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ABSTRACT

In this paper the asymmetrical coupled coplanar-type transmission line

I (C-CTL) with an anisotropic substrate is investigated using both the quasistatic ._

method and the hybrid-mode formulations. The line characteristics of interest,

e.g., the propagation constant and the characteristic impedances of the various

types of C-CTLs with anisotropic substrate, are presented. k -4
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I. INTRODUCTION

Various types of transmission lines with anisotropic substrates have been

investigated for use in microwave- and millimeter-wave integrated circuits [1]-

= These include single and coupled striplines [2] - [71, slot lines [8], and ..

coplanar-type transmission lines [9] - i111. The coplanar-type transmission 4

lines (CTLs) are promising because of their easy adaptation to shunt element

connections 112], [131. The application of coupled coplanar-type transmission

lines to filters and couplers was proposed by C. P. Wen [141'. The propagation A

characteristics of coupled coplanar-type transmission lines (C-CTL) have been

studied based on the quasistatic 1141, 115] and hybrid-mode formulations (161,

[17], and accurate numerical values are available for the cases with isotropic

and/or anisotropic substrates. However, most of them assume the structural sym-

" metry. The theoretical approach for the asymmetrical version is available only

for the propagation constant of the case with a single isotropic substrate 1161.

" .There is no information available for the characteristic impedances of asym-

* metrical C-CTLs, even for the simplest case with an isotropic substrate,

although it is required to utilize the advrntages of the asymmetrical structure,

the impedance transform nature and the additional flexibility.

In this paper, we present .the analytical method for the general structure

of asymmetrical coupled coplanar-type transmission lines with an anisotropic

substrate. This method includes both the hybrid-mode and the quasistatic for-

mulations and is useful for accurately computing the characteristic impedances "-u

as well as propagation constants of various types of asymmetrical coupled

coplanar-type transmission lines.

.........."- 11
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- I I. THEORY

A. Variational Expressions for the Elements of the Capacitance Matrix of a C-CTL - - -

The variational method will be described for the quasistatic characteristics

of the general structure for asymmetrical, coupled coplanar-type transmission .

lines (C-CTLs; Fig. 1) with uniaxially anisotropic substrates, whose permit-

tivities are given by the following dyadic:

c.u
i ,XY i~yyJ .I'y y -- "

The quasistatic characteristics of the symmetrical C-CTL can be expressed in

terms of the scalar line capacitance (15], whereas, for the asymmetrical C-CTL

case considered here, they are described by the capacitance matrix which is

defined as:

FC1  -C L
H L (2)

where V1 and Q, are the potential and the total charge on the right strip, and

V2 and Q2 are those on the left strip, respectively. The variational

expressions of the self and mutual capacitances C l, C,, and C will be derived

- in the following.

The charge disteibution on the conductors can be expressed in epms of the

aperture field ex(x) (15]; V

2°- *'- -'. -° . .



Sa(x) ~fG(cz;xjx') e x(x') da dx' (3)

with

G(cg;x Ix') j. F(ca) ejnx' (4)

2S

V a) (j Y U a + (5) a

ita
where Y and Y can be obtained by utilizing the simple recurrent relation

U L

(Appendix). The total charge located between x and x is given by

1 2

x2

When x1 and xc lie in slots, Q(x1,X) should be constant, that is,

Q~xQ'xxQ < a and b < x < c)
11 2 1~xl

(7)
< x -b2 and Ix~I < a) 2

We consider the following sets of excitations to determine the capacitances:

i0 V1 $ 0, V2  0 (8a)

ii) VI 0 , V2  0 (8b)

iii) V1  -V2  (8c)

............ .. .. .. . ** * ** -. .. . .. .. . .. .. * A 2.
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Multiplying (6) by ex (xl) and integrating over the right slot

(b1 < (, c1 ), we obtain

Q1 V, fJ e X(xi) Q(Xlx 2) dxl

- f FI)e(' jx I e (x )e 1 dx -V e ~2i da dx'

-x b x

(1x21 < a) (9)

by utilizing

cl a

V, f e (x) dx -f e Wx dx (10)
b -a

Then, multiplying Eq. (9) by e X(x2 ) and integrating over the left slot, we

obtain

Im 2
=Q ff ex(xl) Q(xlx 2) eX(x2) x x

C

= ff F(a) e (x') eJ [-VI f ' (i e ~ dx1

V -C ee((xe

-1  2-. x (, 2) ~2d 2  ~ '(1

That is,r

Q1V = r f F(a) e (x') cos a(x -x') e (x) dx' dx da (12)



