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I. INTRODUCTION

Fin-line structures have received considerable attention because of their

usefulness as millimeter-wave integrated circuit components. Recently, two

efficient numerical methods for analyzing the propagation characteristics of

fin-line structures were presented. The first of these employs the spectral

domain technique [1], [2], whereas the second utilizes network analytical

methods for electromagnetic fields 1 3]. Both of these methods are based on

the hybrid mode formulation as opposed to the TE approximation [4], but they

neglect the effect of the metallization thickness, which increases with

higher operating frequencies and narrower gaps in the metallization. Hybrid

analysis and the effect of the metallization thickness were given for the

microwave planar transmission lines [5], 16]; however, the procedure for

deriving the Green's functions is rather involved and lengthy. This paper

- presents an efficient method which circumvents the laborious formulation

process for fin-line structures with a finite metallization thickness.

Although the method is an extension of the treatment in J1, [5] and [6], it

derives Green's functions using the conventional circuit theory rather than

by directly solving the differential equations with boundary conditions.

Some numerical results are presented and compared with available data.



11. THE NETWORK FORMULATION OF THE PROBLEM

The unilateral fin line shown in Fig. 1 is used to illustrate the

formulation procedure, but the method itself is quite general. Applica-

tion to other structures will be discussed later in this section.

As a first step, we express the transverse (to z) fields in each

region by the following spectral representation:

(U) U) U~)(z

Et 2~ V Ine)Y n x J (1)
L1 n 0

-(U) )(Z ()(X

* i - 1,2,3,4

where the vector mode functions f U) and g, in each region are given as:

A) region (1), (3) and (4)

fl {-OcA cos~cax) - y0 80 sin (QAe))

. F5221 o~ cso~x O~ i (~~
A

f(i)

-()- -U (I -1 92) (2)

"A j KA A

1 (n-O)

Tin 2 (n#O)
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Figure 1. Unilateral fin line.
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B) region (2)

(2)in KW 2W U0 acos(zx) - yoJosin(aWx) I

-(2)o
n , Fn(3

f~n - W fxoj %cos(twx) -Yocssin(awx)} 3

4 -(2) - (2) cni 2 2gin t - 1,2) aW KW aW 0 N" +

where 0 is the propagation constant, and iO, YO, and 20 are the x-, y-, and

z-directed unit vectors, respectively. It should be noted that the vector

mode functions n) , -() satisfy the boundary conditions at x - +W and +A

with the following orthonormal properties:

-()* ~ -W. d (i1 1,2,3,4). (4)

gln , (x) - zo x (x) dx - 6t ,  '

Substituting expression (1) into Maxwell's field equations, we obtain

the differential equations for the modal voltages and currents:

(5)
d I Ci) (i)WV Ci)

Tz- tn " fn

where

K Ci) O K~2 U).K(1) 2

C (region (3)) .KW,, (region (2))
" (otherwise) K ) A  (otherwise)
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, 1 * ., . . < '  r• - , i -

W W- (6)

1 (X- 1,2)
Z9,

The boundary conditions to be satisfied are expressed as follows:

V (
1)
d  - 0 (7)

V(1nt+O) - V+ (8)

v (2)(t-o) - (9).,.V n a-

v 2 (+o) (10)
... ~ (+ 0 )£ i0

:q5. 4

v ( -o) - b- (11)

v ( 3 ) (-d2 +0) - V( 4 ) (-d2-O) (12a)in in"  2n

1( 3 ) (-d+) - 1 (4) (-d -0) (12b)in (-2 u i n "-2 2b

v(4)(-d -d 3 ) - 0 (13)
£n 2

and

l)(t+o) -(2) (t-o) (Ixl_) (14)

H. (2)(+o, H- (3)(-0) (IxLW) (15)

t t
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a+ b+
where voltage sources v , Vb are given as:

ea(X') dx' (16a)

r • 0 eb (x') dx' (16b)
! ' b-J (3)*,__. t)

and where 9a and 1 are the transverse electric fields at z - t and

z 0 0, respectively,

e a ' - a + Yoe ay (17)

b b b

Equivalent circuits in the z-direction can be derived by considering

the differential equations (5) together with the boundary conditions
• V~i ) andcurrents (i) neh

(7)-(13) (Figure 2). The modal voltages and currents 1 in each

region can be obtained by using conventional circuit theory. Electromagnetic

(i) i)fields in each region can then be derived by substituting Vtn and

into (1). Finally, the application of the remaining boundary conditions

(14) and (15) results in the following set of equations for the unknown

electric fields e. and e at z t and z 0, and for the unknown propa-

gation constant 00:
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SHORT CIRCUIT

Sz :Z= d,

Z=t-O
: ,zi v,°b-

i: 0 z= +0
j! ,0 z:-o

() (3) bK, Z

d Z=-d 2

K (4) (4)

