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Analysis of Coupled Cylindrical Striplines
Filled with Multilayered Dielectrics

C. JAGADESWARA REDDY AND MANOHAR D. DESHPANDE

AbWract —A method of mtalysis for coupled cylindrical striplines filled

with multilayered dielectrics is presented using a variational technique in

the space domain. Coupled mode analysis is presented for the case of a

pair of coupled circular arc strips arbitrarily located between cylindrical

ground planes filled with multilayered dielectrics. An even- and odd-mode

approach is used for the analysis of shielded cylindrically curwed edge-cou-

pled pairs of broad-side parallel strips (broad-side, edge-coupled cylindrical

striplines). The effect of environmental changes on an otherwise planar

structure is also studied by extending the present analysis to cylindrically

warped coupled striplines.

I. INTRODUCTION

I N THE RECENT past, investigations on cylindrical

striplines and microstrip lines have been reported in

the literature [1]–[9]. These lines can be used for applica-

tions such as transition adapters, baluns, and slotted lines

[5]. In addition to these applications, these lines can be

used to excite printed antennas on cylindrical surfaces.

Analysis of cylindrical and cylindrically warped striplines

by a seminumerical solution of the Laplace equation was

presented by Wang [1]. Joshi et al. determined the char-

acteristic impedance of homogeneously filled cylindrical

striplines by residue calculus technique [2] and also by

conformal transformations [3]. Das et al. [4] presented the

impedance characteristics of cylindrical striplines filled

with multilayered dielectrics. Zeng et al. [5] found closed-

form expressions for characteristic impedances of cylin-

drical striplines with zero and finite thicknesses. The pres-

ent authors obtained a simplified closed-form expression

for the characteristic impedance of cylindrical stripline

with multilayered dielectrics [6]. Due to their usage in

exciting an array of patch antennas on cylindrical surfaces,

it is worthwhile to study the coupled cylindrical striplines.

Coupled cylindrical striplines were investigated by Das

et al. [7] in the space domain using a variational technique,

with grounded electric walls placed on both sides of the

coupled strips. Recently, analysis of a class of cylindrical

multiconductor transmission lines was done by Chan et al.

[8] using an iterative approach. Spectral-domain analysis
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of coupled cylindrical striplines symmetrically placed with

equal angular widths was done b;f the authors to obtain

the even- and odd-mode characteristic impedances [9].

In this paper, two different types of coupled cylindrical

stripline structures with multilayered dielectrics have been

analyzed. First, a method for talc ulating the mutual cou-

pling between two cylindrical strips with equal or unequal

angular widths and arbitrarily located between two

grounded cylinders with multilayered dielectrics is pre-

sented. Assuming TEM mode prclpagation, a generalized

expression for coupling between a pair of coupled cylin-

drical striplines is obtained in terms of coefficients of

magnetic coupling kL and capacitive coupling kc [10]. The

magnetic and capacitive couplin,g coefficients are de-

termined from an evaluation of the mutual parameters Lm

and Cm and the primary constants Ll, Cl, L2, and Cz of

the strips, where the subscripts 1 and 2 stand for the first

and second strips, respectively. The primary constants of

each strip are determined separately in the absence of the

other strip from the Green’s function formulation and the

assumption of a suitable charge clistribution on the strip

[4]. The mutual parameters are obtained by calculating the

magnetic and electric energies wit h the two strips present

[13]. The even- and odd-mode impedances for coplanar

cylindrical strips with equal widths are calculated using

coupling coefficients [10] and are compared with those

calculated using spectral-domain analysis [9]. Numerical

results on coplanar and noncoplanar cylindrical strips are

presented. The general formulation for cylindrical strip-

lines is extended to the case of cylindrical microstrip lines

by assuming that the outer grounded cylinder is moved to

infinity.

