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Unified Approach to Solve a Class of Strip
and Microstrip-Like Transmission Lines

BHARATHI BHAT aAnD SHIBAN K. KOUL, STUDENT MEMBER, IEEE

Abstract —This paper presents-a unified analytical approach to solve a
class of shielded strip and shielded microstrip-like transmission lines with
multilayer dielectrics under TEM-wave approximation. The analysis makes
use of the variational technique in the space domain combined with the
“transverse transmission line” method. Expressions are derived for the
capacitance of a single line, coupled two-line and coupled four-line struc-
-tures. The same formulas can be used for a class of such structures by the
substitution of a single parameter, namely, the admittance at the charge
plane, which can be obtained using the standard transmission line formulas.
Numerical results of two special structures, namely, the broadside-
coupled suspended microstrip lines, and broadside-coupled inverted micro-
strip lines, using two suspended, dielectric substrates are included. The
technique presented is the simplest compared to any other analytical
procedures reported in the literature. '

I. INTRODUCTION

HERE EXISTS extensive literature dealing with the

analytical and numerical solutions of strip and micro-
strip-like transmission lines. Both hybrid mode and quasi-
static analyses have been reported. Of these, the hybrid
mode approach is complicated but rigorous, while the
quasi-static approach is much simpler but has a limited
range of validity. However, the latter is known to give quite
accurate results of characteristic impedance and guide
wavelength, adequate for most MIC applications.

Several methods based on the TEM and quasi-TEM
approximations have been reported. These include the con-
formal transformation method [1]-[4], the finite difference
method [5]-[7]. the integral equation method [8]-[10], and
the variational method [11]-[14].

For the analysis of strip and microstrip-like transmission
lines having two or more dielectric interfaces, the varia-
tional method is found to be the simplest. This method
requires setting up of either the potential function or the
Green’s function for a particular configuration. These
functions are generally derived by solving a set of algebraic
equations obtained by applying the boundary conditions at
various boundaries and interfaces [15]-[18]. For inhomoge-
neous structures, even this method becomes increasingly
complicated with an increase in the number of dielectric
layers. Recently Koul and Bhat [19]-[20] have presented an
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analysis of microstrip-like transmission lines using the vari-
ational method in which the potential function and Green’s
function are derived using the “transverse transmission
line” method [21].

The purpose of this paper is to present an unified
approach to solve a class of stripline and microstrip-like
transmission structures. The method is applicable to single
as well as coupled lines in either the open or shielded
configurations. Numerical results of some of the typical
structures are compared with those reported in the litera-
ture using other techniques. In addition, computed results
of characteristic impedance and phase velocity are pre-
sented for two new structures, namely, the broadside-cou-
pled inverted microstrip lines and broadside-coupled sus-
pended microstrip lines, using two suspended, dielectric
substrates.

II. SINGLE-LINE STRUCTURES

In order to illustrate the simplicity of approach involved
in the “transverse transmission line” method, we consider
a shielded stripline as shown in structure Al of Table L
The Green’s function G(x, y/x,, y,) due to a unit charge
located at (x,, y,) satisfies the Poisson’s differential equa-
tion

V2G(x, y/X0, ¥5) = (= 1/€)8(x = x0)8(y = y0) (1)
where 8(x — x,) and 8(y — y,) are Dirac’s delta functions
and e is the dielectric constant of the region containing the
charge. In this problem, the Green’s function can be ex-
pressed as

G(x, y/%g, o) = Zsin(B,x)G,(¥), B, =nm/c. (2)

Substituting (2) into (1), G,(y) satisfies the following equa-
tion:

(d?/dy* = B2)G,(y) = —(2/ce)sin(B,x0)8(y — »).
(3)

G,(y) is now obtained using the “transverse transmission
line” method. For a transmission line extending along the
y-direction with a current source of intensity /; located at
¥ =y, the voltage V along the line satisfies the following
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STRUCTURE ADMITTANCE Y AT ¥ =Yg
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4, ) 4,
- C X P 5 i X
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£t : - I R
g rB/' ’ b12 V - bi2 €“[E,.1Cnfhpcl(%-d)
K—/___/_Z_/.//L/*, _////4 i_‘k_ b oed
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€ h € h
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€ h £ h Eo[t"”‘z—'frz .
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% [ 7 %_ % [ FI % {En[ofthothmftE }]
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€k b €0 _b‘ €pCoth 208 +€ G th U2
(— — — =] p————— ¢ — JE—
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T i3 TothMlD cothlna2 y¢ )
€ h € h EO[EF2(—_~—h
i 1 €rlothMR82+ (o th DI
a0 2 ¥ ;
Wt E” . 2 ~ E” 7 u TLLLIALCVS
LR A a ofry a1 €y -————")]
%, b % + €0 Coth T84 cofp 120
35 - E———E

