AD-A156 929 QUASISTATIC CHARACTERISTICS OF ASYMMETRICAL AND COUPLED
COPLANAR-TYPE TRA..(U) ILLINOIS UNIV AT URBANA
LECTROMAQNETIC COMBMUNICATION LAS T Klllllll/(l st.

: E
UNCLASSIFIED APR 85 UIEC-85-4 ARO-18054.15-EL




R ,‘w.,‘{:k,am*“v.y;“ L

i w &

2:0
==

03
e
T
>
.

g KN

b

b
FECRR
EEEE]

»




e mamn eaen s - SRR : U i y T e U
e [Poss,S-EL

@,

QUASISTATIC CRARACTERISTICS OF ASYMMETRICAL AND \\&
COUPLED COPLANAR-TYPE TRANSMISSION LINES

TECHNICAL REPORT

T. KITAZAWA
R. MITTRA

AD-A156 929

APRIL 1985

———————

SUPPORTED BY
U. S. ARMY RESEARCH OFFICE

GRANT NO, DAAG29-82-K-0084

- reae e,

ELECTROMAGNETIC COMMUNICATION LABORATORY
DEPARTMENT OF ELECTRICAL AND COMPUTER ENGINEERING
ENGINEERING EXPERIMENT STATION
UNIVERSITY OF ILLINOIS
URBANA, ILLINOIS 61801

~DTIC

ELECTE

APPROVED FOR PUBLIC RELEASE. JUN2 7885
DISTRIBUTION UNLIMITED. 1

T e BB B g L fr AW - # -

TG FILE CORY

)

.




v S TR A TR RS A IR SRR S LU 07 e s e

™

aars o ORI ey o s o TN 4

¢

-

THE FINDINGS IN THIS REPORT ARE NOT TO BE CONSTRUED AS AN OFFICIAL

DEPARTMENT OF THE ARMY POSITION, UNLESS SO DESIGNATED BY OTHER

AUTHORIZED DOCUMENTS.

Accession For

uT1s CRAXI
~nrro TAB N
nounced .g

1
Justificatio

! pistribution/

special

‘Dist |

A

e e

ropy
INSFLUTED
1

é
By
L} Availab}llgy’(}odes
!- |avail and/oT

ek N

Sad




-

7 [19. ABSTRACT (Continue on reverse if necesssry and identify by block numbers 7

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE

REPORT DOCUMENTATION PAGE

1a. REPORT SECUMITY CLASSIFICATION 1b. RESTAICTIVE MARKINGS

Iu SECURITY CLASSIFICATION AUTHORITY 3. DISTRIBUTION/AVAILABILITY OF AEPORT

5. ORCLASSIFICATION/DOWNGAADING SCHEDULE DISTRIBUTION UNLIMITED

4. PERFQAMING ORGANIZATION ARRPORT NUV!(S) S. MONITORING ORGANIZATION REPOAT NUMBEN(S)

EC 85-4; UILU-ENG-85-2546 ARY [/ F05%./S-€L

Ga. NAME OF PERFOAMING QRGANIZATION rb. QFFICE SYMBOL 7s. NAME OF MONITQRING ORGANIZATION

(/4 ticable)
Electromagnetic Communication e
Qffice of Naval Research Branch Office

QLY
Se. ADORESS (City. State and ZIP Code) 0. ADORESS (Clty, Staie and ZIP Code)

Department of Electrical and Computer Engg. 536 S. Clark St.

1406 W. Green St. i Room 286

University of Illinois, Urbana, IL 61801 Chicago, IL 60605

8. NAME OF FUNDING/SPONSORING 8. OFFICE SYMBOL |9, PROCUREMENT INSTRUMENT IDENTIFICATION NUMBER
OAGANIZATION (If applicebie)

U. S. Army Research Office DAAG-29-82-K~0084

Sc. AGORESS (City, State and ZP Cade: 10. SOURCE OF FUNDING NOS.