Second, a method of analysis for a broad-side, edge-cou-

pled cylindrical stripline structure with layered dielectric is

presented. These coupled transmission lines can support

several propagating modes. In order to study the electric

response produced by these coupled transmission lines for

various excitations, a knowledge of characteristic imped-

ances and effective dielectric constants for all possible

modes is essential. In this work, the three-layer, broad-side,

edge-coupled cylindrical stripline structure is analyzed

using a variational technique in the space domain. Assum-

ing that the transverse dimensions of the structure are

small compared to the operating wavelength, a quasi-

TEM-mode approximation is used for the analysis. From

the solution of the two-dimensional Laplace equation in

cylindrical coordinates, the potential distribution function
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+( P, ~) is found. Variational expressions for different mode where c is the dielectric constant. Solving (5) and applying

capacitances are found assuming a suitable charge distri- proper boundary conditions [4], Green’s function due to a

bution on the conducting strips. The characteristic imped- unit line charge placed at (b, o’) is obtained for different

antes and effective dielectric constants of all possible regions as

propagating modes are computed. The coupled line struc- ln p/u
tures presented in this work can be used as building blocks Gl(P>@/b~@) = ~~,zlnc/b
for directional couplers, filters, and other important trans- 00

mission line devices on cylindrical surfaces.

The cases of cylindrically warped coupled striplines are

also studied. Their impedances are obtained from the

coupled cylindrical stripline solutions by letting the radii

of the cylinders be very large and a maintaining the finite

arc length of the strip and finite line height, and a com-

parison with their planar counterparts is made.

II. COUPLED MODE ANALYSIS OF A PAIR OF

COUPLED CYLINDRICAL STRIPLINES

Consider the structure of the singlle cylindrical stripline

shown in Fig. l(a) along with the notations to be followed.

Assuming TEM mode propagation, the characteristic im-

pedance of the stripline can be determined from the ex-

pression

FL1

“’= “o&l = c1

(1)

where U. is the velocity of light in free space, Cl is the

capacitance per unit length of the structure with multi-

layered dielectrics, Cal is capacitance per unit length of the

structure with ~~1= c,2 = 6,3 = 1.0, and LI is the induc-

tance per unit length. The variational expression for capa-

citance Cl is given by [12]

where ql( b, O) is the charge distribution on the circular arc

strip, and Gl( p, @/b, @’) is the Green’s function of the

problem. The potential distribution function $I(p, O) can

be determined from the formula

uStrip

Considering the field singularity at the edges of the

strip, the expression for charge distribution appearing in

(2) can be assumed as

“(b’”)=i+%r‘O1-”l’”’’O’+”’
=0 otherwise (4)

where Q. is a constant.

For a TEM mode approximation the potential function

satisfies the two-dimensional Poisson’s equation in cylin-

drical coordinates [4]:

where

~ sinh(n in p/a)
+x C,2 sinh ( n in c/b )

~=1 n m oDnl

.cosn(f/ -t901)cosn (@’-t901)

fora<p<d

in c/b
—- G[c,llnp/d + c,21nd/a]

~ sinh ( n lnc/b)
+x

~=1 n m oDal

. [,,2 sinh(n in d/a) cosh(n in P/~)

+ ~,lcosh ( n in d/a )sinh (n in p/d )]

.cosn(@ –6’01)cos(@’-f901)

ford<p<b

in c/p
—- ~[c,,lnb/d + c,21nd/u]

00

.cosn(@ –801)cosn(@’– 001)

for b<p<c

D~l = A~lc,2 sinh (n lnc/b) + B,,1C,3cosh (n lnc/b)

(6)

(7)

(8)

(9)

A~l=crzsinh(n lnd/a)sinh(nlnb/d)

+ C,l cosh ( n in d/a ) cosh (n in b/d ) (lo)

Bnl = cr2 sinh (n in d/a) cosh (n in b/d )

+crlcosh(n lnd/a)sinh(nlnb/d) (11)

and

10= ~,zc,, in d/a + (,1(,, in b/d + c,1~,21nc/b. (12)

Using (2) and (4), the capacitance per unit length of the

structure is obtained as

1 lnc/b[~,l in b/d + C,zln d/a]

~= 2moIo

where J(. ) is a Bessel function of the first kind of order

zero.

Substituting Cl from (13) into (l), expressions for Z,l

and L1 can be found.
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Fig. 1. Cylindrical striplines between two grounded planes filled with
layered dielectric. (a) Striphne 1. (b) Stripline 2.

