) = Tk Br) + T3k T 1B )

22

(19b)

(20q)

(208)

(20¢0)

(20d)

(21a)




T (ks B = T (k)T (B,) (21b)

B. COMPUTATION PROCEDURE
1. Change of Transform Variable
In the present work, the strip line resonator was fully enclosed in
a metal shield. This permitted the use of a finite Fourier transform rather
than the integral transform which is typical of the infinite-line calcu-
lations.
The inner products can then be carried out as truncated summa-

tion, saving much computer time [Ref.9).

In the products, the lower limits are n = — oo, m = — oo, unless symmetry

holds, in which case the sum is:

D) +ZZ

The wave numbers used for the two summations are:

23




(n==)r

ky=——7——, Xx—direction
(m— L n
2 N
Bm= ——7 > 2z~ direction

As shown in Tables 2 and 3, a summation over n of 20 terms is enough,
and for the summation over m, 1000 terms leads to convergence within

1 MHz error which is negligible in comparison with the resonant fre-

quency.

Table 2. VARIATION OF NUMBER OF TERMS N

n m f, Ghz
10 1000 3.318

20* 1000 3.3289
40 1000 3.3287

24




Table 3. VARIATION OF NUMBER OF TERMS M

n m f, Ghz
20 100 3.23
20 500 3.317
20 1000* 3.328
20 1500 3.3287

C. CALCULATION OF FRINGING CAPACITANCE

Two equivalent representations of the electrical effects due to the fringing
electromagnetic fields at the open ends of the strip transmission line sec-
tion are available:

(a.) The stored energy in the fringing fields may be given an
equivalent-circuit representation in the form of a small capacitance,
AC, which is connected from the physical terminations of the line to
ground.

(b.) The effect of the open end discontinuity may also be represented
by assuming that the length of the open-ended strip is increased by the
addition of length increment A/ to each end.

The two foregoing representations are related by the assumption that:
AC = AIC, where C is the capacitance per unit length of the strip trans-

mission line. Therefore in the present work it is necessary to determine

25




either AC or Al, from the calculated resonance frequency of the strip
resonator. Two methods are available for finding A/ or AC from reso-
nance data: (1.) The half-wavelength resonator assumption, and (2.) the
terminated transmission-line model for resonance of the open-ended strip.
1. HALF-WAVELENGTH RESONATOR ASSUMPTION
It is assumed that, at its fundamental resonance, the open-ended
resonator has a length equal to one half wavelength of the propagating
waves on the strip, apart from the perturbation due to the open ends.
The wavelength can be found from a knowledge of the propagation con-
stant fB(w,), where w, is the angular frequency of resonance, i.e.,
Ay = L;— . Therefore, Al = -;—(i;- — ) where [ is the physical length
of the resonator strip and 4, is the guided wavelength in the strip. In view

of the TEM model for the transmission line defined by L (henry/m) and

C (farad/m), we have the relations:

L
Z, = < (22)
B =2ty = JLCO, (23)

(24)

26




where v is the wave velocity in SCPL, and c is the free- space velocity of
light.

By using Eqs.(22) and (23), the capacitance C is defined

(25)

where C is capacitance/ meter of the transmission line, and Z, is its
characteristic impedance.
Therefore the fringing capacitance AC is
/ B

=AlC=L 28 _
AC=MC= (5 =05

(26)

2. TERMINATED TRANSMISSION-LINE MODEL
It is assumed that the impedance seen looking from the center of
the strip toward the open end has a zero value at the resonance of the
strip resonator. This impedance can be calculated from the expression
for the input impedance of a section of transmission line of length i,

terminated by impedance Z, (see Fig. 4 ):

Z, +jZ,tan(p %)
Z, = . —Z, (27)
Z,+jZ, tan(p > )

27




Where Z, is the characteristic impedance of the line.

1/2

B -
23—~

Zo
——Ac
777777
Figure 4. Terminated transmission line model
In the present case,
z = —1 (28)
¢ Jjw,AC
AC = —L cot(f -L) (29)
w,Z, 2

A plot of Eq (27), as a function of trial values of AC is shown in Fig.5.
With the value of w, at resonance known, a CAD program may be used

to determine the value of AC which leads to a zero of | Z,|. X

28
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IV. RESULT OF COMPUTATION

A. SCPL WITH VARYING DIELECTRIC CONSTANT

In Fig.6, 4 , B, and C were held fixed, and ¢, was increased from
2.2 to 4.0 and 10.0. The effect on AC, ¢, and Z, and resonant frequency
, f,» was investigated. The value of AC is obtained by the two methods

described above.