Therefore, we obtain the stationary expression of C1 as follows:

QI
C

V = 0

e I e(x) F(a) cos a(x - x') e (x') da dx'dx
- 0 e (x) dx 2 )

x

Equation (13) gives an upper bound to the exact value. Similar expressions for

C2 and C + 2C + C can be obtained by using (8b) and (8c), respectively. The

Ritz procedure will be applied to the variational expressions (13) for the

numerical computation.

There are two fundamental modes of propagation in asymmetrical coupled

coplanar-type transmission lines (C-CTL), that is, c- and w-modes, which become

even and odd modes in the symmetrical case, respectively. The propagation

characteristics of an asymmetrical C-CTL can be expressed in terms of two propa-

gation constants, 8. 1a, and four characteristic impedances, Zi ,

Zi, (i 1,2), where i = I and 2 stand for the right and left strips, cespec-

tively. The quasistatic values of the propagation constants and the charac- . .

teristic impedances for two fundamental modes can be calculated by [61, (181 .

. "L1CI + L2C2 - 2LC ± U, , 1 1 2

Z- (LI  L L /R ).:.2-.

cm

5

Zl ,c c ,-'-.'.



Z z -- (Ll -L/Rc)

Z -R R Z
2,c c Tr lc

Z -R R Z
2,n7 c TV ,rr

L C -L C U
R 2 2 1 1±1

, 2(L C -L 7

U={(L 2 C 2 L 1 C1  + 4(L C - L2C)(LC 2 Lm I /2 (14)

where L,+, L 2, and L mare the self and mutual inductances, which can be obtained

from C1, C 2 2 and C mfot the case without a substrate.

B. Hybrid-mode Analysis

The network analytical method of electromagnetic fields has been success-

fully applied to analyze the propagation characteristics of various types of

planar transmission lines with isotropic and/or uniaxially anisotropic sub-

strates whose optical axis is coincident with one of the coordinate axes (51, (9],

* ~[101. This method is based on the hybrid-mode formulation, and no approxima- .-

tions for simplication are used in the formulation procedure. The propagation

* constants of an asymmetrical C-CTL can be obtained easily by using the extended

version of this method and applying the Galerkin's procedure. The charac-

teristic impedance is not uniquely specified because of the hybrid mode of pro-

pagation. The definition chosen here is

V.
Z. 1 j (i 1,2; j c, i) (15)A

6



where li, j and V, are the total current on the right strip and the voltage

difference between the right strip and the ground conductor, respectively, and

I j and V are those for the left strip. The frequency-dependent hybrid-

mode solutions for propagation constants and characteristic impedances are pre-

sented in Section III.

C. Coplanar-type Transmission Line

The quasistatic and hybrid-mode formulations described above are quite

general and applicable to various configurations, e.g., coupled coplanar wave-

guide (C-CPW; Fig. 2(a)), coupled CPW with double-layered substrate (Fig. 2(b)),

coupled sandwich CPW (Fig. 2(c)) and coupled coplanar three strips (Fig. 2(d)).

In the coplanar-strip case of Fig. 2(d), the charge and current distribution on

the strips are the basic quantities as opposed to the aperture fields in the CPW

cases of Figs. 2(a) - (c). Numerical results for these coplanar-type

transmission lines are included in the next section.

09
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IIl. NUMERICAL EXAMPLES

Figure 3 shows the quasistatic characteristics of an asymmetrical coupled

coplanar waveguide with an isotropic substrate. Figures 3(a) and (b) depict the

effective dielectric constants Ceffj and the characteristic impedances I .

zi,j(j = c,w) as a function of the strip width ratio S2/S' Ceft, j is obtained

by

efre-= ( 5j/ 0 )2 (16)eff 'j00

The values for the symmetrical case(S 1) are in good agreement with thoseru o s r a 2/S1  .

of [15]. Another check on the results can be made by investigating the limiting

case as S2IS becomes very large, where the left slot is decoupled and
I

Sff converges to that of the asymmetrical coplanar waveguide (ACPW)[15] shown

in Fig. 4(a). As becomes very small, Ceffc converges to that of ACPW
2/SI

shown in Fig. 4(b), which can be considered as the limiting case of S = 0.