Following a similar procedure with appropriate bound-

ary conditions and a proper charge distribution function,

an expression for the capacitance per unit length of the

second strip, which is shown in Fig. l(b), is obtained as

1 In d/a[c,3 in b/d + ~,21nc/b]

~= 27rcoIo

where

Dn2 = Anzcrz sinh(n in d/a) + B.N,, cosh(~ in d/a) (15)

A., = c,2sinh(nlnc/b) sinh(nlnb/d)

+~,3cosh(n lnc/b)cosh(nlnb/d) (16)

BH2 = c,2sinh(n lnc/b)cosh(n in b/d)

+c,3sinh(n lnb/d)cosh(n lnc/b). (17)

Substituting Cz and Caz in (1), an expression for -Z,2 and

Lz is found.

1303

7. ‘?=%,

(a)

v>””
(b)

Fig. 2. Coupled cylindrical strips placed at interfaces of layered dielec-

tric. (a) Coupled cylindrical striplines. (b) Coupled cylindrical micro-

strip lines.

A. Evaluation of Mutual Inductance and Coupling

Coefficient

An expression for the mutual inductance is derived for

the case of a pair of coupled cylindrical strips, shown in

Fig. 2(a), from the relation [13]

LmIII, = ; ~(&i2j du (18)

where 11 and ~~ are t~e currents in first and second strips

respectively. B1 and Bz are the flux densities in the region

of interaction due to the strips arid PO is the permeabiW

of free space:

El= f-lofl, (19)

22= poti;i. (20)

Here fil and ~z are the magnetic field intensities of the

dominant mode fields due to the first and second strips,

respectively. Following the procedure given in [14] and

carrying out the integration appearing in (18) over the

region r#s=OO to 277 (p=a to d, d to b, b to c), an

expression for mutual inductance per unit length is ob-
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tained as

+ C~2In d/a lnc/b (lnc/b + in d/a)]

m Jo(na1)Jo(na2)+x Cos?2 ( eo2– (901)
~=1 ‘DnlDn2

. [().5B~2c,2sinh(n lnc/b) sinh(2n in d/a)

+ sinh (n in d/a) sinh(n in b/d) sinh (n lnc/b)

.(c~2sinh(nlnd/a) sinh(nlnc/b)

–t,lcr3cosh(n lnd/a)cosh(n lnc/b))

1+ 0.5 Bn1e,2 sinh (n in d/a) sinh (2n lnc/b)] (21)

where

x;= ~ [( fr21nc/b)21n d/a +(c,llnc/b)21n b/d
LIQ -

+(~,1 lnb/d+ c,21nd/a)21nc/b]

~[0.5tj2sinh2 (n lnc/b)sinh(2n lnd/a)

+0.5 sinh2 (n lnc/b) sinh(2n in b/d)

~[f~1cosh2(nlnd/a)+ cf2sinh2(nln d/a)]

+ c71c,2sinh(2n in d/a)

- sinh (n in b/d) sinh (n lnc/b)

+ 0.5 Bj1sinh (2n lnc/b)]

and

1
x;=—

21; [( C,3 in b/d + c,21nc/b)21n d/a

+ (C,3 h d/a)21n b/d

+( f,21nd,/a)zlnc\b]

+ f [J@,)]’,
0.5B~2 sinh (2n in d/a)

~=1 nD:2

+ 0.5 sinh2 (n in d/a ) sinh (2n in b/d )

. [c~2sinh2 (n lnc/b)

+~~, cosh2(nlnc/b)]

+ (,2C,3 sinh (2n in c/b) sinh2 ( n in b/d )

. sinh2 (n In d/u)

+0.5c~2sinh2 (n in d/a) sinh(2n lnc/b)].

(22)

(23)

90

1 — Present method

50 L I

0 5 10 15 20 25 30 35 Lo 65 50

2 E ( DEGREESI

Fig. 3. Variation of even- and odd-mode impedances of a pair of
symmetrical coupled coplanar cyhndrical striplines as a function of
separation angle 20 with c/a =1.5, b/a =1.2, al = az = 10°, c,, = C,z
= er3 =1. — present method; 0000 spectral-domam analysis [9].

Here ql and q2 are wave impedances and are given by

‘m = lz07T\~, qz = lz07T/~, where ceffl and ceff2

are the effective dielectric constants for the first and sec-

ond strips, respectively.

