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Fig. 3. TE-TM mode conversion efficiency for (a) &early polarized hybrid
modes and (b) circularly polarized hybrid modes.

for 0< z <1, The wavelength in vacuum is A.= 1.15 pm, knd the

film thickness 2 is do= .2262A0. The hybrid modes are circularly

polarized because we have anisotropic polar configuration in this

case. Then, the hybrid mode beam waves propagate as shown in

Fig. 2(b) (tan 6+ = +0.001475, tan O- = – 0.001643). The conver-

sion efficiency is shown in Fig. 3(b), where the beam width is

W= 50 pm.

In the case of pute imaginary3 C23 (i.e., gyrotropic polar case),

the hybrid modes have linear polarizations perpendicular to each

other. Then, f?+ = O and 0- = O. The propagation path of the

beam waves and &e conversion efficiency are shown in Fig. 2(a)

and Fig. 3(a), respectively. Complete TE–TM mode conversion is

available at A~l=(2n–l)n, n=l,2, -. -.

III. CONCLUSIONS

We have given TE-TM mode conversion efficiency when a

Gaussian bedrn wave propagates in thin-film, optical waveguide

with uniaxial anisotropic substrates. It should be noted that the

direction of power flow of hybrid modes depends on the poku-iza-

2In this example the confinement of the optical field in the guiding r’egion
may not be very strong. The conversion efficiencies of Fig. 3 are approximate
ones.

3The Cjj’s of dielectric tensor are reaf for the rotation of the optic axis of
dielectric crystals, but here imaginary c,, is introduced to stand for gyrotropic
media. For the direction of external magnetic field in the case of gyrotropic
media, see[1, fig. 2}.

tion when the TE–TM mode coriversion is described as coupling

between the two hybrid modes. For efficient TE-TM mode

conversion, it is desirable that the uniaxial anisotropic substrates

have a configuration sufficient to produce the linearly polaiized

hybrid modes, i.e., an.kotropic longitudinal and gyrotropic polar

configurations. The property of obliqpe power flow of the hybrid

modes may be useful for thin-film waveguide-type optical deflec-
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Two-Layer Dielectric Mlcrostrip Line %nctmw Si02

on Si and GaAs on Sfi Modeliin~ and Measurement

R. A. LAWTON, SP,NIORMEMBER,IEEE,AND

WALLACE T. ANDERSC)N, MkBER, IEEE

Abstract —Further development is repoited of the modeling ‘of the

twrr-layer dielectric microstrip line itructure by computing the scattering

parartteter S21 derived from the model and comparing the computed valise

with the measured value over the frequency range from 90 MHz to 18

GHz. The sensitivity of the phase of S21 and the magnitude of the

characteristic impedance to various parameters of the equivalent circtiit is
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also discussed. Examples are given of the measurement and modeling of

the Si02 on silicon system to 18 GHr and the modeling of the GaAs on

silicon system to 100 GHz.

I. INTRODUCTION

Thetwo-layer dielectric microstrip line structures a structure

hat has found use in anumberof applications. Two examples

are as follows: In [1] the two-layer structure is used to make a

pulse waveform filter titiuseful ch~actetistics, wtilein [2] one

layer (a silicon layer) is used to provide ahigh-quality substrate

for gallium arsenide devices.

To further amplify the application described in [2], the ad-

vantages of integrating GaAsdeviceson Si substrates include the

possibilities of GaAs monolithic microwave integrated circuits

(MMIC’S) andior GaAs digital IC’S with Si VLSI, electro-opticaf

GaAs devices with Si VLSI, GaAs power FET’s on Si substrates

for operation above 10 Gfi making use of the higher thermaf

conductivity of Si, and allowing GaAs IC’S to be fabricated on

much larger di~meter Si substrates ( >7.5 cm) than are now

available for GaAs. Well-behaved GaAs MESFET’S [4] and bi-

polar transistors [5] have been fabricated on GaAs molecular

beam epitaxy (MBE) layers grown on Si. For low-loss applica-

tions, methods have been developed to grow high-resistivity

GaAs layers on Si by low-temperature MBE (104 Q. cm) [6] and

by V-doped metal-organic chemical vapor deposition (MOCVD)

(108 Q -cm) [7].