Pa——
<p > Il
S NN 1. O 11 x‘
li

- — >

Figure 6.  Cross section view of SCPL
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Table 4. CONFIGURATION DATA IN SCPL

dimensions data(mm)
A 5.08
B 10.16
C 20.32
w 22.86
H 7.62
D 2.54

Figure 7 shows that the anticipated effect is obtained. An increase of ¢,
causes the fringing capacitance to increase and resonant frequency , f,
to decrease. In Fig.8, the increasing ¢, causes Z, to decrease, and ¢, to
increase. The calculation of ¢,, by the variational method or the al-
ternate method of moments returns nearly the same value. Again, the

results are consistent with the expected predictions.
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B. SCPL WITH VARYING CONDUCTOR SPACING

In Fig.6, the values A, D, H, GW remain fixed while the gaps between
the center and ground conductors are increased (where GW is the
ground-plane width ). The effects on AC, ¢, and Z, was analyzed. The
increase of the gaps as shown in Fig.9 illustrates that resonant frequency,
Jfo»» and AC remain relatively constant, independent of the SCPL gap
width. Figure 10 shows a slight increase in impedance, Z,, and in &,

with increase of gap width.

Table 5. CONFIGURATION DATA IN SCPL

dimension data(mm)
D 2.54
H 7.62
A 2.54
GwW 2.54
g, 2.2
K
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C. SCPL WITH VARYING WIDTH OF THE CENTER
CONDUCTOR

In Fig.6, the ground plane widths and values for H, D, W, ¢, are
fixed. Only the width 4 of the center conductor is varied. This change
necessarily changes the gap width also. The changing gap caused
AC, f,, & and Z, to change as will be discussed. The increasing width
caused AC to decrease abruptly until A/D = 1. Above this ratio, AC
increases slowly. Figure 11 illustrates that resonant frequency, f,, in-
creases until A/D is equal to 1. Above this ratio f, remains relatively
constant. In Fig.12, the increased width caused Z, to decrease, and ¢,

remains relatively constant.

Table 6. CONFIGURATION DATA IN SCPL

dimensions Data(mm)
w 22.86
GW 5.08
D 2.54
H 7.62
g, 2.2

Ky}
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D. SCPL WITH VARYING HEIGHT OF DIELECTRIC LAYER.

In Fig.6, A, B, C, and ¢, remain fixed while the dielectric layer height
is increased from 1.27 to 6.35 mm . The effect on AC, ¢, and Z, was
investigated. Figure 13 shows that increasing D causes resonant fre-
quency, f,, to increase and the fringing capacitance, AC, to decrease
slightly. Figure 14 shows that the increasing D causes Z, to increase and

& to decrease slightly.

Table 7. CONFIGURATION DATA IN SCPL

dimensions Data(mm)
A 5.08
B 10.16
C 20.32
g, 2.2
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THE FRINGING CAPACITANCE (E-14)
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V. CONCLUSION

This thesis follows the methods originated by Itoh for the analysis of
the shielded micro strip resonator. A fully-shielded enclosure was em-
ployed, allowing the use of a finite Fourier transform in two coordinates.
This change reduced the computation time significantly, while producing
accuracy comparable with that obtained using the integral transform
along the line axis. Also it should be mentioned that the operating fre-
quency in the paper was taken to be below the cut-off frequency of SCPL,
as verified by the thesis in Chapter II. The perturbed-resonator technique
permitted the use of the strip current density distributions suggested by
Itoh, and the ground strip current density distributions appropriate to the
present work. These are known to give accurate results in Galerkin’s
method. The numerical values of open-end capacitances were obtained
from two resonator models, and found to be in good agreement. In
summary, values of the circuit model for the open-end discontinuity in

shielded coplanar line has been investigated.
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APPENDIX A. FORTRAN PROGRAMS