For the transmksion line supporting the dominant TEM

mode, the electric and magnetic energies are equal. Thus

the mutual inductance and capacitance satisfy the relation

Lm11112= CmV1V2 (24)

where VI = IIZC1 and V2 = 12ZC2. The coefficients of elec-

tric and magnetic coupling are obtained from the formulas

[10]

kL = L#m (25)

and

kC=CM/m. (26)

Maximum coupling is obtained when the coupled length

is A/4, for which the overall coupling coefficient is given

by [14]

k = (k~+ kC)/2. (27)

Under the assumption of symmetrically placed strips of

equal angular width, calculation of even- and odd mode

impedances Z, and 20 respectively, is done from the

coupling coefficient k as given below [10]:

Zc= [(1+ k)/(1– k)] ’”ZC (28)

2.= [(1– k)/(1+ k)]l/2zc (29)

where ZC = ZCI = ZC2.

B. Computed Results

Numerical results are presented for different cases of

coupled cylindrical striplines and microstrip lines. For the

sake of comparison, the even- and the odd-mode imped-

ance of a pair of coupled cylindrical striplines with b/a =

d/a and al= a2 are calculated as a function of 213 using

the formulas given in (28) and (29). The numerical results

thus obtained are compared with those obtained from

spectral-domain analysis [9] and are presented in Fig. 3.
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Fig. 4. Variation of coupling as a function of separation angle 20 of
coupled coplanar cylindrical stnplines with c/a = 1.3, b/a = d/a = 1.1:

60

curve % ~2 ~rl = %2 <,3

(1) 5° 10° 2.56 2.56

(2) 5° 10” 2.56 9.6

(3) 5° 10° 2.56 4.6

(4) 20° 10° 4.6 2.56

20

I

10 L I I 1 I I 1

0 s 10 15 20 2s 30 3s

2 e ( IJEGREES)

Fig. 5. Variation of coupling as a function of separation angle 28 of
coupled noncoplanar cylindrical striplines with c/u = 1.4, b/a =1.2,
d/a=l.1:

Cuwe

(1) 1%” ‘?” ? ‘;2 ‘:

(2) 10° 10” 1 1 1

(3) 10° 20° 1 1 1
(4) 5° 10° 2.56 4.6 9.6

(5) 10° 5 2.56 4.6 1

Good agreement between results obtained from the two

methods can be seen in Fig. 3.

1) Coupled Cylindrical Striplines: Numerical results on

coupling in db ( – 20 log10 k ) as a function of separation

angle 26 are obtained for a pair of coplanar (b/a = d/a)

cylindrical striplines using the formula given in (27) and

presented in Fig. 4 with c/a= 1.3, b/a= d/a= 1.1. Fig. 5

presents variation of coupling as a function of 26 for a

pair of noncoplanar cylindrical striplines such as are shown

in Fig. 2(a) with c/a =1.4, b/a =1.2, and d/a =1.1.

o 5 10 15 20 25 30 35

28 (DECREES)

Fig. 6. Coupling versus 2/3 of coplanar coupled cylindrical microstrlp
lines with b/a = d/a= 1.1:

curve c,, = cr2

(1) 1%” 18” 1

(2) 10° 20°
(3) 10° 20° 2j6
(4) 10° 10° 2.56

10

t
5 ~~

o 5 10 15 20 25 30 35

28 (OEGREES)

Fig. 7. Coupling versus 28 of noncoplar coupled cyhndncal microstrip
lines with b/a = 1.4, d/a= 1.2:

curve

(1) 18” 17” ? 6:

(2) 10° 20° 1
(3) 10° 10° 4.6 2~6

(4) 10° 10” 2.56 1

2) Coupled Cylindrical Microstrip Lines: Cylindrical mi-

crostrip lines can be considered as a limiting case of

cylindrical stripline with c -+ cc while a, d, b remain finite

and c.3 =1. The mutual inductance and thus the mutual

capacitance for a pair of coupled cylindrical microstrip

lines of the type shown in Fig. 2(b) can be calculated using

(21) and (24). Numerical results for the case of coplanar

cylindrical microstriplines with b/a = d/a are presented

in Fig. 6 for various angular widths of strips and with

inhomogeneous dielectric media. Fig. 7 shows variation of
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Fig. 8. (a) Cross section of coupled warped striplines. (b) Cross section
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0000 S B Cohn C153

, ,
01 02 0.3 OL 05 0.6 07 0.8 0.9 10

W/ h,-

Fig. 9. Variation of even- and odd-mode Impedances of warped cou-
pled striplines as a function of W/hi with s/hi= 0.5, CPI= (,2 =1,
hl /a = 0.01. — present method; .000 S. B. Cohn [15].

coupling as a function of 20 for noncoplanar cylindrical

microstrip lines with b/a =1.4 and d/a =1.2.