MICROSTRIP WITH OVERLAY :

b=0

INVERTED MICROSTRIP : at =0, a2 =a, €rp= €,
SUSPENDED MICROSTRIP :az20,@1=a , €4y €,

differential equation:
(d/dy* =y*)V==(v/Y)I3(y=3) 4

where v is the propagation constant and Y, is the character-
istic admittance of the line. Setting Y. =¢ and comparing
(3) and (4), we obtain

V=G,y) y=8, L=2/Bc)sin(B,x,). (5)

Since the voltage on the transmission line at'y = y, is given
by V=1,/Y, we have

G,(¥)=(2/B,cY)sin(B,x,) (6)

where Y is the admittance at the charge plane, y = y,.
Using the standard expression for the admittance of a
section of transmission line, Y at the charge plane is
obtained as the sum of admittances ¥, and Y,, looking in

the positive and negative y-directions, respectively (see
Table I). Substituting (6) into (2), the Green’s function at
the charge plane y = y,, is expressed as

[ee]

G(x, Yo /%0, Yo) = 2 (2/n77Y)sin(ﬁnx)sin(,@"xo)‘.
n=1
(7

The capacitance of the structure is obtained by using (7)
in the following variational expression [22]:

e

c= (8)

[ G/ M) xa) e

where f(x) is the charge distribution on the strip conductor
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S, and can be assumed to be of the form

1) =/ w1+ 42/ w)(x = e/ .
(c—w)/2<x<(c+w)/2
9)

where A is an arbitrary constant and is determined by
maximizing the line capacitance C. Substituting (7) and (9)
in (8) and evaluating the integral, we obtain

=0, otherwise

1+0.254)°
€= (2 (TnP,,/)Y) (19)
nodd
where
T,=(L,+AM,)’
L,=sin(Bw/2)
M,=/Bw)[3{(Bw/2)" =2} cos(Bw/2)

+(Bw/2){(Bw/2)" ~6) sin(Bw/2)+6]

(11a)
(11b)

(11c)
P,=(2/n7)(2/Bw) (11d)
2 (Lnﬁ_4Mn)LnPn/Y
__ __ _nodd
A— 2 (Ln‘4Mn)MIlPH/Y. (lle)
nodd

Expression (10) can be numerically solved to obtain the
line capacitance. Combining (10) with standard formulas
[22], the characteristic impedance and phase velocity can
be calculated. The above expressions are quite general and
can be used to obtain data for a class of stripline and
microstrip structures with single strip conductor by simply
substituting the appropriate expression for Y at the charge
plane. Table I gives expressions for Y for some of the
single-line structures.

IIL

Structures A3—AS5 in Table I reduce to the correspond-
ing trough lines when the top wall is moved to infinity in
the positive y-direction (4 =o0). The admittance Y at the
charge plane for each trough line is obtained by setting
coth(nwh /c)=1 in the corresponding expression given in
Table 1. For the same charge distribution as in (9), the
capacitance of trough line is calculated from (10) and (11)
by substituting the appropriate expression for Y.

TROUGH TRANSMISSION STRUCTURES

IV. EDGE-CoUurPLED TwO CONDUCTOR SYMMETRIC
STRUCTURES

Structures B1-B5 of Table I show some typical edge-
coupled symmetric lines. Utilizing the symmetry with re-
spect to the plane pp” at x =c/2 (as shown in structure
B1), the even- and odd-mode capacitances can be obtained
by placing a magnetic wall and an electric wall, respec-
tively, at pp’ and by considering half the structure between
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x=0 and ¢/2. The even- and odd-mode charge distribu-
tions are assumed to be of the form

) o= 1/9)
odd
[1+A(even”(2/w)(x (c—=s—w )/2)13

((c—s)/2)—wsx<(c—s)/2
=0, (12)

Applying the “transverse transmission line” method, the
even- and odd-mode Green’s functions can be expressed as

G(X, Yo/X0s o) (even) 2 (4/nwY )sin(B,x,)sin(B,x)

odd ( odd )
even

B,=nw/c. (13)
The expression for the admittance ¥ at the charge plane
y =y, for each coupled line structure is the same as that
for the corresponding single conductor configuration (see
Table I). It may be noted that the expression for Y is the
same for both even- and odd-mode excitations.
The variational expression for the capacitance C is given
by

otherwise.