A. RESONANT FREQUENCY

[aXal

INTEGER 1N, ,COMPARF ;COUNT

PEAL w.Al.AZ.L.U.H.E“.F,",P.LIst

L IR N 2 4

NEAL  KM,DETA,OMEGA,RL,Q
REAL  PI,FO,MJO0,C
REAL  GAM1S,GAM2S

REAL JZIN.JZKNI.JllNl.JZKNZ.JLHEI.JlﬂﬁZ.Jlﬂt).Jl.Jll.Jl&.J?J

REAL JXKHl.JKKNZ.JXUEI.JXDE2.JKI,JX2.JX,JZKNJ.JLUEQ.J(Q
REAL CP,LIMIT, U_OF ,NEWF LIMF
DUYDLE PRECISINN pCcme

LUGICAL LLOG

COMPLEXER GAMAL )GAMA2 ;RTHI ZRTH2
COMPLEX®B ZED

COMPLEXGR ZZ7,ZXX32ZX74ZZX

COMPLEXSA KI1;K12,;K22,J9,5K11)SK12,S5K22,DET
CHARACT ERSY F NAME

CHARACTEN&L2 SNAMFE

Q:0.0Q

NPEN( 1 FILE='CXXXX?)

PRINT®, 'ENTER OUTPUT DATA FILE HAME FN!
READS, FNAME

OPEN{ 2,FILE=FNAMC )

SNAME=FNAME /7 'PLT !

DPEN{ 3,F ILE=SNAME)

WRITE(2,%) FILF MAME = ',FNAMC
WRITF{3,%) ¢ FILE NAME = %,SNAME
PARAMETER

C=3.FY

J=CMPLXIO. 'c,
Pl=a.sATANIL,. }
FO0z1.E-97(36.%P1)
MUD=4 ,eP121 E-T
LIMIT =1 .F-2

. COMPARE =1

COUNT =1
LLNG=, TRUL»

CALL “EA“F'AI.QZQLlpLZ.W,UpP'U.".EQ’

WRITF(2,22) AI.AZ’Ll.LZ‘W)ngppn’”.ER
FORMATI T3, UNIT : METLR

273 13, COPLANMAR LLINE WIDTH AND LENGIH : 1,2(FIe742X)
273 T3, 'COPLAMAR LINE LENGTH L1,L2 & ¢,2(F2.7,2x)
171 T3, 'HFSONATOR WIDOTH 3 4F9.5
279 T3, VINSIDE  AND DUTSIDE  WIDTH : ',z‘ro.7,2x1
273 T3, YHEIGNTS OF LAYERS 1 AND 2 s ,2(F9.7,2x)
s Zy T3, PERMITTIVITY OF SUBSTRATE ER : Y ,F92.5
PRINT &, *ENTER THE NUMUFR OF NUTER SuM LOOP N = ¢
nE‘D&.W
N=20
WRITE (2,n) !THE NUNMUER UF OUTER SuMm LuoovP N =9,N
WHITE{3,8) *THE NUMDER OF OUTER SUM LOOP N =N




=00 (a]

-y

O AND

A N O AN

PRINT%, 'ENTER THE NUMRER NF [NNFR SUM LDOP M=
READG, M

M=20, 40, 100, $00, 1000, 2000, 3uNU, 400U £YC.

WRITE(2,¢) 'THE NUMHBER OF INNER SUM LOOP a =1,M
WRITE(I,%) *THE MUMUER OF INNER SuM LUONDP M =", M
L=L1¢L2
RL=S+%_

PRINT S, *FNTER BUUNDARY FREQUFNCY (GHZ)!
READE HF
FzFul JEY

PRINTS, *FREQUENCY = ',F

ARTTE (&%) 'FREQUENCY = !,F

OMUEGA =2 . $PI3F

K11=CMILX{0ejy0.)
Ki2=CMPLX(0490.)
K22=CN"LX(0-.0-'
PO 20 1=1,N
Kd=z{[-.5)3P1/d

J7IN=COS{CNBAL ) =2 o oSINIKNEZAL) Z (XNEAL) ¢2.6( 1 «-CUS(KNZAT )Y/
(KNSAL) u&2

JIKNI=SZ oS INIKNEAL)Z(KNZAL J43.%JZ TN/ (KNBAL)ER2
J2ZINIZCOSIKNSAZ) -2 o SSINIKNSAZ ) Z7IKNEA2) ¢

2,808 -COSIKNGA2) )/ {KNEAZ) 2
JZKN2=2&STINIKNZA2) Z/IKNEA2) ¢ 3,807 INI/ZIKNEA2) 22
JIKN3I=U2 ({17 (A=P)${2./KN) & (&S IMIKNSU)-PESIN{¥N2U))

t1e/7(0-PI2(2./7KNY L COSIKMEB I =CNS{KNEP} ) )

