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Uniaxial and Biaxial Substrate Effects on
Finline Characteristics

HUNG-YU YANG AND NICOLAOS G. ALEXOPOULOS, SENIOR MEMBER, IEEE

,4bstract —The effect of uniaxial and biaxial substrates on the

frequency-dependent properties of a bilateral finfine is investigated in this

article. The finiine characteristics are obtained by using the spectraf-

domain procedure in conjunction with the Galerfdss method. Investigation

of uniaxiaf substrates indicates that there is a particular opticaf axis

direction for which the pernrittivity component in that directiou dominates

the firdine behavior. In addMon, a study has been carried out which

determines the error which results when the material layer anisotropy is

neglected.

I. INTRODUCTION

T HE FINLINE is a waveguiding structure which is

increasingly used as a millimeter-wave component due

to its various advantages such as reducing size, weight, and

cost and in addition because it interfaces easily with other

millimeter-wave circuits [1]. Uniform finline structures have

been analyzed for isotropic substrates by many authors

[2]-[6].

Anisotropy is present in a variety of practical substrates

[7]. In addition, if it is neglected, the finline dispersion

models developed with the aforementioned techniques will

be in error, which will in general increase with increasing

frequency for a given substrate thickness. The motivation

of the present work is to develop a model which is highly

accurate and which is capable of analyzing uniaxial or

biaxial anisotropic substrate effects on the finline proper-

ties. In this article, the anisotropic substrates under consid-

eration are characterized by a diagonalized tensor permit-

tivity, i.e., they are either uniaxial or biaxial. In both cases,

Maxwell’s equations result in a pair of coupled wave

equations which, when transformed into the Fourier do-

main, can be reduced to a fourth-order ordinary differen-

tial equation which is amenable to a straightforward solu-

tion. The spectral-domain approach is found here to yield

an easy method to analyze anisotropic substrate effects

because it deals with the Fourier coefficients of various

field quantities separately rather than handling the total

fields, as required when a solution is attempted in the
space domain.

Numerical results are obtained by adopting the

Galerkin method for the propagation constant of the

dominant as well as higher order modes and for the finline
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characteristic impedance for both uniaxial and biaxial

substrates. Of particular interest are the results obtained

when the optical axis of a uniaxial substrate is oriented in

different directions, since this highlights the importance of

anisotropic effects on firdine characteristics. In addition,

the performed numerical analysis clarifies the error in-

curred if anisotropy is neglected.

II. ANALYTICAL FORMULATION

Although the methods adopted here can be applied to

other structures, including unilateral finline, antipodal

finline, or shielded microstripline and suspended substrate

lines, here the problem is formulated for the bilateral

finline only. The cross section of the structure under

consideration is shown in Fig. l(a). The substrate used is

in general biaxial with a permittivity tensor assumed to be

of the form

[1

c 00
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where ~~ is the free-space permittivity. The permeability of

the substrate is assumed to be pO, which is the same as that

in free space. The substrate is centered in the waveguide

and the printed fin thickness is negligible.

With the permittivity in tensor form, the wave equations

in the substrate can be derived from Maxwell’s equations.

In general, the wave equations are coupled partial differen-

tial equations given by
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and

aEx aEy aEz

c“ ax
—+c,z—– ‘w ay az

= o. (lC)

The finline in the waveguide is excited by the dominant

TEIO mode of the empty waveguide. Therefore, because of

symmetry, a magnetic wall can be put at x = – aX, and

therefore only the half-structure shown in Fig. l(b) need

be considered. The field dependence eJ”’-J@z is omitted

0018-9480/87/0100-0024$01.00 01987 IEEE



YANG AND ALEX6POULOS: EFFECTS OF SUBSTBATE ON FINLINE CHARACTERISTICS 25

I
~-axis

A

B

m“

d
A
x-axis

x=-2ax X=o X=aw

(a)

Subsequently, a solution is obtained in the form

Eyl(x, n =0) =A~cospo(x+ ax)

12zl(x,n =0) =
&l

—A&sin&(x + aX)
jwpO

fixl(x, n =0) =
-b

—A~cospo(x + ax) (5)
up ~

where
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*
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Fig. 1. (a) Cross section of the finline in waveguide. (b) Reduced
geometry.

throughout this paper. The detailed procedure of the spec-

tral-domain method has been reported previously [5], [6]

and therefore only the important results are presented

here. All the field quantities are Fourier transformed via

where

{

2nw/b, n = 0,1,2,... for EZ odd mode

‘n= (2n -l)m/b, n =1,2,3,.. - for Ez even mode.