where

(1+0.25A(?§§))2
)™ 73 e, (19)
(%)
where
T,= (L, + M4 (<))’ (15a)
L, =sin(Bw/2)sin(B(c—s—w)/2)  (15b)
= (2/Bw)’sin(B,(c—s—w)/2)
[3{(Bw/2)° =2} cos(Bw/2)
+(Bw/2){(Bw/2)* =6} sin(B,w/2)+6]
(15¢)
S (L, —4M,)L,P,/
A (2()L —aM,)M,P, /Y (154)
(o)
P,=(4/nm)(2/Bw)". (15¢)

V. SINGLE CONDUCTOR EDGE OFFSET STRUCTURES

In each of the structures, A1-AS5, of Table I, if the strip
conductor at y = y, is displaced asymmetrically about x =
¢ /2, the corresponding edge-offset structure results. Fig. 1
shows a typical edge-offset stripline with spacing s between
the right wall and the nearest edge of the strip conductor.
The capacitance of edge-offset line is the same as the
odd-mode capacitance of one strip with respect to ground
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STRUCTURE ADMITTANCE Y AT Y=Y,
p=) even mode
Al-AS [p=—1odd mode
=1 [even even mode
Al. HOMOGENEOUS BROADSIDE 81 BROADSIDE-EDGE COUPLED B1- 85 odd even mode
COUPLED STRIPLINE STRIPLINES ¢ -1 syen odd mode
y y + odd odd mode
Eop € | T
— { _— ] — iy
) EE e -4 - == -Jqu €o€p [corh(%(ﬁ(h_d))«tanh'g‘t_"ﬂ‘]
Yo fe-w T b Yo pe-v 5 e it b
‘
| i,
T e, —
A2, BROAD SIDE  COUPLED B2 BROADSIDE-EDGE COUPLED
MICROSTRIP LINES MICROSTRIP LINES
7 T
€ Er O I Sobr. -
PG 1 i i
y £ dy % ) 4] g€, th(BEtb-dysttanh BESP]
o - 7 Th
PN l [ - l
f—C — e -— -
A3 BROADSIDE COUPLED B3 BROADSIDE - EDGE C(OUPLED
MICRASTRIP LINES WITH MICROSTRIP LINES WITH
INVERTED_DIELECTRIC INVERTED _ DIELECTRIC
€ € B
L 4 ’ nnd
&by d € €7 . dl &0 th(BE b- di€ tanh 224,0)
Y ¥b Yo b
€ l € J
[— 3 fe———— ¢ R
AL BROADSIDE COUPLED B4 BROADSIDE- EDGE COUPLED
INVERTED MICROSTRIP LINES INVERTED MICROSTRIP LINES
€ €
° i B b nm b-d
€, €r a € Er - a €4 |Coth (F-155= ~a)
€ ! € b
o { 0 q i Coth(?M)tanh R0 )P, ¢ )
&€ " Na €6r b+ r{Md ﬂ
%l e r jﬂ Yy ¢ 1 chothgﬂmnhn_nk_)P
(4 0
L '-———— ({ —————»
AS.BROADSIDE COUPLED SUSPENDED BS BROADSIDE- EDGE COUPLED
MICROSTRIP LINES SUSPENDED MICROSTRIP LINES
| & ; € i and o
67 a €€t . al| Eoftannifly
k3 T
€ d € g
y 42 1y oy 1y Coth( 22 (528 qyycoth 78 ¢
o €€, S a o €5€p- a +€ c 2 C ]
N r ana nn b-d
0 © : € Coth "2+ Cothi"F (252 -y
o - < —

y even- and odd-mode method. For the even-mode excita-
v tion, the plane gg” at y =5 /2 is replaced by a magnetic
bi2 wall, while for the odd mode it is replaced by an electric
| . .

Yol g S wall. The problem thus reduces to that of finding the

0 W -~ S -

osr " capacitance of half the structure between y =0 and 6 /2
bi2 with the appropriate boundary wall at gq’. For the same
1 -x

charge distribution as given by (9), the capacitance can be
calculated using (10) and (11) by substituting the ap-
propriate expressions for Y for the even- and odd-mode
excitations. Thus

Fig 1. Edge-offset stripline.

of a corresponding coupled line structure having the same

dielectric media. Hence (14) and (15) for the odd-mode (1+0‘25 A(even))z
case can be directly used with ¢ replaced by 2¢ and s  Cfeven\ = odd (16a)
replaced by 2s. ( odd ) D (T"P"/Y(Zvdeg))
nodd
VI. BROADSIDE-COUPLED SYMMETRIC STRUCTURES " ,
Consider a typical broadside-coupled symmetric stripline I,= (Ln + MnA( o )) (16b)

as shown in structure Al of Table II. Using the symmetry

about y =b/2, the structure can be analyzed using the where L,, M,, and P, are given by 11(b), 11(c), and 11(d),

ne
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respectively. Y., and Y_4, refer to the even- and odd-mode
admittances at the charge plane y = y, when only half the
structure between y =0 and b/2 is considered. 4., and
A,qq are obtained from (11e) by replacing Y with Y, ., and
Y 44, Tespectively. Expression (16) is applicable to any
broadside-coupled, two conductor structure having symme-
try with respect to the plane y=»5/2. Table II gives
expressions for the even- and odd-mode admittances for a
class of such structures.