JAKMLIS=2 . ¢PINSINIKNSAL) Z(P [ ¢52-(KNSAL)262)
JUKNZZ=2 . &P IESINICNSA2) /7 {D 862 (KNEA2 )22
SK11zCMPLX (0.9 0s)
SK12zCHPLX(0490,.)
SK22=CMPLX{0+y0.)
D a0 M=, M

NETA=(NEAL(IM)~-.5)sPI/RL

GAMIS KNGS ¢NETASS2-FOSMUORERSOMEGA L2
CALL GAMCT(GAMAL yGAMIS, RTHL D)

GAMLS =K NS¢ tNETASG2-FOSMUVSUOMEGASH2

CALL GAMCTIGAMA2,GAM2S, RTH? ,H)

ZEDZIRTHE ¢ RERTHZ)E(GAMALILE2/RTHI ¢ GAMA 202 2/RTII2)
ZRZ=KNSUETAL(RTII2eRTHLY /7ED

TZ7=(({KNEE?~GCAMATCS2 ) GN TH2 ¢ (KNOS2-GAIN2E02) eRTHL) /]
IXX=((KNEE2-GAVALIZE21EI TH2 ¢ (DETASR2-GAMA2¢E2)¢RTHIL)
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(2]

JZNnED

7Zx = 2
IZNEN =

o]

ETAZL2])
ETASRLY

JZWL A ARTACOSINETAS (LI )7 (P 1es2- (2. ¢BETAX(LLY ) 2¢2)

A 00N

JIBE2: 4,8p12rUSINETAZIL2))/7(P1%22-(2.3NETAS(L2]) 842
J22=J2KN22IZIL?
JZ1=JzZKNLIEJZ00L ]
JZazJZKN32 71T G

1Z=0.5¢1JZ18)22)8)74
JXBEL=COS(NETAL{LL))
. - SINIDETAE{L1))/(DE
IXDE?=COS(DETAX(L2))
3 - SIN(IETA®(L2))
IX1=JXKHLBIXDEL
IX2= IXKN2ZIXRE?

IX0.5¢LIXL4IX2)

TKILl=SKIt +J20222%02
SK12=SK12¢ILAZTXREIX
SK22=SK22 4 IX2TIXXLEIX
a0 C
K
K

K22:=K22¢5€22
20 CONTINIE
PRINTS ) YZ2XX g ZXX V722X %y 272X

PRINTR 3 IXL pIK2 53X

PRINTS, JZ13J7290734J7

PRIMTE,ZZ2yZ2X )y 2XX

PRINTS,YJX1Y ,0X1 )Y IX29,0X2, Y JXBF 1, IXDF
PRINY &, ‘CHECK K11 = '.Kll
) 'CHECK K11 = *,Kl
CHECK K12 = ?,Ki2
} = f,K12
?necx K22 = ',K22
2
v
)

[a¥a}

N
-

ICHECK K22 ' ,K2?

3

b

-

F4

-
P Xk Tend

2_
Fr = *,0FT
'DETE"MINFNY = Y,DtT

on

CALL FDSNRT(F,DET ,CUUNT )
COUNT =CUUNT ¢ 1
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na

an

tF (LLNDGY THEN
PRIMNTE, "MAXE SURE OPPUSITE SIGNS UEIWEFN 1ST € 2ND JFTS?
PRINT S, *1F S5AMC SIGHS THEN ENTER 9 , OR ENTER O°

READE, 1JK
IF L1IKEND) THUEN
OLNF=F
cUTY 1
CMDIF
LLUG=.FALSE.
FNNIF

CMP=REAL{VUET)
NCUP=DBLEICHP)
LIMF= ANS LI =0OLDF)