P.0. Box 12211 PRAOGAAM PROECT TASK WOHNKOUNI‘I’

Research Triangle Park, NC 27709 ‘L‘“‘“_""_';g; No. No.

JUT TITLE (Include Securtty Clasifi )
Quasistatic Characteristics of Asymmetrical and Coupled Copflanar-type|Transmission lines

12. PEARSONAL AUTHOR(S)

R. Mittr
13a TYPE OF ASPONT 130, TIME COVERED 14. OATE OF REPORT /Yr, Mo., Dey) %PAG! COUNT
Technical ROM ro April 1985

16. SUPPLEMENTARY NOTATION
The findings in this report are not to be construed as an official Department of the Army

position, unless so designated by other authorized documents.

17. COSATI COOES 18 SUBJECT TERMS /Continue on reverse i/ necessery and identify by block numbder)
L Ei8L0 | _CGROUS 3uS. g8 millimeter waves; integrated circuits; ;transmission lines;
coplanar guides, 'ﬁ t

L'

In this paper, variational expressions for the capacitances of asymmetrical and coupled
coplanar-type transmission lines are derived. The methods employed are quite general, and
are useful for analyzing various types of coplanar-type transmission lines, with either an
isotropic or anisotropic substrate. An accurate and efficient method of calculation is
Hprovided for the variational expressions and some numerical results are presented)

¢ V@/(/a.tﬁ[r /'”% Cwé '

1%

T T
20 QISTRIBUTION/AVAILABILITY OF ASBSTRACT 21. ABSTAACT SECUAITY CLASSIFICATION

UNCLASSIARO/UNLIMITED £ sama ag mer. _ oTiC ustng T

22 NAME OF AESPONSIBLE INDIVIOUAL 2. TRLEPHONE NUMSER 22c. QFRICE SYMEBOL
tinelude Ares Code)
*_‘

DD FORM 1473, 83 APR SOITION OF 1 AN 73 1S OSSOLETE. _INCLASSIFIED

SECURITY TLAS3iR CATIN 36 “w §PiGE

T
3.
g -

w— R el e SRR
s M . i

¢ —.'-"‘,p' N . -




UILU-ENG~85-2546

Electromagnetic Communication Laboratory Report No. EC 85-4

QUASISTATIC CHARACTERISTICS OF ASYMMETRICAL AND
COUPLED COPLANAR-TYPE TRANSMISSION LINES

by

T. Kitazawa
R. Mittra

Electromagnetic Communication Laboratory
Department of Electrical and Computer Engineering
University of Illinois at Urbana-Champaign

ﬂ Urbana, Illinois 61801

Technical Report

L4

April 1985

Supported by

U. S. Army Research Office
Contract No. DAAG29-82-K-0084

'
R




RE

Do ABSTRACT |

In this paper variational expressions for the capacitances of asymmetrical and coupled coplanar-

type transmission lines are derived. The methods employed are quite general, and are useful for

e ———— e

analyzing various types of coplanar-type transmission lines, with either an isotropic or anisotropic sub-
a strate. An accurate and efficient method of calculation is provided for the variational expressions and

! some numerical results are presented.
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L INTRODUCTION

Coplanar-type transmission lines have become quite attractive from the point of view of applica-
tions in microwave and millimeter-wave integrated circuits. The symmetrical coplanar waveguide [1] -
{6] (CPW) as well as other similar configurations [7], [8] have received considerable attention in the
literature. Recently, the asymmetrical version of the coplanar waveguide has been introduced [9] [10]
because of the additional flexibility offered by the asymmetric configuration in the design of integrated
circuits. The application of coplanar-type transmission lines to directional couplers was proposed by C.
P. Wen [11] to achieve better isolation characteristics. However, the analytical method for a coupled
line section, that is useful for obtaining design information, was based on the zeroth-order approxima-

tion, which assumed an infinitely thick substrate [11]