VII. CoOMBINED BROADSIDE AND EDGE-COUPLED

SYMMETRIC FOUR-LINE STRUCTURES

Consider a typical four-line homogeneous stripline shown
in structure Bl of Table II. Using the symmetry with
respect to pp’ and gq’, the structure can be analyzed in
terms of the following four modes:

1) even-even mode pp’ magnetic wall, g¢° magnetic
wall;

2) even-odd mode pp’ magnetic wall, gq’ electric wall;

3) odd-even mode pp’ electric wall, g¢’ magnetic wall;

4) odd-odd mode pp’ electric wall, gq’ electric wall.

It now suffices to analyze one-quarter of the structure,
lying between 0<x<c/2 and 0<y<bH/2 with ap-
propriate boundary conditions corresponding to the four
modes.

For a charge distribution specified by (12), the Green’s
function is given by (13), with n odd for cases 1 and 2 and
n even for cases 3 and 4. The admittance Y at y =y,
obtained when gq’ is a magnetic wall is denoted by Y.,
(for cases 1 and 3) and that obtained when gq’ is an electric
wall is denoted by Y, 4 (for cases 2 and 4). Thus, the
capacitance expression (14) can be written as

even-even \ \ 2
even-odd

odd-even

(H—O.ZSA

odd-odd

even-even
C| evenrodd | = (173)
odd-even odd even
odd-odd | 2, ( o ) T,P,/Y| oad
n | even even
even odd

even-even

2
T,= (Ln +M,A even-odd) (17b)

odd-even
odd-odd

and

n | odd

E(Qdd) (L,—4M,)L,/Y f;f;‘))
even even

even-even even odd
A evenodd | = —

odd-even even
odd-odd | 2 [ oaa\ (L, —4M,)M, /Y| odd
n odd even
( even ) odd
where L,, M,, and P, are given by (15b), (15¢), and (15e),
respectively. Admittance expressions for various four-line
structures, B1-B5, are the same as those for the corre-
" sponding two-line structures, A1-AS5, shown in Table II;

(17¢)
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Fig. 3. Comparison of computed even- and odd-mode impedances of

coupled microstrip lines with Bryant and Weiss [9].

where with P =1,Y=7Y_, for “even-even” and “odd-even”
modes and with P=—1,Y=7Y_,, for “even-odd” and

“odd-odd” modes.

VIII. NUMERICAL RESULTS AND DISCUSSION

The computed impedance characteristics of some of the
typical structures are compared with those reported in the
literature using other methods for the same structural
parameters. Fig. 2 shows comparison of impedance char-
acteristics of a symmetrical stripline with that computed
from the expressions given in Cohn [1]. The even- and
odd-mode impedances of coupled microstrip lines are com-
pared with those reported by Bryant and Weiss [9] in Fig.
3. The impedance characteristics computed for two types
of broadside-coupled symmetric structures are compared
with the results reported by Bahl and Bhartia [15] and
Allen and Estes [18] in Figs. 4 and 5, respectively. In the
cases considered in [1], [9], and [15], the structures have no
side walls. In order to conform to this situation, in the
present computations, the side walls are assumed suffi-
ciently apart from the strip conductor so that they have
negligible effect on the characteristic impedance. This is
achieved by choosing ¢/(2w+s)=15 for edge-coupled
microstrip lines and ¢ /w =15 for the remaining structures.
In all the cases, there is good agreement between the
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Fig. 5. Comparison of computed even- and odd-mode impedances of
broadside-coupled microstrip lines with inverted dielectric with Allen
and Estes [18].

present theoretical values and those reported by other
authors.