PRINTS, ‘CHECK LIM1Y FREQ Y,LIYF
WRITE(?,¢) 'CHECK LIMIT FREQ = ',LIMF

IF (ABSIDCYP) «GTLIMIT.AND. LIMF.GT.1.E4) THEN
CALL SLVALIDCMP,0LPFFyNEWF , CUMPARE )
OLOLF=F
F=NFEW¥F
GNIn gt
ENDIF

PRINT#, *KFSONANCE FRLAQUFNCY = ',F
WRITE(2,¢) P7ESUMANCE FREQUENMCY = %,F

CALL FOSNUT (F,NET,100)

sSTIp
£HD

CAELEPUUALNAAELLCEOEARL AL RSV LR OBLAIVCERA DSBS ULERLLAELEXLOOE

SUUIOUILIME REAUDF (AL A2,LL1,L2,¥,;8,P,D,H,ER)
REAL AL yA243L1,L2,¥,0,P,0,H,ER
INTEGER DDODO
PRIMTIA,'UATA INDUT : KLEYUDHD{ENTER "L%),FILE(ENTLR "y¥)!
READS, DDOD
IFLDLDOLEN D «NDHRJUNDDLEY.0) THFN
READ{ 3% ) Al JA2,L1,L2,v)0Py0HER
ELSFIFINDDDEQel «NMR.UNUDEW. L) THEN
PRINTS,"ENTEN THE 142 WIDTH  1TH MM®
HREADGy Al A2
PRINTE, "ENTER THE LENGTH UF MICRO STRIP LINC IN Mu*
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READE L
PRINES, !
HFADZ, &
PRINTE, *
READE, O,
PAIINT &, "EMNTER THE HEIGIIF OF LAYERS 1 AND 2°
RFAD#,U’”

PRINEZ, V¢
READSER
ELSLE
CRINTE, 'SULETT 1% un “on?
[V al 9
ENDLIF

pL 2
ENIFER INE WIDTIE OF RESUMATUN?

L
N
ENTE® INSIDEWIDIH AND DUTSICENIOTH®
P

IMICR THE PERMITIIVITY ER OF SUASTRATE LAYER®

L2yW, 0,17 ,D,,H, =R
192 )W 3 A, P,DHFR
A2= A2

32 FuRMATL § prengLInETER?
279 TS 'MICIRN) STRID LINE 194 WIUTH :'.leO.IoJXD
279 T34 'MICRD STRIP LINE SIDTH L1,L2 t ¥, 2(FBe3,3X)
yZ 3y T3, VRESUNATUR wWi1DTI} 1V, F9.5
37373, YINSINE ANMD NUTSIVF  WIUDTH L 21F2.5,3X)
1793 TI g YHETGHT U™ LAYERS 1,2 2 ,2(F2,.%,3x)
27y VIyIPERMITTIVITY UF SURSTRATE  ER 2',rF9.3)
RLTUAN
- END .
CONREUSBEIE R CRRALASRETURRAREOLERYE IRSEREREL USROS RXREDLEAGEGESEOEL
SUNROUTINE GAMCT [ GAMA,GAMS,CT ,LENGTH)
COMPLEXER GAMA,CT
NEAL GAMS,LENGIN,GANMR,CTR .
GAMR = SNARYT{AUS(GAMS))
IF({GAMS.LT.0. ) THFN

oo

GAMA = CMPLX{O.,GAMR)
CIN =-GAVWRETAN{ GAMRELENGTH)
CT = CUPLXICTR,0.)

ELST
GAVA = CUPLX({GAMR,0.)
CTIRN = GAMHOTANH({GAMRGLENGTH)
¥ = CMPLXI{CTR,0.)

EMDIF

K TURN

END
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CREQVRGEALELLISUGE NN LA S E SO N O R RS ARSI NI R GRS E R AR AR S SR OLELERREDE
SULROJTINE SLVAL IFUN,OXV,; XV, NEWXV,SN)
INTEGER SY
AL IV XV NEWXV,,POSXVyNEGXY
LOVLLS PRECISIUN rUN
IF(SN.EQet )] THEN
IFIFUNGT0) THEN

PDLXV = XV

NEGXVY = UXV
ELSE

NEGXY = XV

PIOSXY = UXv
EMOLF

NFWXV = [DPUSXV & NLGXV)/2
9 = SN +2
FLSE
IFIFUNCGTLN) 1N
718XV = XV
LSt

NLOGXV = XV

EMDILF
NEWXV = (POSXV $NLEGXV)/2

CNOIT

RETURN

END

[ 2-2.3.2.3-1-2 3 23R 32 2 0223 2272 3.3 2 2L 22 TR S22 2 X 2 50 -1 2.2 2 -2 2 E8-1 2 21 2222 2.

