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ABSTRACT

The spectral domain analysis 1s applied to study the propagation characteristics of
The
formulation denves an expression for the Green's function which is valid for substrates

grounded slotlines and edge coupled microstrip lines on biaxial substrates

simultaneously specified by both their permittivity and permeability tensors The
behavior of the normalized wavelength, index of refraction, and propagation constant
are examined in detail with respect to different line width / substrate thickness ratios as
well as the material parameters Somae of the numerically calculated data describing

propagation characteristics of these structures are presented here for the first time.
1. INTRODUCTION

With recent development of MIC and MMIC technologies, the concept of designing
_components using anisotropic materials seems to attract the attention of many circuit
designers. In order to accurately construct these components, dispersive properties of
the transmission lines must be known, otherwise extensive tuning may be required at
a later time to achieve desired performance. The solution to various transmission line
structures on some anisotropic substrates are well documented [1-6], however, the
major effort has been devoted toward structures on uniaxial substrates only  Up until
now, there seems to be no data available on propagation characteristics for cases
in this
paper, an analysis based on the spectral domain method is apphed to examine the

involving grounded slothnes and edge coupled lines on biaxial substrates

propagation properties of these two structures. The problem is generalized so that
both dielectric and magnetic anisotropy are included in the formulation. The Green's
functions for both structures are derived through the transformed wave equations
which reduce to a set of fourth order uncoupled differenttal equations. An algonthm
based on Galerkin's method is then developed and used to compute the propagation
constant, index of refraction, and normalized wavelength Using the newly developed
expression for the Green's function, the propagation constant of a line on the umaxal
substrate, which 1s treated as a special cass of its biaxial counterpart, is computed and
compared to the existing data. The comparison shows an excellent agreement
throughout the chosen frequency range. The dispersive properties of the grounded
slotiines and edge coupled microstrip lines on biaxial substrates are then examined in
detail. Numerous cases are treated with respect to different geometrical and medium
parameters, with data tabulated for frequencies up to 400 GHz. In addition, an
example 1s given to dlustrate the anisotropic effect on the index of refraction when
grounded slotlines are printed on a substrate for which both [¢] and [u] tensors are

simultaneously specified.
Il THEORY

Consider the geometry of Fig. (1) which illustrates the cross section of the grounded
slothne and edge coupled microstrips. The metal stnps are taken to be perfectly
conducting and infinitely thin. The substrate with thickness hq 1s lossless, and s

generally charactenzed by its biaxial permittivity and permeability tensors,
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exx = E2SN2(8) + e10052(8) , ey = encos2(B) + eqsn 2(9)
Bz = e &y = &x = (€2 - &1) sn{B)cos(6) {1b)

where g5 and u are the free-space permittivity and permeability, respectively The
angle 815 the rotation angle of the principle axes with respect to the coordinate axes of
the structure  For simplicity, this analysis will only consider two special cases of
rotation  One 1s when 6 equalsto 09 and the other 1s when 8 equals to 909 Under
these conditions, the gxy and ey elements are zero.

The vector wave equations for the compenents of the electric and magnetic fields
within the biaxial substrates can be written in their compact forms as,

VX (i1 VXE) -

kR (2a}
UX(E1 - VXH) -k2]

(20)

where {g] and [1] are previously defined In equation (1) and kg is the free-space wave
number,
When the Fourier transform of any field component is defined as

e

~

o= [ oy e o ®
-2

with o being the discrete Fourner transform variable, equations (2a,b) reduce to a set
of fourth order uncoupled differential equations and written as,

PYIAE, + 3i(B0AE + pi =0

{4a)
Ty + nEBAE, + By = 0 )

with,
X1 = Ko (ezhyy + eyyhizz) - PRlezz/ exx - Mzzhixx) - 02 {lyy/pex + Eyy/ exx) (4c)

%2 = { {koPuyyezz - BRezz/exx - apayy/tixx) (K02 Mzzeyy - BRutzz /bixx - 02yl exx)
- (oB)2(hyy b - yy/ ex) (b iex -8z ) } (4

so that X4 and X5 are the transformed coefficients which are dependent on tensor
elements as well The general solutions to equations (4a,b) are sinusoidal forms
which represent the standing waves in regions 1 and 2. By applying the appropriate
boundary conditions at the interface x = hq , a set of matrix equations can be formed,

yielding the expression for the admittance Green' s function given below

- ~ ~ ~
| Yy(B) Yyz(aB) | | By(a) | | dys (a) |
| - - [ - I =1 - | (52)
| Yzy(a8) Yz(aB) | | Ez(a) | sty |
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with system matrix elements defined by