Z:-(d + d)
SHORT CIRCUIT

Figure 2. Equivalent circuits for transverse
Section of fin line.
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2 W
2 ItW 1 -tf g x) "f'1 )*(x') •e x') dx'

Xi n0 -W

- 2 U (2) (2) ( ) *(xZ 1 n10 f [Y (t-0 1 t) (x)g (.n x) ea(x') (18a)* i-i n-O -w 8  n na(1)

+ Y(2) (t-00) -(2)(x) F( 2 )*(X,) . ')1 dx'X ZgU, 9.n bx ldx

2 c W y(2) --(2'- (2)* , a(X
Sf-O -w (+Ot) gin (x) fn (x) ex,

Rl n.0 -W n La

+ Y2) (+01°) (x) -2)(x') b(x')} dx' (18b)

2 w ( 3) (M -(3)*, e W) dx'

f - (-00) (x) f b,.L -1 n-O -W

where yi) (zlz') are the Green's functions which relate the modal currents

I i (z) to the voltage source in each of the three regions. The set of

equations (18) is rigorous. Numerical solution of the equations is dis-

cussed in the next section.

Before concluding this section, we explain why the present formulation

is efficient and why it is convenient to analyze various types of fin-line

structures using the present approach. The equivalent circuit for a

unilateral fin-line was derived during the formulation process of (18).

However, these circuits could have been obtained directly by inspection,

without going through the intermediate steps represented by Equations (1) -

(13) regardless of the number of gaps and/or dielectric layers in the fin-

line. For example, Fig. 3b shows the equivalent circuits for the bilateral

fin-line whose geometry is given in Fig. 3a. Once the equivalent circuits

are obtained, we can derive the set of equations in (18) by using the

8
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SHORT CIRCUIT

d2

SHORT CIRCUIT

(b)

* Figure 3. Bilateral fin line (Metalization thickness

is neglected in this figure).
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conventional circuit theory approach rather than by solving a set of dif-

ferential equations, together with appropriate boundary conditions.

10



III. NUMERICAL COMPUTATIONS

The numerical procedure for solving (18) is analogous to that used in

" [3], [5], [6]; therefore, only a sunary of the steps will be given below.

The first step is to expand the unknown electric fields ea and eb at

z = t and 0, in terms of an appropriate set of basis functions, e.g.,

2N fx(x)
e xb (x) k-1 b xk

(19)

eyby )

eyba(x) kl (b::)
where axk and bxk are the unknown coefficients. The second step is to apply

y y
the Galerkin's procedure to Eq. (18), which results in the determinantal

equation for the propagation constant $0. Finally, the determinantal equa-

tion is solved for the propagation constant B0 in the fin line structure.

Accurate solutions can be obtained with only a small number of basis

functions, if these functions incorporate the edge effect. The following

-. basis functions were used for the numerical results presented in this paper:

f xk~x k-lkw)

(20)

f Uk ~t ".% fyk(.X) - k

where Tk(y) and Uk(y) are the Chebyshev's polynomials of the first and

second kind, respectively.

a.e
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Preliminary computations show that Nx - Ny - 2 in (19) is sufficient

* for deriving accurate results for finite metallization thickness just as

in the case of zero metallization thickness [3].

Figure 4 shows the effect of the metallization thickness t on the

effective dielectric constant and the characteristic impedance in a

unilateral fin line. The effective dielectric constant and the character-

* istic impedance z0 are defined as

(21)
. V2

- 2P

* ave

9, where V0 is the voltage between the fins and P ave is the average power flow

along the y-direction.

The finite thickness reduces the propagation constant in the higher-

frequency range as it does in the open slot line 15], because in these

frequency ranges the fields are concentrated near the gap in the fin-line

4- and it acts similar to an open slot line. In contrast, a fin-line behaves

4- as a ridged waveguide near the cutoff frequency, and consequently, the

thicker its diaphragm, the lower its cutoff frequency [7].

Figure 5 shows the effect of the metallization thickness of a bilateral

• ,fin-line. The results for the limiting case of t - 0, i.e., zero metalliza-

tion thickness, are compared with those published by Schmidt and Itoh [1],

and the agreement is quite good.
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1.5 400

1.0- 300

0z

0.5- 200

t: 100 (AM)

0 100
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Figure 5. Propagation characteristics of

bilateral fin line.
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IV. CONCLUSIONS

In this paper, the hybrid mode formulation was used to analyze fin-

line structures with finite metallization thicknesses. This formulation

used in conjunction with the equivalent circuit analysis is considerably

simpler than the conventional Green's function approach. This method

itself is quite general and can be applied to different types of fin-line

structures by a simple modification of equivalen' circuits which can be

obtained easily.

Numerical results are presented to show the effects of finite metal-

lization thickness on the propagation characteristics of unilateral and

bilateral fin-line structures.
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