This paper derives the variational expressions for the line capacitances of the asymmetrical and
coupled coplanar-type transmission lines. These expressions are quite general and are applicable to a
wide class of coplanar-type transmission lines, geometries including those containing an anisotropic
media. These expressions are employed in conjunction with an accurate and efficient numerical method
based on the Rite procedure. Numerical results are shown for the line characteristics of asymmetrical
and coupled coplanar-type transmission lines with anisotropic media are presented and compared with
the exac* analytical solutions for the special case of air as the substrate material. The comparison is

found to be quite favorable.
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II. VARIATIONAL EXPRESSIONS FOR THE LINE CAPACITANCES

In this section the formulation procedure will be outlined for the general structures of asymmetr-
ical coplanar-type (A-CTL, Fig. 1(a)) and coupled coplanar-type transmission lines (C-CTL, Fig. 1 (b)),
which include various coplapar-type transmission lines in Figure 2. The layered media in Figure 1 are

uniaxially anisotropic and their permittivities are given by the following dyadic:

> = el!l eixy ; = l

€, € € i =123 (1)
where

€ = €1, o8y, + ¢ sin’y, )

€,, =€ sin?y, +€i|_¢°sz)'i
eixy =(€, i -e,l_)m'y, COSYy;
¥: is the angle of the optical axis from the x-axis, and ;|| and ¢;, are the relative permittivities longi-

tudinal and transverse to the optical axis, respectively.

A. Variational Expression for the Line Capacitance of Asymmetrical Coplanar-Type Transmission
Lines (A-CTL)
From a solution to the Laplace’s equation, the charge distribution on the conductors at y = 0 can

be expressed in terms of the aperture field ¢, (x )at y = O as

a’(x)=f fP_.‘(a:xlx‘)e,(x')dx'da 3
where

Pylagx 1x') = —jaF (o) e iox 1) (4)
with

= % 1

F,la) P Y'(a)+YL(a)l-la_l s

and
2
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TABLE 2
Normalized Line Capacitance C/eo of Open Coupled

Coplanar-type Transmission Lines

= = =1, 2, 3), h, + =
EiH Eil 1 (1 ) 3

Even Mode
Ny 1 2

c-b 2a Conformal
b-a (b-a) N, 2 3 mapping

0.2 1.9469 1.9469 1.9469
0.5

1.0 2.0620 2.0619 2.0619

0.2 1.3130 1.3128 1.3128
2.0

1.0 1.4043 1.4042 1.4041
0dd Mode

2 3

c-b Conformal
b-a 2 3 mapping

0.2 5.2218 5.2217 5.2217
0.5

1.0 3.6322 3.6322 3.6322

0.2 4,9089 4,9012 4,9009
2.0

1.0 3.2537 3.2495 3.2493
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TABLE 1
Normalized Line Capacitance C/s° of Asymmetrical

Coplanar-type Transmission Line

Ei','eil'l (1.1’ 2’ 3)’ h3"o

a/wl Wz/Wl Ny 1 2 3 Conformal
mapping
N, 1 2 3 P
1 2.199 2.107 2.105 2.105
0.25 2 2.085 1.946 1.940 1.940
4 2.085 1.858 1.838 1.836
1 3.520 3.510 3.510 3.510
1.50 2 3.219 3.198 3.198 3.198
4 3.005 2.956 2.956 2.956
16
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where 7, (v) is Chebyshev’s polynomial of the first kind and the suffix N(k) in (29) is given by

N(k) = 2k-1 (even mode)

= 2k-1) (odd mode) .

The accuracy of the computation depends on the number of basis functions, ie, N, and N, in
(27). Tables 1 and 2 show the preliminary numerical results of the normalized capacitance C/€, of the
A-CTL and open C-CTL for different values of N,V ,. Special cases withe;, =¢€ | =1landhy — oo
are considered in Tables 1 and 2, for which the exact analvtical solutions can be obtained by conformal
mapping [Appendix 1] It should be noted that accurate results are obtained by using a small number
of suitably chosen basis functions for a wide range of parameters. For instance, for the calculations

presented herein, N = N, = 2 was used for A-CTL. For C-CTL, N, = 1, N, = 2 for even modes and

N = N, =2 for odd modes have been employed.