Viylan) = 98 { ¥ia- ¥y iy

(50)
Vaylo) = - E7v2 + ( A Ewb g 509
Viz(aB) = - &7v2 + { Uisvia - &b /e 659
VziaB) - fgY2 +{ Lis¥a - Lyg¥b ) sty o)
W2 = cot{yzhp) w12 = tan(ylahy) , Wb = tan(ylbhy) (5fg.h)

Here, B 1s the propagation constant in the z direction, y‘a ,y1b and yp are
propagation constants in the x direction within region 1 and 2, respectively The
remaining constants appearing above, &1 to {1, can be wnitten in terms of X and X

The spectral domain method for computing the propagation constant is outhined in
the following sections for the grounded slotine and the edge coupled microstrip line

Grounded siotiine

An application of the Galerkin method in the Founer domain along with Parseval's
theorem [7-8] to equation (5a), allows for a set of algebraic equations to be derived in

the following form,

M N
T Kb Cn+ TKmA0Om=0 1=123 N (6a)
m =1 m=1
M N
Y Km@hCm+ Z KmRADm=0 1=123, M (60}
m =1 m=1
wherein the matrix elements are
w/\) ~ ~
KD = T Ep(n) Yyy(nf Eym(n) (7a)
n=1
Kmil@ = I En(n) Yyz(0BEam(® (™)
n=1
”N ~s -~
Knf2l) = I Ealn) Yzy (LB Bym(n) )
n=1
~ -~ ~ ~
K22 = T Ez(n) Yz(nfEmin (7d)
n=1

~
the transverse and the longitudinal components of the electric field across the slot Ey

and E, can be expanded in terms of the known basis functions, so that numerical

solution of simultaneous equation (6) provides the propagation constant f§, which is
obtained by setting the determmant of the coefficient matnx equal to zero and
searching for the root of the resulting secular equation

E led microstrip ine:

The procedure used to solve for B 1n the case of the coupled microstrip line 1s
similar to the one applied to the grounded slotline, except here, we deal with the

impedance Green's function and the current basis functions on the metal strips  The
matrix elements In this case are given by

- ~ ~ ~
I Jau) Zz (0B
n=1

K1) = ®a)
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I daln Zz{0Bmin
n=1

Kmi21) =

= ~ ~ ~
£ dyln) Zyy (0B ym(o)

n=1

Kef2d = G

with the individual mpedance elements related to therr admittance counterparts

presented in equation (5)

~ ~

Zz(aB) = Yyy(@B)a .

~ ~

Zyz(aB) =- Yyz(aB)/A .
~ o~ o~ e

A=Yy Yz - YyzVy

~ ~
Zyy(aB) = - Yzy(aB)/a
~

Zy(aB) = Vz(aB)a 80

Notice that this structure 15 capable of supporting both even and odd modes,

~ ~
accordingly, appropriate choices for @, Jz, and Jy must be chosen during the

computation of the propagation constant
ll. RESULTS

To venfy the theory and its spectral domain implementation, the dispersive
charactenstics of the grounded slotline and edge coupled mictrostrip line on a uniaxial
substrate, which Is treated as a special case of biaxial substrate, are computed and
compared to the existing data For the grounded slotline, sapphire 1s used as the
substrate material, whereas for the edge coupled microstrip, boron nitride is used

instead. Fig. 2a shows the effective dielectric constant computed against kg, while

Fig 2b shows the responses of normaiized f's versus frequency Plotted also along
with our data are the results reproduced from references [4-5], and  excellent
agreement is observed

The effects of anisotropy on biaxial substrates are studied with respect to different

parameters. The selected substrates are the glass cloth and PTFE cioth  In the first

case, the matenal parameters are €4 =6 24, gp = 6 64, eg = 5 56, and uyy = lyy = Hzz
=10 respectively, and in the second case they are €1 = 245,ep =289, andeg=
295, and jixy = yy = Uzz = 10 Fig 3 shows the frequency response of the effective
dielectric constant of the grounded slotline on glass cloth under 0° and 909 rotation of
the permittivity tensor  As the frequency moves (nto the higher bands, eq¢ increases
correspondingly The effective dielectric constant is also seen to increase as 6 rotates

from 00 to 900
propagation characteristics of the grounded slotine on another biaxial substrate,

Next, using the same physical dimensions of the structure, the

namely PTFE cloth, are computed and tabulated in table 1. The propagation constant,
normalized wavelength, and the effective dielectric constant are documented for
different frequencies, and all of them apart from xg are tending towards higher values