Preliminary modeling of microstrip lines made from such

structures has been described [1], [8]–[10]. Similar analyses have

been developed for the increasingly important coplanar wave-

guide case [11]. In the previous work by Lawton et al. [1], the

equivalent circuit relations developed by Hasegawa [8] were used

to calculate an approximate relation for the microstrip line

characteristic impedance and the transition duration of the mi-

crostrip line to a step input signal. This approximate relation was

then compared with values determined experimentally. In this

repbrt, the complete equations for the characteristic impedance

and propagation constant of the stripline are developed, includ-

ing planar skin effect, and used in the calculations without the

approximations of [1]. A measurement is then made of the S

parameters of the stripline on an automatic network analyzer. In

the process, an algorithm is used which transforms the data to the

time domain and sets a time window which discards data due to

the connectors, so that one is left with data due to the semicon-

ductor stripline itself. The data are then transformed back to the

frequency domain.

II. THEORY

The structure of the two-layer dielectric transmission system is

shown in Fig. 1. A more generalized form of the equivalent

circuit will be used here than that of EIasegawa [8] and Lawton

et al. [1]. This more generaf equivalent circuit will allow for loss

in both dielectric layers and skin effect in the metallization. This

equivalent circuit is shown in Fig. 2. Therefore the series imped-

ance is given by

z(j@)=j@L+R+k@ (1)

and the shunt admittance is given by

1
Y(jcO) =

1 1
(2)

+
GI + jwCl Gz + jtiC2

Fig. 1. Two-layer dielectric transmission system

LdlC,%

G2$ 1
TC2

Fig. 2. Generalized two-layer dielectric equivalent circuit

where

R =l/(uAu M)

G2 = @ w/d~

Q = angular frequency.

The term k@ represents an impedance term due to planar skin

effect. The terms p and c represent permeability and permittiv-

ity, respectively, with the subscripts denoting the medium

(O denotes free space). The other parameters are as defined in

Fig. 1. The + superscript denotes effective values that take into

account fringing and a mixed dielectric. The defining relations

for these effective values are given in [1] and [3].

With the above parameters in (1) and (2), one can calculate tne

series impedance and shunt admittance elements. One can then

substitute (1) and (2) into the expressions for the characteristic

impedance:

Zo(jti) =~Z(jo)/Y(ja)

and the propagation constant:

(3)

(4)

These are the parameters which are required to evaluate the

behavior of the stripline with a microwave measurement system.

However since most modem microwave measurements are made

in terms of S parameters, it is desirable to make the further

calculation

(5)
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This expression is valid for the transmission between two refer-

ence planes on a uniform transmission line, which is the case in

Fig. 1. The phase of Szl is given by the imaginary part of the

exponent and the attenuation is given by 20X loglo ISzl 1.

III. CALCULATION FOR Si02 ON Si

For ease of calculation and modeling, the complete calcula-

tions of ZO and the attenuation were performed on an electronic

spreadsheet program which had integrated graphics. This integra-

tion made it very convenient to test a value for a parameter,

compare the resulting calculation of the attenuation for example

with the measured value, and then quickly try another value.

IV. EXPERIMENTAL RRSULTS

An automatic network analyzer was used to make measure-

ments on a microstrip line structure consisting of silicon dioxide

on silicon. The parameters of the structure were estimated before

being measured using dimensional and conductivity measure-

ments together with published values for the permittivity and

permeability of b,oth dielectric layers. This estimation process

resulted in the following values:

UAU= 4.6X 107 S/m

cl = 4,0

6.2=11.7

U2 = 34.5 S/m

Iq=o

4 =15 pm

d2 = 300 pm

w= 90pm

T=7pm

1= 5.04 cm.

The frequency range of the measurements was 90 MHz to 18

GHz and a windowing algorithm was used. This algorithm con-

sisted of transforming the data to the time domain, deleting the

data that corresponded to parts of the circuit not in the micro-

strip line itself, and retransforming back to the frequency do-

main. In other words only data in the time domain window that

corresponded to the spatiaf location of the microstnp line were

used. This had the effect of gating out all the reflections in the

connectors to the microstrip line and in the transitions from coax

to waveguide. The application of this windowing algorithm and

the large number of data points (200) resulted in a smooth

variation of the acturd experimental data plotted in Fig. 3.