3) Warped Coupled Striplines and Microstrip Lines: The

structure of the warped coupled striplines and microstrip

lines to be considered are shown in Figs. 8(a) and (b),

respectively, with the notation to be followed. Warped

coupled striplines and rnicrostrip lines m-e considered as

limiting cases of cylindrical striplines and microstrip lines,

respectively, with a - co and c – b = b – a = hl /2 (for

stripline) and b – a = h (for microstrip line) remain finite.

The warpage of an otherwise planar structure is indicated
by hi/a and h/a for the stripline and microstrip line

cases, respectively. Figs. 9 and 10 show variation of Z= and

20 of warped coupled striplines and microstrip lines

calculated using (28) and (29) as a function of W/hl and

W/h, respectively, with hi/a = 0.01 and h/a= 0.01. The
numerical results for warped coupled lines show good

agreement with those for the corresponding planar ver-

sions.

..
0 02 OL 06 08 10 12 IL 16 18 20

W/h_

Fig 10. Variation of even- and odd-mode Impedances of warped cou-
pled microstrip lines as a function of W/h with s/h = 0.2, 6,= 10, and
h/a = 0.01. — present method; 0000 Bryant and Weiss [16],

III. BROAD-SIDE, EDGE-COUPLED

CYLINDRICAL STRIPLINES

The configuration for the three-layer, broad-side, edge-

coupled cylindrical striplke to be analyzed is shown in

Fig. n(a) with the notations to be followed. Without loss

of generality, the problem can be simplified by assuming

that all strips are of equal angular width and are placed

symmetrically about the $ = 0° plane and also about the

P = d plane, where d = @ =&. This structure can sup-

port four propagation modes:

(i) even-even mode (ee): magnetic wall at @ = 0°

(ii) even-odd mode ( co):

(iii) odd-even mode (oe):

(iv) odd-odd mode (00):

plane;

magnetic wall at p = d

plane;

magnetic wall at @= 0°

plane

electric wall at p = d plane;

electric wall at * = 0° plane;

magnetic wall at p = d

plane;

electric wall at @= 0° plane;

electric wall at p = d plane.

To compute the propagation parameters of the structure

it is sufficient to analyze only one quarter of the structure

with appropriate boundary conditions at ~ = 0° and P = d

corresponding to four different modes.

The scalar potentiaJ distribution function satisfies the

two-dimensional Laplace equation in cylindrical coordi-

nates [10]:

v2+y1(p, @)=o (30)

where the subscripts ij stand for the ee, eo, oe, or 00 mode

and I and II stand for region 1 (a < p < b) and region 2

(b< p < d), respectively. Solving (1) and applying ap-

propriate boundary conditions corresponding to the four

modes mentioned above, the potential distribution func-
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+: o“

(a)

(b)

Fig. 11. (a) Cross section of broad-side edge-coupled cylindrical strip-
Iines, (b) Cross section of warped broad-side, edge-coupled striplines.

tion for the different modes is obtained as follows:

(i) even -even mode:

$L.(~, O)=aeeln(P/a)

+ ~u~,, sinh(nlnp\a) cos(n@)
~=1

iM~j4)=~.eln(~/a)

+ ~ ane,ikf~ecosh(n lnp/d)cos(n@)
~=1

(ii) even - odd mode:

*~o(~j@) =aeoln(~/a)

+ ~ a~eOsinh(n lnp/a)cos(n@)
~=1

In b/a
+~.(p,+) ‘a..~nd,b lnp/d

+ ~ a~eO&l.Osinh (nlnp/d)cos(n6)
~=1

(iii) odd – even mode:

y~~(P,@) = ~ a... sinh(nln a)sin(n4)4)
~=1

4%(P,@) = ~ a.., Mn, sinh(nlnp/d)sin( n@)
“=1

(31)

(32)

(33)

(34)

(35)

(36)

(iv) odd- odd mode:

&(P,4) = ~ ano. sinh(nlnp/a) sin(n@) (37)
~=1

*%(P,O) = ~ aJf..sinh(nlnp/ d)sin(n6) (38)
?1=1

where

a ee = Q/( Twrl)

Q
a eo =

[

in b/a

‘co ‘“1+ Cr21n d/b 1
2Qne

a=tie(@/.)
n~~o%(c,o) sinh ( n in b,\a )

2QH0
a=‘.(ej.)