The dispersive properties of the edge coupled microstrip lines on glass cloth are
calculated and shown in Fig 4 Here, both even and odd modes are considered The
data indicated that the dielectric constant of the even mode Is generally higher than
that belonging to the odd mode. This same behavior is normally observed in isotropic
substrates. The charactenstic parameters §, Ag, and gqf¢ Of the edge coupled line as
function of the line spacing and the strip width are aiso examined with results
tabulated In tables 2,3,4,5 for both even and odd modes, wherein both angles of
rotation for (e} are also considered Table 6 shows the tabulated data with the
dispersive properties of the coupled microstrip line on PTFE cioth Here again, resuits
are calculated for frequencies up to 40 0 GHz

To illustrate how [u] elements would change the effective index of refraction,
numerical results for the grounded slotline on a substrate that characterized by both its

biaxial [¢] and [u] are also presented. Curves A, B, and C of Fig 5 are computed when

all elements in [u] are one for different values of the permittivity tensor. Then by
changing the matenal from magnetically isotropic to biaxial, effectively increases the

index of refraction Curve D 1s for uyy = 10, and pyy = pzz = 12 and curve E



corresponds o py, = 1.0, Hyy = 1.2, and pz,=1.97. At lower frequencies, there is

almost no difference in the effective index of refraction, however, as frequencies move
into milimeter-wave range, the separation between the two cases becomes apparent.

V. CONCLUSION

The spectral domain method applied to study the dispersive properties of the
grounded slotline and the edge coupled microstrip on biaxial substrates is presented.

The newly derived Green's function taking into account of both [e} and [u] tensors is
written explicitly in its closed form. Propagation characteristics are examined when
these lines are printed on biaxial substrates, such as the glass cloth and the PTFE
cloth. Numerical data are tabulated with respect to different parameters for
frequencies up to 40.0 GHz for both 02 and 90° rotation of the permittivity tensor,
Also, the variation in the index of refraction is examined when the substrate is
characterized simultanecusly by both its permittivity and permeability tensors.
Numerous examples are presented in graphical and tabular forms describing
propagation characteristics of two important structures commonly found in practice.
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Fig. 1. Geometry of the transmission line on biaxial substrate. { a ) Grounded slotline.
( b ) Edge coupled microstrip line.
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Di
h{ =0.1 mm, hg = 0.4 mm, and wq = 0.1 mm (b) edge coupled microstrip line

persi istics ( a) slotiine on sapphire with b =1.0 mm,

on baron nitride with b= 8.5 mm, hy = 1.5 mm, hg = 3.0 mm, w =1. 5 mm, and
s=3.0mm, - .- Datacomputed by thismethod. @ B ® B
Data reproduced from references (4-5}.

5 10 15 20 25 30 35 40 45
FREQUENCY (GHZ)

Effactive dislectric constant versus frequency of grounded slotline on glass
cloth with £1 = 6.24, £ = 6.64, £3 = 5.56. and tixx = jiyy = 172 = 1.0. The
physical dimensions are b = 3.655 mm, hy = 0.254 mm, ha = 3.301 mm, and

wq = 0.254 mm.



IABLEL

Characteristics of grounded siotling on PTFE cloth versus frequency and 8

with b = 3.555 mm, hy = 0.254 mm, hp = 3.301 mm, and wy = 0.254 mm.

Freq. B(09) ).9(00) €64(00} {900y kg(90°) £04(909)
5.00 0.1524 0.6869 21195 0.1627 0.6435 24147
100 0.3053 0.6858 21259 0.3262 0.6419 24282
15.0 0.4591 0.6842 2.1360 0.4911 06396 2.4440
20.0 0.6140 0.6821 2.1489 0.6578 0.6367 2.4665
25.0 0.7701 0.6798 2.1637 0.8265 0.6335 2.4918
300 0.9276 0.6773 2.1795 0.9871 0.6301 25185
35.0 1.0862 0.6748 2.1958 1.1695 0.6268 2.5454
40.0 1.2459 0.6723 22120 1.3434 0.6235 25716
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Fig. 4. Effective dielectric constant versus frequency of edge coupled microstrip line

on glass cloth with e;=6.24, ep = 6.64, 63 = 5.56, and pyx = Hyy = Hzz =1.0.

The physical dimensions are b = 7.0 mm, hy = 0.5 mm, hp = 3.0 mm, w =0.5

mm, and s = 1.5 mm.