A. Region I — Anisotropic Region

If the Fourier transform defined in (2) is carried out for

(la), (lb), the following equations are obtained:

~(x, n)+el~z(x, n)+eztiY(x, n)=O

where

(3)

(4)

As can be observed from (3), the field components are in

general coupled together. But for n = O, e2 = g2 = O, Ex =

E.= O. and the electric-field com~onents are decoupled.

Bo = /@yy – P2.

For n #O, elimination of fiY(x, n ) in (3) yields

d4 d=
—1.7z(x, n)+(el+ g1)~17z(x)n)
dx4

+(elgl– e2g2)EZ(x, n) =0. (6)

From (5) togeth~r @h ~3) and (lc) and the boundary

conditions that HYI, H,l, EX1 must be zero at x = – aX, the

total field expressions for region (1) are

fiX1(x, n) =s7A~sinfl~1(x+ aX)+.s8BJsin~~2(x+ aX)

l?,l(x, n) =slA;cos~~l(x + aX)+s2B; cos&z(x+ aX)

I?zl(x, n) = A~cos/3~1(x+ aX)+ l?~cos~~z(x + aX)

–1
17X1(x,n)=—

jup o

0 [S94COS&(X+ CZX)+S10B;COS13n2 (X+aX)]

–1
fiYl(x, n) = -

J@/LO

. [s, A;sin&(x + aX)+s,B; sin~.2(x+ aX)]

and

–1
Kzl(x, n) = —

jupo

. [.s,A;sin&(x+ aX)+s,B; sin~,,(x + aX)]

(7)

where

/

~,= (e, + g,)+ ((e,- g1)2+4e2g2
n

2

{

~ 2_ (e, +g,)-/(el- g1)2+4e2g2
n—

2
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B. Region II — Air Region

In this region, the fields are composed of both TE and

TM modes which have been reported by [5] and [6]; only

the results are given here

[
l?X2(x, n) = ~ 1(-jkn)An+kXB. coskX(x - aW)

1fiy2(x~ n) = [~k~A~ - Jk.Bn sinkx(x - aW)

J!7=2(x,n) =
j(k~–~’)

B
B.sinkX(x–aW)

[

llxo

~Xz(x,n) = –kXA~+— 1~(A)%Sinkx(x-tzw)
[

fiY2(x, n) = – jk~An+ 1‘kXB. coskX(x – aW)
B

and

17Z2(X,n) =
j(k~-~2)

P
A~coskX(x – aW) (9)

where

It is assumed that the Fourier transform of tangential
~-fields EYO(y), E=O(y) and currents JYO(y), J=O(y) ~n the

~r–dielectric~ interf:ce region are denoted by 13Yo(n ),

E,o(n ) and JYO(n), J, O(n), respectively, where EYO, E,O are

zero in Iyl > w/2 and JYO,JZO are zero in Iy[ < w/2.

Applying the boundary conditions, the unknowns

A;, B;, A., B. are eliminated and the following two cou-

pled algebraic equations are obtained:

Y1l(n, fl)EYO(n) +Y12(n, B)ljz0(n) = –j~po~o(n)

(lOa)

Y,l(n, j3)17Yo(n) +1722(n, f3)j720(n) = –.@ POiO(n)

(lOb)

where

tan(Poax)
Yll(n=O) = –(c,,k; –~=)

B,

cot(kxaw)
+(k; –~2) k

x

Y1z(n=O) =Y21(n=O) =Y22(n=O) =0

Y1l(n # O) =
S3tan(/3n1aX) – satti(B.2ax)

(s1-s2)

~k:–~=

kX
cot(kXaW)

slsdtan(/?.laX) – S2S3 tan(pn=ax)
Y12(n#O)=

SI —s=

cot(kxaw)
+

kX
flkn

Y21(n # o) =
s6 tan(&2aX) – S5tan(&aX)

S1—S2

cot(kxaw)
+

kX
~k~

and

Y22(n#O)=
szs~ tan(&~aX) – ~~Lf6tan(&aX)