SUBRUUTINE FDSORT{FQY,SUET, ICOUNT)
INTEGIR ICOUNT,IC

REAL FREQY(100),FQY RTEMD, MAGDET ) TFQY
COMPLT X2 DETMT100),SDET,CTEMP, TSDET
TFuY = Fyy
TSOET = SOoEf

IF{ICOUNT ,FQel) THEN
FREQY({1) = TFQY
DEIMI({LI) = TSDEV

ELSETF{ ICUUNT NE. I1DO0) THFN
DU 10 1=1,ICNUNT-1

QATEMP = FREQY(1)

CTEMP = DETMT(1)

IF (RTEMP GT.TFUY) THEN
FRrzYt1) = 1FQY
TFQY = RYEwWP
OETMTIL1) = TSUET
TSIET = CTEMD

CIIF

10 CUNTINUE

FRIQY{ICOUMT) = TEQY
DETMI{ICNUNT) =
1C = 1CUUNY

FLSEIF{ICOUNT ,FQ.100) TH'N
WRTIZ(3,110)
110 FOMMATL//7,T5,'FREQUENCY ¢ ,T20,'MAG UF DET Y,TJ3S5,'0ETEFRMINENT?)
DO 20 J =1,I1C
MASOET = §nn|(nantOEtMttJilcazoaxnacloernrlJ))##2)
ARTTE(,210) FREQY(J) ) MAGDET ,OF TMT(J)
219 TOAMATITS ,F15.2,T20,F1%5.3,735,2(E15.8))
20 CONTINUL
ENDIF
nEruny
END
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B. THE FRINGING CAPACITANCE

& THIS IS THF PROGRAM OF CALCULATING THE CAPACITAMNCE

REAL IU\P.ZO.H&_TA.L.ZIN.F.YH.PI
REAL Apd, T1
INTEGER T

CHARACTERSR FNAME
Pl = 3.1a
PRINTZ, *FNTER OUTPUTF FILENAME?
NEAUS , FNAME
UPEN(Z,FILE FNAME )
WRITE(2,%) ¢ FILE NAME =%, FNAME
& THE PROGRAM OF FINDING tAN(UETA#L)
PHRINT S, *FNTER NETA
READT ,PETA
PRINTC, *ENTER L IM*)'
NEALS , L
L=L/10n0.
PRINT =, "ENTERRESONANT FREQUENCY FUIGHZ)*
READS ,F
F=F2l .59
PRINTZ, 'ENTER 20"
READ%,70
TH = TAN(UETALL)
PRINTS, 'BETAY yNETA
PRINT S, 'F?,F
nnthc.'L"
PRINT«, *Z0%,Z0
& FINDING TME ZIN VALUF
ARITE(2,110)
110 FORUAT(/79TS5,% THY ,T20,'ZIN',T35,'CAPACITANCL )
O} 100 ¥ = 10 ,200
I12T%].F-15
ZCAP =1 /Z{TISPL1&2%F )
ZIN = (-2CAP+704TH)/(Z0+|ZCAPETH]))
PRIMIZ,"CF, T 1

PRIMIZ, 9ZIN', 21N

wnlrelz.zt ) THy, ZIN,T])
210 FORYATITIS,)F15.2,T20,F15.3,T35,2(€E15.8))
100 CONT [MUF