Figures 5 and 6 show the quasistatic characteristics of asymmetrical coupled

double-layered (Fig. 2(b)) and sandwich (Fig. 2(c)) coplanar waveguides, respec-

tively. They depict Ce and Z. .(j= c,r) as fun'tions of the ratio of the
eff 'j j

thickness of the upper to the lower layer d/h. Figure 7 shows the frequency

dependence of the effective dielectric constants for various types of a coupled

coplanar waveguide with uniaxially anisotropic subptrates cut with their planar

surface perpendicular to the optical axis. The frequency-dependent hybrid-mode

values of each mode converge precisely to the corresponding quasistatic values

*.. in !ower frequency ranges for all cases. The phase velocities of two fundamen-

tal modes of the case with double-layered substrates have close values in the

higher-frequency range, but they never coincide because of the mode coupling.

IS
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The mode of propagation can not be identified as the c- or n-mode by investi-

gating the voltage and current. Figure 8 shows the frequency dependence of the

characteristic impedances of a coupled coplanar waveguide. Figure 9 shows the

effective dielectric: constants and the characteristic impedances of coupled

coplanar three strips (Fig. 2(d)) with a uniaxially anisotropic substrate. The

definition for the characteristic impedance of coupled coplanar strips is chosen

as
tift

V.
Z.' (17)

where I1 ,j and Vg,j are the total current on the right strip and the voltage

between the right and the center strips, and I and V are those for the

2,j V2,jr oefo h

left strip. Again, the frequency-dependent values converge to the quasistatic

values in the lower-frequency ranges.

Figure 10 shows c and Z. j of an asymmetrical coupled coplanar wave-
eff'i 10

guide on a uniaxially anisotropic substrate cut with its surface at y to the

- {optical axis.

-. - ~I~i
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V. CONCLUSIONS

This paper describes the analytical method for the general structure of

, asymmetrical coupled coplanar-type transmission lines (C-CTLs) with anisotropic
m.-.t .. a

media. It consists of the quasistatic and the hybrid-mode formulations. The 4

former gives variational expressions for the line parameters of the cases with

the uniaxially anisotropic substrate cut with its planar surface at an arbitrary

angle to the optical axis; the latter gives the rigorous frequency-dependent 4

characteristics for the cases with the anisotropic substrate cut with its sur-

face perpendicular to the optical axis. Some numerical examples showed the

accuracy of the method and presented the propagation characteristics, the propa- IL t

gation constants as well as the characteristic impedances of the various types

of C-CTL with anisotropic media, for the first time.

--.
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APPENDIX: RECURRENT RELATIONS

The Fourier transform of the electric field E xand the electric flux density

D in the layer i(yi,1 > y > yj) can be expressed as:
y

(a~x) jrE (X,y) e- jax dx

exp(-biy)[Aicosh(piy) + Bisinh (piy)] (Al)

(aEx E ~ E
y L,xy o 1i,yy1O y

E = i,yy e 0 p excp(-b iy)[A Lsinh(piy) + Bicosh(piy)1 A2

*where Ai, B.are unknovwn constants and

1.y

-b. ix CA3
L C

i.,yy

i,yy

E E . E (AS)
ie L,xx L,yy Lixy

We will derive the recurrent relation in the upper region y > 0. Define the

following quantity at the lover surface of the layer i (Fig. 11):



-- -; - - - -.

I . S

Y =y,

i,e 0 '(A6)
x y-yi+0

Considering the continuity conditions at the y yi~l plane, we obtain the S

following recurrent relation with respect to Y.

l y. - tanh(Pid i )C. 1+1•-"-
L,e

Y.(A)
1 1 i+l ,e"" "

= T Y tanh(pidi)
ime

iA-. .....

The electric flux density at the y +0 plane (the slot plane) can be

obtained as

(a;y +0) Yex (A8)

.- N x

where e is the Fourier transform of the aperture field ex(x). Then, YU in

Eq. (5) can be obtained as

Yu =  N,eY 1A ) '

A similar recurrent relation holds in the lower region y < 0, and YL can be

determined.

12

...............
°.... .