S1—S.2

+k;–k:

kX
cot(kxa W). (11)

Subsequently, the Galerkin method is applied by first

expanding EYO(y), E=O(y) in terms of a set of known

functions $,(y), q.(y), i.e.,

Z,O(n) = f c,f’(n)
~=1

~zo(n) = ~ ds%(n) (12)
~=1

where ~,(n), ij,(n ) are the Fourier transforms of

f,(y), q,(y). Substituting (12) into (lOa) and (lOb) and
applying the inner product to the resulting equation with

&P(n) and ?Jn ), respectively, the following equations are
obtained:

fw;cr+:w:d, =O, p=l,2,3, . . .
~=1 ~=1

and

~ w#r+: w~d, =O, q=l,2,3, . . . (13)
~=1 ~=1

where
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and

M

w~=z .i’Pwn(hdwd
*=()

M

~=o

cc

~&=n;oiq(~)y22(F>n)fis(n) (14)

where

(Sn= ;’ n=()

> n+O.

Equation (13) represents a homogeneous (M+ N) X (M +

N) matrix for the unknown coefficients c, and d,. For

nontrivial solutions, the determinant of the matrix is

equated to zero, which yields solutions for the propagation

constants for the dominant as well as higher order modes.

The characteristic impedance of the dominant mode is an

important quantity in the design of microwave and milli-

meter-wave circuits. Since the field is not a TEM mode,

the definition of characteristic impedance is not unique.

Due to the reasons pointed out in [8], the power-voltage

definition is most suitable for the finline structure, i.e.,

V2
Zc=$ (15)

where Vyo is the voltage between the fins and P is the

average total power flow. These quantities are given by

Ko=/’””f +5r(~)@ (16)
–w/2r=l

and

P=zq:: /:$ EXH; – EYH:) dydx.
x

The expansion coefficient c,, d. can be computed once the

propagation constant of the dominant mode is obtained.

Then the power flow can be calculated by applying

Parseval’s theorem to yield

P=~F(n=O)+~ ~F(n) (17)
n—1

where

In order to obtain more accurate results using fewer

terms, the basis functions are suitably chosen such that the

edge condition can be incorporated, as suggested in [6].

As an example, the following expansions are chosen for
the dominant mode:

&(Y) =
cOs[@lwH(,8)

/w

,6-- :$q350

I 1 I
$0 30 50 70

f(QHz)

Fig. 2. Dispersion characteristics of the finline mode, x the results
in [6].

and

[01sin SIT —
w/2

m(Y) =

&

(19)
Y 2“

III., NUMERICAL ANALYSIS

The numerical values of the effective dielectric constant,

i.e., t eff = ( ~/ko) 2, and characteristic impedance were first

obtained for an isotropic material so as to compare these

results with data available in the literature [6].” Excellent

agreement has been obtained, as shown in Fig. 2. In

general, three basis functions and 200 Fourier terms have

provided excellent convergence and are in agreement with

the discussions and conclusions in [6]. The anisotropic

effects on the finline characteristics are theoretically in-

vestigated for c, = 3.0 by changing dielectric constants in

the x, y, and z directions to 3.5, respectively. The c.ff

computations show that the difference for CXX= 3.5 is

about 0.35 percent, for c~Y= 3.5 about 5 percent, and for

6 = 3.5 less than 0.01 percent in WR-28 waveguide, over

t~e frequency range of only the dominant-mode propa-

gation.

The comparison is illustrated in Table I. It is interesting

to observe that due to TEIO mode fed to the finline, in the

propagation direction, the strength of E, is much smaller

than that of EY and EX. As a result, the anisotropic effect

in the z-direction is almost negligible. Also, the substrate

width is very small compared with the length of the

waveguide broad wall (about 1.75 percent in our case);

therefore, the anisotropic effect in the x-direction is much

smaller than that in the y-direction. The propagation

constant of the first higher order mode, which is important

in the design of single-mode propagation, is also investi-

gated. The comparison is illustrated in Table 1.