END
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(3]s

C. PROPAGATION CONSTANT

INTLGER  MMAX MMAX
REAL €A T H)P L ER FGyUMG)ED KN3 G152 380,800 0NTA,FLAG,AAZ2,CC ,Ww
REAL G1)CTU1,CTNI,6Y1,GT3,G252,G2,CT02,KEL,KHL,IZ1
REAL " ,NUT NN
DIMENSIUN ulo0),0Urt30)
CUMPLEX GM1,GM3IZCT1,CT3,GM2)CT2)DENEyZE yKF y OENH § <18 ,KII
COMPLEX TRMN,SUMUP, JZ11
READ® yFNAMC
Plza.2ATAN(1,)
FLAG=0
MMAX = 30
NMAX= 30
PRINTLy *ENTER  FREQ. GHZ.?
NEALG, FG
PRINTS, "ENTER SHLDe WOTHIMIY) wt
REAUS, AA2
AA2=222.856
ASAA2 /2000
PRINTZ, ENTER  SHLD. HT,(MM) L?
READE ,FC
CC1=10.16
CC=CC 171000
VL=l .~h0
D=D1/1000
PRINT S, "CHNTER SCPL THICKNESS(MM) DY
READ¢, T
T1=245%
r=1T/1000
H=CC-{T)
PRINTS) YENTER THE SCPL OIELEC. CONST. ¢
aEADE , "
EN= 4,0
PRINT%, "ENTER THF LINEWIDIH(MM) 24w?
READS , ¥W
w=ww/ 2000
NMG=F GEPI¢2EQ
F0z8.81€~-12
NO=(OMG/3LA)SSQANRT {LEN+1}/72)
90={0OMG/3C0) ¢SQRT { EREFF)
AU= (OMG/ 36 ) ¢SQRT (ER)
H0020.20
DUBTA=0,10
GO 113 a
5 RO=JdIN
30020,.R%
DUBTA=0.0070
4 DU 2 M= ,MMAX
sSyMypP=n
N{v)=802{BO0+MIVNTA)
DO 3 HN=1yNMAX
YNz (H-0.5)¢P1L/A
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GIS2=KNE22+0{ M) Be2
G1=SNNRTAUS(G152))
IFIG1IS?.LT.0) TiIEN
GUI=CMI'LA (0« G
GM3=GMI
CTotz==1./77AN{
ClO3=~1.7TANIG
cf‘:chLK' Oe ]
CI3=CMPLX(0.,C
FLSE
GUISCMPLXIGL 0.
GTL=la/TANH{GE $H)
GM 3=GML
GT 3z le /7 TAMHIGERD)
0.)
0.}

- =
[~ XX

CT1=CMPLXIGT L,
CT3=CMPLXIGT 3,
FNYIF

G2S2=KNeE2+ U M) $£2-ERNENIMNGR22/9.C106
G2=SART{ANS(G252))
IF {G2S2.LT.0) THEN

GM2=CMPLX( 0« G

CT02=~1./TAN(G

CT2=CMPLX(0. )T
FLSE

GM2=CMPLX(G2,0N.

GT2= 14/ FAMHIG2%

Cra=cmrPLx{GT2,40
ENDILF

2)
2¢
™
)
T
-

)
!

NDENE=CT26CTIeCTIRCT34{GM2/GML ) ZERACTISCT2¢(GNI/GML2IETR
20={GM22CTI/ERICMISCT2)/DEMNE

KEl=z-1./7{0UMG%L0)

KE=CUPLX(U. KEL)

2E=KELZE

DENH=GMICCT I &GM22CT24GMISCTISEGMISCTIHGM2LCT2OGMICCTIGNUZ2S¢2
2112 {GM24CT24GM33CT 3 ) 7UERH

KHL=OMGeP[54R-7

KH=CUPLX{ 0. ;KH1)

Zu= ZHEKH
JZUI=COS{KN2W)=28FLHIKNAIW) /7 IKNEW) 4 2& { 1 -CUS (XKHEW) )7 (Kt H) e
JZ122 8SINIKNEW) 7 (KNEw) ¢ 3.7 I KNeW)B22) 2021
JZI1=CPLX(JZ1,40.)
TRUN=~(DIM)SL222F o KN2S22ZHYIZ{BI M)TC2e KNSR 2) 2 JZ 1 852

SUMUP =THMN ¢+ SUMUP

CONTIIJE

NUT {M)=CAUS{SUMUP)
COMTTNUE

DL 3 M=2, (MMAX~1)

IF ({UVTIM}LTOUTIM=1))aANDL{NUT (M) LT.OUT{Mel))) THEM
BIN=UIM)

ELBL

ENDIF

CONTINJE

IF (FLAG.EN.O0) THEN
FLAG=1.