The windowing algorithm also may have contributed

some smoothing.

The various parameters in the model, L, Cl, C2, G2, and R,

were adjusted, and it was found that the phase of $1 and the

characteristic impedance were affected to first order only by L

and Cl. Referring to the low-frequency approximate relations for

ZO and /3(ju), the imaginary part of y(ju), in [1, eqs. (8) and

(9)], we have

(6)

(7)

The sensitivity experiment confirms that these relations are

good approximations over much of the range of the measure-

ments reported here. Therefore a measurement of the magnitudes

of Z. and /l(ju) by curve fitting allows one to solve (6) and (7)

to obtain a unique solution for L and Cl within this approxima-

al
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Fig. 3. Measured and modeled attenuation and phase of the microstrip hne

structure.

TABLE I

COMPARISONOF VALUESOF PARAMETERSOBTAINEDBY FITTING ,

DATA TO VALUES OBTAINEDBY INDEPENDENTMEASUREMENTS

Parameter ANA Measurements Impedance Measurements

L 711 nH/m 758 nH/m

c1 306 pF/m 353 pF/m
Z. 48.2 Q 48 fi

tion. Having determined these two parameters, it was then possi-

ble to determine R from the low;frequency attenuation and G2

from the slope portion of the curve. The skin effect factor k was

multiplied by a constant, less than 1, which was chosen to be

such that the proper curvature in i he knee of the curve was

obtained. It was not possible to determine Cz from the data since

the high-frequency attenuation, where Cz becomes important,

exceeded the dynamic range of the measurement system. In this

case, GI was taken to be zero since Si02 is a very low loss

material. We see from Fig. 3 that the phase match is excellent

except at the upper frequencies, where the system dynamic range

is exceeded. Note that the attenuation match is also quite good.

The results of the measurement anc~ parameter fitting are given

in Fig. 3. In this figure, the logarithm of the attenuation is

plotted versus the logarithm of frequency. Since the attenuation

is linearly proportional to the propa~ation constant y, and y is

proportional to 02 in the midfrequency range, the plot should be

linear with a slope of 2 in this range if the transfer function, Szl,

of the microstrip line were Gaussian. In other words, this type of

plot enables us to determine the frequency range over which the

attenuation is Gaussian-like, which is an important property in

network theory. Similarly, the logarithm of phase is plotted

versus the logarithm of frequency.

The values of the equivalent circuit parameters obtained by

fitting measured data to the model ware

R =130 L?/m

L = 711nH,/m

Cl = 306 pF/m

Cz = 256 pF/m

Gz = 50 S/m

GI = O.

Two of these values together with the characteristic impedance
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Fig. 4. Attenuation for GaAs on SI mlcrostrip hne 1 mm long with d1=4

pm, U2 =1.4 S/m (71 Q.cm) and A) q =10 S/m (10 Q.cm), B) q =1 S/m

(100 Q cm), C) u,= 0.1 S/m (1000 Cl. cm), and D) rrl = 0.002 S/m (5x

104Q. cm).

S21 Magnitude
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Fig. 5. Calculated attenuation for GaAs on Si microstrip lme 1 mm long

with dl = 4 pm, q = O 002 S/m (5x104 i2. cm) and A) rr2 =1.4 S/m (71

L? cm), B) 02= 0.1 S/m (1000 Q cm), and C) .2= 0.01 S/m (10 000

Qcm).

were then compared to values obtained by independent short-

rmd open-circuit low-frequency impedance measurements. The

result of this comparison is given in Table I.

The good agreement in the determination of ZO by the two

methods is probably fortuitous since a large error in L can be

compensated by a comparable error in Cl because they occur as

a ratio in the expression for Z.. The discrepancy in the values for

L and c1 between the two methods could correspond to a

potential discrepancy in the ZO values of 4 percent, which is

reasonable for the preliminary measurements reported here.