‘TEODn(e,O) sinh ( n in b,\a )

Q=~”dL@)bdd ‘

Q., =~”q(b,@)cos(n@)bd+

Q.. =~”q(b, @)sin(n@)bd[p

D., = c,, coth(n in b/a) + c,, tanh(n in d/b)

DnO= t,lcoth(nlnb/a)+ c,zcoth(nlnd/b)

ikf~e = sinh(n in b/a)/cosh (n in d/b)

iW~O= sinh (n in b/a )/sinh ( n in d/b)

q ( b, @) = charge distribution function on the conducting

strip

CO= permittivity constant of free space.

The line capacitances for each mode can be obtained

from the variational expression [12]

11
—=—

J(j,, b,@)q(b, @)bd@.
C,j Q2 o

(39)

In order to evaluate the line capacitances, the charge

distribution function q(b, C#I)has to be specified for each

mode. Considering the well-known field singularity at strip

edges, the charge distribution function is assumed to be

‘(b’’)=* 7’ ‘<+<0+2”

= o, otherwise. (40)

Using (31)–(38), substituting (40) into (39), and evaluat-

ing the integer, the line capacitances for each mode are
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obtained as

60 in b/a
_—

<– Vc~1

co
—=

(41)

in b/a m 2X2

c
+x— (42)

eo
m[trl + c,21nb/a/lnd/b] ,,=1 nfiD.O

co

—= g n;:2
c

O(=/.) n(e/.1

(43)

where

X=.lo(rm)cosn(o+a)

Y= Jo(na)sinn(8+a)

Jo ( n a) = zeroth-order Bessel function of first kind.

The characteristic impedances Z,, and the effective di-

electric constants c.,, can be obtained using the following

relations:

‘“= “ok

e,,, = c,,/ca,J

where Cull is the line capacitance with

is the velocity of light in free space.

(44)

(45)

C,l= cr2 =1 and U.

A. Warped Broad-Side, Edge-Coupled Striplines

In order to study the effect of warpage on an otherwise

planar structure for broad-side, edge-coupled striplines, we

consider the structure shown in Fig. 1l(b), where c – a = h

and e – b = p. Warped broad-side, edge-coupled striplines

can be considered as the limiting case of broad-side, edge-

coupled cylindrical striplines by assuming that a + m,

whereas h and p remain finite and a is small. Making

use of the approximation ln(l + x) = x for x <<1, it

can be shown that for the warped case with warpage ratio

h/a <<1, In(b/a) = h/a –(p/2h)(h/a) and ln(d/b) =

(p/2h)(h/a) with a = (W/2h)(h/a) and O =
(s/2h)(h/a).

Substituting the above relations into (41)-(43), the line

capacitances for warped broad-side, edge-coupled strip-

lines can be obtained. The characteristic impedances are

then calculated using (44).

B. Computed Results

Numerical results for the characteristic impedances of

broad-side, edge-coupled cylindrical stripline for the possi-

ble four modes are calculated using (41)-(44). Fig. 12

shows the variation of the characteristic impedances

(Z,e, 2=0, ZOe, ZOO) as a function of half separation angle d

for b/a =1.4, p/a = 0.6, a =10°, (,1 =1.0, and C,2 = 9.6.

For larger separation angles, it can be seen that Z., and

ZO, approach each other and 2,0= ZOO.Variation of char-

acteristic impedances as a function of p/a with O = 50,

b/a = 1.4, a = 10°, Crl = 1.0, and C,2 = 9.6 is shown in Fig.