Numerical computations of the even- and odd-mode
impedances and phase velocities of a number of other
structures given in Tables I and II have also been carried
out. However, for want of adequate space, the results of
only two new structures, namely, the broadside-coupled
suspended microstrip and the broadside-coupled inverted
microstrip, using two suspended dielectrics, are presented.
For the broadside-coupled suspended microstrip, the varia-
tions of Z;, and Z,, as a function of w/b for a/b=0.1
and €, = 2.32, with d /b as a parameter are plotted in Fig.
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Fig. 7. Even- and odd-mode impedances and modal phase velocity ratio
of broadside-coupled inverted microstrip lines: a /b= 0.05, ¢/b=4.0,
t/b=0,¢,=232

6. Superimposed on these graphs are the variations of the
modal phase velocity ratio v, /v, As expected, with
increase in the air gap d, Z,, decreases. For odd-mode
excitation, the broadside-coupled suspended microstrip is
similar to the conventional, inverted microstrip for small
values of d, and is similar to the suspended microstrip [19]
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Broadside -coupled suspended microstrip

~—--- Broadside-coupled inverted microstrip

609 4 EOO

0 8 1 7 37 i0
€
Fig. 8. Even- and odd-mode effective dielectric constant of broadside-
‘coupled inverted microstrip lines, and broadside-coupled suspended
microstrip lines, as a function of ¢.: w/b=0.1, a/b=d/b=0.1,
c/b=40,1t/b=0

for large values of d. Consequently, with increasing d, the
odd-mode impedance increases initially and then decreases.
For the structural parameters chosen, Z,, and vy, /0,
decrease while Z,, increases with an increase in d /b. For
the broadside-coupled inverted microstrip, Fig. 7 shows the
variations of Z,,, Z,, and v, /0, as a function of w/b
for a/b=0.05 and ¢, =2.32. The variations of Z,,, Z,,
and vy, /0., are similar to those of the broadside-coupled
suspended microstrip lines. It is seen that both these struc-
tures are nearly homogeneous in the sense that they yield
small deviations from equal modal phase velocities; typi-
cally less than 1.38 for most practical configurations. Com-
pared with the conventional, broadside-coupled microstrip
[15], the values of effective dielectric constants in the case
of broadside-coupled suspended microstrip and
broadside-coupled inverted microstrip considered here are
much less (Fig. 8), permitting their use at millimeter-wave
frequencies.

IX. CONCLUSION

The variational technique combined with the “transverse
transmission line” method provides a simple unified ap-
proach to solve a class of stripline and microstrip-like
transmission structures. In the case of coupled lines, any
symmetric structure which can be resolved into even- and
odd-mode configurations can be analyzed. Expressions are
derived for the capacitance of a single line, coupled two-line,
and coupled four-line structures. These expressions are
general and can be used for a class of such structures by
simply changing the admittance parameter Y at the charge
plane y = y,;. Comparison of computed values of character-
istic impedance for some of the typical structures show
good agreement with those reported in the literature using
other techniques. Numerical results of characteristic im-
pedance and phase velocity are reported for two new
structures, namely, the broadside-coupled suspended mi-
crostrip lines and the broadside-coupled inverted micro-
strip lines. These structures are nearly homogeneous in the
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sense that they yield small deviations from equal modal
phase velocities. Therefore, they can be used as high direc-
tivity backward wave couplers for realizing tight coupling
at higher frequencies without using any dielectric overlay.
The technique presented in this paper is the simplest
compared to any other analytical procedures reported in
the literature.
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A Review of SAW-Based Direct Frequency
Synthesizers
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FELLOW, IEEE

Abstract —Many new electronic systems, including spread spectrum
links, require frequency synthesizers capable of providing accurate signals
of high spectral purity, and must be able to change frequencies in fractions
of a microsecond. Three such synthesizers based on comb generators,
SAW filterbanks, and fast switches are reviewed. Each of these syn-
thesizers can provide an output at approximately 1.3 GHz from one of over
200 frequencies of integral megahertz value. '

I. INTRODUCTION

URFACE ACOUSTIC wave (SAW) components offer
a compact cost-effective way to make a variety of
components, including filters [1], delay lines [2], correlators
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[3], and frequency synthesizers [4]-[6]. This last application
is the subject of this paper. In particular, a review of recent
work on the use of SAW devices for obtaining fast-
frequency hopping, direct frequency synthesis will be pro-
vided.

Direct synthesis {7] is useful whenever submicrosecond
frequency hopping is required in combination with high
spectral purity and frequency precision that is as good as
the reference clock. To these features, SAW’s add their
traditional advantages of small size and moderate cost. The
basic version of the direct SAW frequency synthesizer [8],
[9] consists of a comb generator and switchable filterbank
as shown in Fig. 1. The comb spectrum is simultaneously
fed to all channels of the filterbank which sorts them
according to frequency. Since the tones present at the filter
outputs are continuous waves (CW), they can be switched
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