Figures 4 and 5 present numerical examples for the asymmetrical coplanar waveguide in Fig. 2(a).
Figure 4 shows the effective dielectric constant €5 and the characteristic impedance Z, as a function
of the width ratio W ,/W ; for an asymmetrical coplanar waveguide with an isotropic dielectric sub-
strate. The values for the symmetrical case (W ,/W | = 1) [4] are included only to indicate the accuracy
of the computation. The effective dielectric constant €, becomes smaller and the characteristic

impedance Z , becomes larger as the width ratio W ;/W | increases.

Figure 5 shows the results for an asymmetrical coplanar waveguide on an anisotropic sapphire
substrate. The effective dielectric constant and the characteristic impedance are shown as a function of

the inclination of the optical axis yx

In Figure 6, the even and odd mode characteristics of open C-CTL, shown in Figure 2(d), are com-
pared with those based on the zeroth-order approximation as presented in Ref. 11. The error in the
zeroth-order solution becomes larger for a thinner substrate because the substrate thickness is assumed

to be infinite in this solution.

15




. NUMERICAL COMPUTATION AND RESULTS

Numerical computations have been carried out by applying the Ritz procedure applied to the
variational expressions (10) and (21). In this procedure, the unknown aperture fields e, (x) are
expanded in terms of the appropriate basis functions as follows for asymmetrical coplanar-type (A-

CTL) transmission lines the basis functions are;
N, 5,
e(x)=3F AV fF M)+ T AP AAx) (272)
k=1 k=1

and for the coupled coplanar-type transmission lines (C-CTL) the corresponding functions are given by

§, ¥,
e.(x)=F BWgMx)+ T BPg Hx) (27b)
(=1 £=1

where A,) and B,"") are variational parameters which are determined such that the best approximation
is obtained under the conditions of (9) and (19). The following basis functions are adopted by taking

the edge effect into consideration:

2(x-s,')
Tk—l W, l
fiéXx) = : i=12 (28)
1— 2(X-S,) 2
W,
S|= t(a +b|)/2. W1=b,—a
2 2 2 2
Tyvu) |=
a
gl = - (29)
1-|X
a
r lz(x-s) ]
k=l |
gl = - (30)
\ - Iz(x-s) l
Wac-b, S=(b+c)2
14
o -7 T
- - T T T




However, unlike the open waveguide problem, this method is not applicable to the shielded case

! filled with an anisotropic medium, whose optical axis is inclined, because the Green's functions for the

latter case cannot be expressed in the form given in (25)[12]
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the anisotropic case to the equivalent isotropic case can be verified in the same manner as for the asym-

metrical case.
The procedure described above can be applied to a shielded coupled coplanar-type transmission
line (Figure 3) which is filled either with an isotropic or an anisotropic medium whose optical axis coin-

cides with one of the coordinate axes. The line capacitances for the even and odd modes are given by

p e, (x)G, (x 1x) e, (x')dx dx
c=2
(24)

]e,(x)dx 2
s

ofyn
ofyn

=E,0
where '
!
GHx Ix') = F, sin(a, x)sin(a, x’) :  Even mode (25) ?'
GXxix')=F, coda, x)coa, x') :  Odd mode |
with ‘
_The 1 {
Fo= 22 (4700 2 |
and ;
€ !
1+e_2'-tahn (X \h o, ) tanh (K shya, ) ‘
Y, = 3 Le 3 (26)
— tahn (K 1h 0, ) + — tahn (K ha,)
€. €2,
€
1+ =X tahn (K shya,) tahn (K )
€oe
Vi = — 1
—— tanh (X . )+ — tahn (K ) ]
rm hia ™ Ja % ’,
nw =11 (r=0)n |
a, = 37 M 2 (n =0)n i :
n=1,335, e (Even mode) {
0,2 4, — (Odd mode) ;
M !
i
i
I
11 I
;‘
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- e - - N o
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Qv [ (x)dx; =00V, (18)
b