Due to the fact that the substrate is very thin, most of
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TABLE I
COMPARISONOF FINLINE CHARACTERISTICSOF KAPTON VERSUS

ANISOTROPIC KAPTON

f(GHz) f:,, Ceb” Error ‘ecfl Error Z: z: Error z: Error

13 00977 0.1508 35.6% 0.1011 3.38% 618.6 497.8 24.3% 608.3 1,69%

30 1,0266 1.0843 5.32% 1.0302 0,35% 201,9 199,4 1.25% 201,6 O.%

40 1 1263 1,1872 5.13% 1.1300 0.33% 202.2 201.5 0.35% 202.2 o.%

50 1.1774 1.2420 5.20% 1.1814 0.34% 208.7 209.5 0.38% 208.7 0.%

+0, 1153 0.1238 8.80% 0.1158 0,43%

60 1.2099 1,2797 5.38% 1.2141 0.35% 217.7 219.8 0.96% 217.9 0.%

+0.3984 0,4034 1.73% 0.3969 0 13%

NR-28, d.o.5 mm, ax.0.0625mm, + the f!fst fl.gher mode (.) C,= 3.0,

(b) ,Xx = ,Zz - 3.0, GYy= 3.5, (c) ,Xx= 3.5, ~yy= CZz= 3.0

TABLE II
COMPARISON OF FINLINE CHARACTEJUSTICS OF KAPTON VERSUS

ANISOTROPIC KAPTON

w/A c:,, ‘ :ff Error Ggff Error
b

& Zc Error z: Error

002 1.055 1 119 5.72% 1,059 0.4% 197.9 1952 1.38% 1978 0%

0.04 1.24B 1.351 7.71% 1,258 0 88% 172.0 1883 2.20% 1718 0.23%

0.08 1,488 1632 8,95% 1,513 1 78% 141,5 1371 3 1% 1408 064%

0.16 1.724 1.905 9.50% 1777 2.97 112,4 107,8 4.27% 111.1 1.17%

0.32 1.952 2.189 10.8% 2.023 3.54% 83,2 763 9.03% 82.3 1 09%

WR-28, deO.5nm, W. the substrate thmknesa (.) ,, 3.0,

(b) ,Xx = c=, =3.0, c ~y=3.5, (c) f = 3,5, ,Yy = c = 3.o
xx Zz

the power is propagating in the air region, and this makes

the characteristic impedance insensitive to the anisotropic

effect. For single-mode frequency range, the finline has

very much the same characteristics as the ridged wave-

guide. The characteristic impedance is sensitive to the

change of propagation constant near the cutoff frequency,

as pointed out by [8], and it is given by

‘0’- {*“

This explains why at lower frequencies the anisotropy has

stronger effects on the characteristic impedance. This ef-

fect also is shown in Table I.

The effects of substrate anisotropy on the finline char-

acteristics are also investigated with varying substrate

thickness. The results are shown in Table II. It is observed

that as substrate thickness increases, the error with neglect-

ing substrate anisotropy becomes more severe. The com-

parison of sapphire as a substrate with the optical axis

oriented in different directions is presented in Fig. 3. Due

to the strong ani~otropy, discrepancies of almost 21 per-

cent for c~ff and 9 percent for the characteristic impedance

are observed at 15 GHz. The characteristics of finline for

anisotropic PTFE [9] with CXX= 2.45, CYY= 2.89, c,= = 2.95,

and isotropic PTFE with c,= 2.45 are shown in Fig. 4. It is

of interest to see that the characteristic impedance curves

1

Fig. 3,

05-’50
— ‘XX ‘1 f 6. ‘W ‘9.4, % -9.4

10 20 30 40

f (GHz)

Finline characteristics. WR-28, ax = 0.127 mm, d = 1 mm.
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Fig. 4. Finline characteristics. WR-28, ax = 0.127 mm, d = 1mm.

for the above two substrates intersect at about 40 GHz.

Above this frequency, the impedance for the case of the

anisotropic substrate has larger values, while below this

frequency, it has the lower value. This phenomenon de-

pends on waveguide dimensions and substrate parameters.

IV. CONCLUSIONS

A theoretical and numerical analysis of the bilateral

finline with an anisotropic substrate was presented. The

propagation constant as well as characteristic impedance
of the dominant mode was obtained by the spectral-

domain approach and subsequent use of the Galerkin

numerical procedure. The approach proved to yield excel-

lent accuracy, and substrate materials such as sapphire and

anisotropic PTFE were used to highlight the effect of

anisotropy on c.ff and ZO. It was found that a significant

error in computing c,ff and ZO is incurred if anisotrop y is

neglected.
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