. .. . . . . . . . . . . . . . . . ... -•.. .., ... .. , ,, " - . -.- " ..-. ' ' '. .. '- ,..' ; '-".- -. -- ", .. ".'



[ ,. I

REFERENCES

r

[1] N. G. Alexopoulos, "Integrated-circuit structures on anisotropic
substrates," IEEE Trans. Microwave Theory Tech., vol. MTT-33, pp. 847-381,
Oct. 1985.

• . , -. -

[21 N. G. Alexopoulos, C. M. Krowne, and S. Kerner, "Dispersionless coupled
microstrip over fused silica-like anisotropic substrates," Electron. Lett.,
vol. 12, pp. 579-580, Oct. 1976.

(3] N. G. Alexopoulos and C. M. Krowne, "Characteristics of single and coupled
microstrips on anisotropic substrates," IEEE Trans. Microwave Theory Tech.,
vol. MTT-26, pp. 387-393, June 1978. t

[41 M. Kobayashi and R. Terakado, "Method for equalizing phase velocities of
coupled microstrip lines by using anisotropic substrate," IEEE Trans.
Microwave Theory Tech., vol. MTT-28, pp. 719-722, July 1980.

[5] T. Kitazawa and Y. Hayashi, "Propagation characteristics of striplines with . •

multilayered anisotropic media," IEEE Trans. Microwave Theory Tech.,
vol. MTT-31, pp. 429-433, June 1983.

[61 T. Kitazawa and R. Mittra, "Analysis of asymmetric coupled striplines,"
IEEE Trans. Microwave Theory Tech., vol. MTT-33, pp. 643-646, July 1985.

(7] T. Kitazawa, Y. Hayashi, K. Fujita, and H. Mukaihara, "Analysis of
broadside-coupled strip lines with anisotropic substrate," Trans. IECE

" Japan, vol. 66-B, no. 9, pp. 1139-1146, Sept. 1983.

[ [8] Y. Hayashi, T. Kitazawa and M. Suzuki, "Dispersion characteristic of slot
* line on a-sapphire substrate," Trans. IECE Japan, vol. 63-B, no. 10,

pp. 1013-1014, Oct., 1980.

[9] Y. Hayashi, T. Kitazawa and S. Sasaki, "Analysis of cop'anar strip lines on
an anisotropic substrate using Galerkin's method," Trans. IECE Japan, vol.

" 64-B, no. 7, pp. 666-673, July 1981.

[10] T. Kitazawa and Y. Hayashi, "Coupled slots on an anisotropic sapphire
substrate," IEEE Trans. Microwave Theory Tech., vol. MTT-29, pp. 1035-1040,
Oct. 1981.

(11] T. Kitazawa and Y. Hayashi, "Quasi-static characteristics of coplanar wave-

guide on a sapphire substrate with its optical axis inclined," IEEE Trans.
Microwave Theory Tech., vol. MTT-30, pp. 920-922, Oct. 1982.

- [12] C. P. Wen, "Coplanar waveguide: A surface strip transmission line suitable

for nonreciprocal gyromagnetic device applications," IEEE Trans. Microwave

Theory Tech., vol. MTT-17, pp. 1087-1090, Dec. 1969.

(131 J. B. Knorr and K. D. Kuchler, "Analysis of coupled slots and coplanar
strips on dielectric substrate," IEEE Trans. Microwave Theory Tech.,
vol. MTT-23, pp. 541-548, July 1975.

13

~~............. ............... ........ .. ...................... ..... ...... ..... ..... ..:..::



[141 C. P. Wen, "Coplanar-waveguide directional couplers," IEEE Trans. Microvave
* Theory Tech., vol. MTT-18, pp. 318-322, June 1970.

[15] T. Kitazawa and R. Mittra, "Quasistatic characteristics of asymmetrical and
coupled coplanar-type transmission lines," IEEE Trans. Microwave Theory

* ~Tech., vol. MTT-33, pp. 771-778, Sept. 1985. .-

- [161 B. J. Janiczak, "Behaviour of guided modes in systems of parallelly located
transmission lines on dielectric substrates," Electron. Lett., vol. 19,
pp. 778-779, Sept. 1983.

[171 T. Kitazava and Y. Hayashi, "Coupled coplanar waveguide with anisotropic
_ substrate," to be published.

[181 T. Kitazawa and Y. Hayashi, "Analysis of unsymmetrical broadside-coupled
striplines with anisotropic substrates," to be published.