=ffF<-(a) fe,(xz)codaxz)dxz-V(,cos(ax,) cos{ax' )e, (x')dx' do
(

[} }

0<x,<a)

where V, is the potential difference between the strip conductor a < x < b and the ground conductor

¢ <x V, isgiven by

Vo= [e(x)dx == [e,(x)dx (19)
b 0

Subtracting (17) from (18) and utilizing (16), we obtain

Fc(a) cos{ax ) cosax') e, (x ) e, (x') dx' d a dx, (20)

of%yn
o~ 8
o8

QoVo=

+ Fc(a) coax ;) codax' ) e, (x,) e, (x')dx dadx,

e )
o8

[

Therefore, the line capacitance of the odd mode can be expressed as follows

 eme——— e i *

c=2 (21)
0

<

e (x)GYax Ix)e, (x')dadx dx

ot~ 8
o~ 8
o~.8

V4
f e, (x)dx
[
where Green'’s function G agx 1x’) is given by
G%agx 1x') = F(a) coax ) cosax') 22)

For the even mode, a similar expression can be obtained by following the same procedure. The Green's

function G£ for the even mode is given by
G%(aex 1x') = Fc(a) sin(ax ) sin(ax’) (23)

Equation (21) is stationary and provides an upper bound to the line capacitance C. The transition from

10
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& a—

kY

Polagx 1 x') = —a Fe(a) cofax ) sin(ax') (13)
( for even mode)
= —a F(a) sin(ax ) cos{ax')
(for odd mode)
with

2€,

F((a)= - YL'(G)“"YI (a)]%— (14)

The symmetry of the geometry with respect to the plane x = O has been utilized in writing (12). The

odd mode is considered in what follows, and a perfect electric conductor plane may be placed at the x =
O plane in this case.

The total charge located between x; and x, is given by

X2
Q(xl,x2)=f0'(x)dx (15)
xy
When x, lies within the inner slot 0 < x,; < a and x, lies within the outer slot b < x, < ¢, then Q

(x ,x ) is equal to a constant Q,, that is, the total charge on the stripa < x < b:

Qo=0(xx2) (16)
=ffFc(a)]cos(axz)—codax,)]cos(ax‘)e,(x')dx' da
[ ]
0<x;<a and & <x,<c¢
Multiplying (16) by e, (x ) and integrating over 0 < x; < a, we obtain
Qo f‘,(x‘)dx‘ = —QOVO (17)
[1]
=fch(a) —Voco(axz)—fc,(x,)co(ax.)dxl coslax') e, (x')dx da
0 0 [1]
b <x;<e¢)
Similarly we can obtain
9
o -,.'_"‘ u}T : ; -“s's'l : " -!,&9':"“‘."-“ S a\‘*??};\




by —
Vo= [e,(x)dx == [ ¢, (x)dx 9
a ]
Substituting (3) into (8), subtracting (8b) from (8a), and rearranging the resulting expression, we obtain

the line capacitance:

_Q
C= v (10)
f f fe,(x)GA(a;x Ix')e, (x')dadx dx
= —00 =0 () -
5y
fe,(x)dx
where the Green’s function G, is given by
Galax 1x')=2 F,(a)cos a(x'—x)) a1

As expected, Equation (10) reduces to (2) in [5] for the symmetrical coplanar waveguide. It can be
verified that Equation (10) has the stationary property and the value of the capacitance derived from
this expression will always be larger than the true value, that is, the upper bound. Also, Equations (10),
(11) and (5) show the relationship between the anisotropic (€; ;, &, k;) and the isovropic (€., X;h;)
cases. Similar connection between the two types of problems has been observed elsewhere {S] [12] - [18}

for other configurations.

B. Variational Expression for the Line Capacitance of Coupled C-Type Transmission Lines (C-CTL)

The charge distribution on the conductors at y = 0 can be reiated to the aperture field e, (x )at y =
O plane by using a procedure similar to that used for the asymmetrical coplanar-type transmission line.