13. For large p/a, it can be seen that Z,, and Z~O

approach each other and that ZOe and ZOO approach each

o 10 20 30 Lo 50

e (DEGREEs)

Fig. 12. Variation of characteristic Impedances of broad-side, edge-cou-
pled cylindrical striplines as a function of half separation angle @ with

b/a =1.4, p/a = 06, a=lOO, C,l =1. C,z=9.6.
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Fig. 13, Variation of charactermt~c Impedances of broad-side, edge-cou-

pled cylindrical strrplines as a function of p/a for a fixed separation
angle 0 = 5° with b/a =1,4. a =10°, e,l =1, <,2 = 9.6.

other. Fig. 14 shows the variation of effective dielectric

constants ((,.,, 6,,., 6,.,, C,OO) as a function of a with b/a

=1.4, p/a = 0.6, 6’ = 5°, C,l =1.0, and Crz = 9.6. With an

increase in a, the even–even and odd–even mode effective

dielectric constants (c,,, and C,OC) decrease, while the

even–odd and odd–odd mode effective dielectric constants

(Cr=o and C,OO)increase.

The computed characteristic impedances (Z,,, 2,.,
2.,, ZOO) of the broad-side, edge-coupled cylindrical strip-

lines with fixed p/a are plotted as a function of O in Fig.

15 with b/a= 1.4, p/a= 0.6, a = 10°, c~l = 9.6, and

C,2 =1. It is observed that the variations of Z=,, Z,O, 20=,
and ZOO are similar to those obtained in Fig. 12 with

C,I=l and C,z= 9.6. However, in Fig. 15 it can be seen

that Z., and zOe approach each other faster with an

increase in t?. Fig. 16 shows variation of characteristic

impedances as a function of p/a for fixed 6’, with C,I = 9.6

and c,Z =1. The computed effective dielectric constants
are illustrated in Fig. 17 with ~,1 = 9.6 and ~,z = 1 as a

function of a. It is seen that with an increase in CY,(,,, and

c ,Oe increase, while Cr=o and C,OOdecrease.
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Fig. 14. Variation of effective dielectric constants of broad-side, edge-
coupled cylindncal striplines asa function of a with b/a=l.4, p/u=
0.6, 8 =5°, C,l =1, C,z =9.6.
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Fig. 15. Vtiation ofcharacteristic impedaces of broad-side, edge-cou-
pled cylindrical striplines as a function of haff separation angle O with
b/a =1.4, p/a = 0.6, a =10°, ~,1= 9.6, C,z =1.
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Fig. 16. Variation of characteristic impedances of broad-side, edge-cou-
pled cyfindricaJ striplines as a function of p/a for a fixed separation
angle O= 5° with b/a =1.4, a =10°, C,I = 9.6, C,2=1.
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Fig. 17. Variation of effective dielectric constants of broad-side, edge-
~oupled cylindncaf striplines as a function of a with b/a =1.4, p/a =

0.6, 6’= 5°, C,l = 9.6, C,2=1.
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Fig. 18. Characteristic impedance versus w/h for warped broad-side
edge-coupled striplines with p/h = 0.1, s/h = 0.2, c.l = ~.z =1, h/a =
0.01.

To study the effect of warpage on an otherwise planar

broad-side, edge-coupled stripline structure, numerical re-

sults for cylindrically warped broad-side, edge-coupled

striplines are computed as suggested in the previous sec-

tion, using (41)–(44). The results for characteristic imped-

ances Ze~, Z=O, ZOe, and ZOOof warped broad-side, edge-

coupled stnplines are calculated and presented in Fig. 18.

For the sake of comparison, the numerical results obtained

by Koul et al. [17] for a planar structure are also pre-

sented. It can be seen that for a warpage with warpage

ratio h/a = 0.01, there is good agreement between the two

sets of results.
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IV. cONCLUSIONS

An expression for coupling is derived which can be

applied for the general case of a pair of coupled cylindrical

strip and microstrip lines with multilayered dielectrics. The

particular advantage of the analysis presented in this paper

is that the same formulation can be applied to different

structures resulting from arbitrary locations of strips and

choices of dielectrics. The propagation parameters of a

symmetric broad-side, edge-coupled cylindrical stripline

structure are also studied. It is observed that the values of

the even–even mode and odd–even mode effective dielec-

tric constants with inhomogeneous dielectric media are

different from those of even-odd mode and odd-odd

mode effective dielectric constants. The effect of warpage

due to environmental changes on an otherwise planar

structure is also studied. For a warpage ratio of h/a <<1,

it is seen that the numerical data obtained for warped

coupled stripline structures are close to those obtained for

planar coupled stripline structures.
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