JABLE2Z

Characteristics of coupled line on glass cloth versus s with b = 7.00 mm,

hy=05mm, hz=3.0mm, w=05mm,0=00° and f=40.0GHz.

s 8° Ag® eo® i Aq® egt®
1.0¢ 1.9424 0.4312 5.3762 1.7687 0.4744 4.4422
1.50 1.9133 0.4378 5.2160 1.8163 0.4612 4.7005
2.00 1.8815 0.4428 5.0981 1.8442 0.4542 4.8462
250 1.8734 0.4457 5.0332 1.8576 0.4509 4.9163
300 1.8731 0.4472 4.9994 1.8633 0.4496 4.9472
3.50 1.8692 0.4481 4.9786 1.8649 0.4492 4.9554

JABLE3

Characteristics of coupled fine on giass cloth versus wiht witht b = 7.00 mm,

M=05mm, hz =3.0mMm, s=1.0+w,6§=0° and f=40.0GHz.

o

w/hy ge Ag® et i Ag° eeff
0.2 1.8164 0.4612 47008 1.7128 0.4891 4.1802
04 1.8514 0.4525 4.8838 1.7438 0.4804 4.3328
06 1.8766 0.4464 5.0176 1.7706 0.4731 4.4669
0.8 1.8967 0.4417 5.1256  1.7946 0.4668 4.5891
1.0 1.9133 0.4378 5.2161 1.8163 0.4812 4.7006
1.2 1.9274 0.4347 5.2929  1.8358 0.4583 4.8018
14 1.9393 0.4318 53591  1.8531 0.4521 4.8932
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IABLE4

Characteristics of coupled line on gtass cloth versus s with b = 7.00 mm,

hy=0.5 mm, hp = 3.0 mm, w=0.5 mm, 6 = 909, and 1 = 40.0 GHz.

s Be Ag® w® B ig® et
1.00 19917 0.4206 56525 17971 04661 46015
1.50 19571 0.4280 54577 18554 04515 49049
2,00 19333 0.4339 53255 1.8857  0.4442 50869
250 19207 0.4361 52568 18996 04410 51417
3.00 19145 0.4376 52227 19088 04306  5.727
350 19108 0.4384 52025 19068 04383 5.1810

TaBLES

Characteristics of coupled line on glass cloth versus wihy with b = 7.00 mm,

hy=0.5mm, hp=3.0mm, s=1.0+w,6=900 and f=40.0 GHz.

wihy e Ag® £of® po 1o eo®
02 1.8451  0.4540 48507 1.7325 04835  4.2768
0.4 18856  0.4443 50854 17697 04734 44624
06 18146 04875 52232 18016  0.4650  4.6248
08 19379 04323 53508 18300 0.4578 47718
1.0 19571 0.4280 54577 18554  0.4515  4.9049
1.2 19733 0.4245 55483 18778  0.4461 5.0248
1.4 19871 04216 56259 18978 Q4414 51318
JABLES

Characteristics of coupled line on PTFE cloth versus frequency with b = 7.00 mm,

h{=05mm, hg=3.0mm, w=0.5mm,s=1.5mm, and § = Q0.

Freq. ® A N Y
5.00 0.1490 0.7024 20265 0.1445 0.7245 1.9052
10.0 0.2594 0.6995 2.0438 0.2894 0.7238 1.9088
15.0 0.4515 0.6957 2.0657 0.4348 0.7226 1.9152
20.0 0.6052 0.6921 20876 0.580% 0.7210 1.9236
25.0 0.7600 0.6888 21073 0.7281 0.7191 1.8337
30.0 0.9158 0.6861 21244 0.8763 0.7169 1.9453
35.0 1.0722 0.6837 21394 1.0257 0.7146 1.9580.
40.0 1.2291 0.6815 2.1527 117863 0.7122 1.9716

INDEX OF REFRACTION

Fig. 5.

Q S 1‘0 1‘5 20 25 30 35 40 45

FREQUENCY (GHZ)

Etfective index of refraction versus fraquency of grounded slotline with
b=1.0mm, h{ =0.1 mm, hp = 0.4 mm, and wy =0.3 mm

(A) exx =gy =gz = 9.2 and pyx = Wyy = kzz = 1.0.

{B) 5xx=9v2-5yy=€zz=10»‘- and pyx = tyy = uzz = 1.0.

(€) exx=9.2, &y = 136, £27= 101, and pixx = byy = hzz = 1.0.
(D) exy =92, 8y = 101,65 = 1.6, uxx = 1.0, anduyy =pzz = 1.2

(8} exx=9.2.5yy=10,1,ezzx11.6, xx =1.0, uw=1.2,and K2z =1.97.