The charge distribution o{x ) is given by

olx)= [ [ Pelax ix)e,(x)dx da (12)
o 0

where




. e ) S <

1+ ¢, tanh (X jh,lal)

YL'(G)=
l+—€’—tanh(K1h,|al) (6)
{e
€
l+eitanh(th3Ial)tanh(K3h3lal)
¥i(e) = —— -
€ €3
2
k. = ex'xx - eu'_y
€iyy €iyy
!
€, =Jeux eiyy —eiryz
The total charge Q, on the center strip ixi < a can be expressed as follows
!
¢) f

< =j0'(x)dx
xy

where x, and x, can be arbitrary values in the right slot 2 < x; < b,; and in the left siot

—b, € x, < =2, respectively.

Multiplying (7) by e, (x,) and integrating over the right slot located ate < x; < b, we get !
&y Xy ]
V., = [ e, ){f olx)dx}dx, (82) |
a X2 !
(b, <x,<=2)
Similarly,
—-a *1
-Q,V, = f e, (x3) fd(x)dx dx, (8b) }
= 13 C
(@ <x,<b)
where V, is the potential difference between the center strip and the ground conductors, i.e,
7 |
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Figure 2. (d) coupled coplanar waveguide
(e) coupled sandwich coplanar waveguide

(£) coupled conductor-backed coplanar waveguide
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Figure 2. (a) asymmetrical coplanar waveguide [
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Figure 5. Asymmetrical coplanar waveguide on anisotropic sapphire substrate.
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Figure 7 shows the even- and odd-mode characteristics of the open C-CTL on an isotropic sub-
strate as a function of electrode configurations. The dependence on the width of inner slot 2a is less for

even modes; in contrast, the dependence on the width of the outer slot (C-b) is less for odd modes.

Figure 8 shows the characteristics of the open C-CTL on an anisotropic substrate
(€2 - = 5.12, €| = 3.40). The effective dielectric constant €., and the characteristic impedance Z, are

shown as a function of the angle y, of the optical axis from the x-axis.

Figure 9 shows the results for a shielded C-CTL with an anisotropic sapphire substrate (e, =
11.6, €31 = 9.4, y; = w/2). It is noted that the even modes are more sensitive than the odd modes to the
variation in h, the spacing between the substrate and the shielding conductor. Equal even- and odd-
mode phase velocities are obtained by adjusting ~, and under these conditions high directivity can be

achieved in a directional coupler design that employs these lines.
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IV. CONCLUSIONS

In this paper variational expressions for the line capacitances are derived for the general structures
of asymmetrical and coupled coplanar-type transmission lines. The present analysis, which is valid for
anisotropic media, suggests a relationship between the anisotropic and the equivalent isotropic case.

An efficient computational scheme, based on the Ritz procedure, has been employed for the numer-
ical computations. Numerical results have been compared with the exact analytical solutions for the
special case of air as the substrate material; excellent agreement has been found for a wide range of
parameters. Some numerical data for asymmetrical and coupled coplanar-type transmission lines are

shown for both the isotropic and anisotropic substrates.
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APPENDIX |

ASYMMETRICAL COPLANAR WAVEGUIDE WITHOUT SUBSTRATES

The line capacitances of the asymmetrical coplanar waveguide without substrates can be
evaluated analytically by a repeated application of conformal mapping. A series of transformations are
shown in Fig. 10. The determinantal equations for the ratios z ;/u ; and s 3/t 5, which determine ko are

given in the following:

the determinatal equation of ¢ 3/u,

s
K (k,) uy
2 = -
X&) ts (A-1)
'
the determinatal equation of 53/¢
. . 5y ¢
F(aresin P “2) F(aresin 2, 2
9o +1=2 3 U3 ( 2)
X&) s A-

K |—
L

where F(a,b) is the elliptic integral of the first kind and K(k) is the complete elliptic integral of the first

kind.
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