SCPL NETA = 9,8IN
) 'SCPL BETA = *,AIN
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D. CUT - OFF FREQUENCY

an

5 °

S5

99

THIS 1S THE PROGRAM CALCULATING FUR CUT OFF FHEYUENCY OF sCPL

REAL Ll SsLMyDER,PI,MFGiKS KH ;VH A TGHC3F1,F4,FS
COMI'LEX VSy THS ,F1,F2,CTEMPL, CTEMP2

PRINTFE, 'VON DLADEL HIGGINGS CUTOFFS FOR LOADED GUIUE?
PRIMNTY , TENTER UUIFILE?®

READG, FL

OPENIUNIT=2,FILE ='rL ")

Pt = 42ATANIL.)

D = 02286
L = 01016
M =0

3

C=JF8
FRACTIONAL HT.. OF DIELEC. LAYFRRS

LS = S5.7771000,
LAYER ER:
k7 = 10,0
PRINTE,'GUIDE wDTH AND nr',n‘L
PRIMTZ,'DIEL LAYER HT AND ER',LM,ER
LH=-3,37/1000.
PRINTS, "FREQ. ({GH2Z) "'MAG.(FII L, tMAG. (F2) !
WRITE(Z2,2) 'LS=0,LS,'Lu=' L1, 'ER=Y, ER
on 79, Azl 10000
FG= 3.0+.1%A
KS = 20&P1%FG/ I
KH= KS$SQRI(ER)
CTEMPL= (KHZ22-(M2PT1/D) &&25LH )
VH=CSIRT[CTEMPL)
CreEvP2= | {MEP1/D) %2 ~ KSx228LS )
VSz CSQRTI(CTEMP2)
TGH= {CEXP(VH)<CEXD (-VH) }Z(CEXP(VH]) +CEXP( =VI{) )
TGH =SIN{VH]I/ZCUS(VH)
rGH =C{GH)

ITHS = | CEXP{VS)-CEXP{-VS) )/ {CEXPI{VS)*CEXP(~VS)])
Fl = ({VSETHS)I/ZILSEKSES2) I =L (VHETGH) /Z/ (LHEKH%E$2))
F2 = VS/Z(KSEE2SLSETHS) ¢ ((VHIER)/Z(KUHSG2SLNUETGH]) )
FI=SQRI{ER )= (24P 1&FG}/7C4TAN{ SQRT (FR ) &2¢P ITCFG/C)
Fa=SUYRT{ER}S (23 1FG)/CLTANI 28P12FG/C)

FS=F 3¢F A

T=Fl&™2

FOCMATIIX ) 3F10,5)

PRIMT 55, FG,y CAUS(F1),CANSLIF2)

WILTE(2,¢) FG,y CAUSIFIL],,CANSIF?)

WRIIT(2,¢) 'FS=Y,F5

CONT INUF
EMD
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APPENDIX B. IMPEDANCE AND DIELECTRIC CONSTANT BY

VARIATIONAL METHOD

A method for computing impedance (Z)) and effective dielectric con-
stant ¢, of the shielded coplanar line (SCPL) is based on the application
of the Fourier transform and variational techniques[Ref.10].

The computation was found to be insensitive to the form assumed for

the charge distribution on the top ground pléﬁes, hence a uniform (neg-

ative) charge distribution was assumed.

f(x)

/A

JLEL]

U

il W— -
Figure 15.  Assumed line-charge density function of SCPL

In case of Fig.15, the assumed elementary charge distribution is:
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e

—4 A

| x| > £x< >
fxX)=|-M %Slxls-g (al)

0 otherwise

Where p = the width C in Fig.1.

The Fourier transform of f(x) is :

)

-hl?k

. 2inB4) (B
fB) =0 ————{sin
B3 B

}2

Alb;

+ 2 (sin(p 5 — sin( £-)] (@)

and
A
Q=-i-+ M(B — P) (a3)

Using the computation given in Ref.10, the characteristic impedance is

found to be,

N
]

— (a4)
vy CC,
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Where C and C, are the variational values of line capacitance with the

given dielectric and with air dielectric, respectively.

C
Eppfr = —— (a5)
reff~ C,

where v =3 x 10®¥m/s,and C, is calculated by setting &, = 1.
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