1.4



LIST OF ILLUSTRATIONS

Fig. 1. General structure of asymmetrical coupled coplanar-type transmission
'.. *.lines with anisotropic substrates.

- Fig. 2. (a) Asymmetrical coupled coplanar waveguide CC-CPW). .-

Fig. 2. (b) Asymmetrical coupled coplanar waveguide with double-layered
substrate.

*Fig. 2. (c) Asymmetrical coupled sandwich coplanar waveguide.

Fig. 2. (d) Asymmetrical coupled coplanar three strips.

Fig. 3. Quasistatic characteristics of asymmetrical coupled coplanar waveguide

versus strip-width ratioS2/

(a) Effective dielectric constants

(b) Characteristic impedances

lxx ly>,ly 0

2a/h 1 , SI1/h =2, WI/ 2, W/h-2

Fig. 4. Asymmetrical coplanar waveguide (ACPW).

Fig. 5. Quasiscatic characteristics of asymmetrical coupled coplanar waveguide
with double-layered substrate.

9.x, E y 11.6, E~x e 2,> 2.6, cix 0 Q i 1,2)

Si/ 1.0, 52h 0.5, WI/ 1.5, Wh 2.0.

Fig. 6. Quasistatic characteristics of asymmetrical coupled sandwich coplanar

waveguide.

£lxx t2xx 9.4, =y £2yy, 11.6, cixy -0 (i -1,2)

* SI/h =1.0, S2/ 0.5, WI/ ., W/ 2.0.

1.5
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Fig. 7. Dispersion characteristics of various types of coupled coplanar wave- .._
5 S guides. ,

Si/h= 1.0, $2/h 1= 0.5, Wi/h 1.5, W2/h =2.0

(a) Asymmetrical coupled coplanar waveguide (C-CPW).

rlxx = 9.4, £lyy = 11.6, eIxy = 0.

(b) Asymmetrical coupled coplanar waveguide with double-layered
substrate.

S lxx 9.4, lyy 11.6, e2xx C2yy 2.6,

=ixy 0 (i - 1,2), d/h - 0.1.

(c) Asymmetrical coupled sandwich coplanar waveguide.

Clxx = t2xx 94, e lyy = C2yy 11.6,

Cjxy= 0 (i - 1,2), d/h = 1.0.

Hybrid-mode, - -- Quasistatic

Fig. 8. Frequency dependence of the characteristic impedances of coupled

coplanar waveguides.

Dimensions are the same as in Fig. 7(a).

* Fig. 9. Frequency dependence of the effective dielectric constants and the
characteristic impedances of coupled coplanar three strips

C lxx 9.4, cjyy 11.6, e =xy 0

Sl/h = 1.0, S2 /h " 0.5, WI/h 1.5, W1 2 /h -2.0.

Hybrid-mode, - - - Quasistatic

Fig. 10. Effective dielectric constants of coupled coplanar waveguide versus y.

=3.40, cy = 5.12, elxy 0 when Y = 0

SI/h 1.0, S2/h 0.5, WI/h 1.5, W2/h =2.0.

Fig. I. The i-th layer of stratified anisotropic substrates.
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(c)

(d)

Fig.2 (a) Asymmetrical coupled coplanar ;#avoguide (C-CPW )

174.2 (b) Asymmetrical coupled coplanar wavoguide with double-layer

substrate.

Fi. (c) Asymmetrical coupled sandwich coplanar waveguide.

Fig.2 (d) Asymmetrical coupled coplanar three-strips.
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* Fig.3 Quasistatic characteristics of asymmetrical coupled coplanar

waveguide with double-layer substrate.
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Fig.7 Dispersion characteristics of various types of coupled coplanar

waveguide.
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(a) Asymmetrical coupled coplanar waveguide (C-CPW )
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(b) Asymmetrical coupled coplan~ar waveguide with double-layer

substrate
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( c) Asymmetrical coupled sandwich coplanar waveguide.
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Fi&.8 Frequency dependence of the characteristic impedances of

coupled coplanar waveguide

I Dimensions are same as in Fig.7(a). L
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Fia.9 Frequency dependence of the effective dielectric constants

* and the characteristic impedances of coupled coplanar three-

* strips
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Fig.11 The i-th layer of stratified also3tropic substrates
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