V. CALCULATION FOR GRAS ON Si

Having demonstrated the feasibility of determining the equiv-

alent circuit parameters of microstrip lines from measurements,

calculations were performed for the important two-layer dielec-

tric case consisting of gallium arsenide on silicon. The purpose of

this calculation was to see what range of attenuation to expect

using typical dimensions that one might encounter in high-speed

integrated circuits. To be consistent with typical materials that

can be used for the technology appropriate to GaAs on Si, the

following parameters were assumed for these calculations:

UAU=1.5x107 S/m (6.67 x10-6 Q.cm)

62 =11.5

c1 =12.5

al = 0.002 to 10.0 S/m (5X104 to 10 Q.cm)

02 = 0.01 to 1.4 S/m (104 to 71 Q cm)

dl=4~m

d2 = 610 ~m

w =10.7pm

T=lpm

1=1.0 X10-3 m.

The calculated attenuation is given in Fig. 4 for one value of Uz

and four values of al. Fig. 5 gives the attenuation for one value

of U1 and three values of Uz. Results are given to 100 GHz;

however, above 20 GHz the simple low-frequency model will not

give accurate results. Note that the conductivity of the gallium

arsenide layer is not zero, as was the case for the silicon dioxide

layer.

These curves illustrate the change in behavior of the attenua-

tion versus frequency for various values of UI and 02. The width

w was chosen to obtain a characteristic impedance of about 50 Q

for dl = 4 pm and values of Uz greater than a few S/m (resistiv-

ity less than about 100 Q. cm). Such values of Uz are required to

achieve a constant characteristic impedance over a significant

range of frequencies. Different values of T also were tried, but

the only change was in the low-frequency attenuation, as ex-

pected.

These calculations were repeated for dl =1 ~m, with very little

change in the attenuation characteristics. What changes did occur

were at the higher frequencies and were not consistent in direc-

tion (increase or decrease).

VI. CONCLUSIONS

The above results demonstrate the capability to determine the

model parameters from network analyzer measurements of struc-

tures important to microwave integrated circuits. We have de-

termined that the microstnp line inductance and capacitance of

the Si02 layer can be uniquely determined by fitting equivalent
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circuit parameters to measured data in the frequency range from

90 MHz to 18 GHz. Having demonstrated that this procedure

gives reasonable results for the Si02 on Si system, we have

calculated the attenuation one might expect for GaAs on Si up to

a frequency of 100 GHz when fabricating fast integrated circuit

devices. However, according to the model used, in the worst case

of a low-resistivity Si substrate with a low-resistivity GaAs layer,

the loss is less than 1.0 dB/mm out to 100 GHz, which is

acceptable for many device applications. Neglecting reflection

effects, lower loss circuits could be fabricated using high-resistiv-

ity (104 Q. cm) Si substrates with high resistivity (5X 104 Q. cm)

GRAS layers, where the loss was found to be less than 0.2

dB/mm from 1 to 100 GHz.
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Fig. 1. Miuimum parasitic packaged p-i-n diode aud two chip capacitors

separated by a lossless transmission line.

attenuation. This is better than the previous reported value of 10/dB

attenuation at comparable operating frequencies and attenuations. The

diode mounting location and the dc blocking chip capacitors on microstrip

are important, among other parameters, Ito minimize the spurious phase

Shift.

I. INTRODUCTION

Generally, p-i-n diode attenuators have a larger spurious phase

shift than waveguide rotary vane type variable attenuators. For

example, to the authors’ knowledge to date, the best published

spm-ious phase shift for the p-i-n diode attenuators is about

10/dB attenuation at 9 GHz [1]. on the other hand, for the

rotary vane type attenuators, it is 0,1 O/dB attenuation [2].

When compact and lightweight features are required, micro-

strip p-i-n diode attenuators are preferred over ‘bulky and heavy

waveguide rotary vane type attenuators. This paper presents a

CAD approach to minimize the spurious phase shift in p-i-n

diode attenuators.

II. GENERAL CIRCUIT CONFIGURATION

The general circuit configuration of a single p-i-n diode micro-

strip attenuator considered in this study is shown in Fig. 1. In

this study, an operating frequency of approximately 9 GHz was

chosen. All components were chosen from commercially available

parts. In this frequency range, chip capacitors [3], p-i-n diodes

[4], the printed circuit board, and coax-to-microstrip connectors

[5] are commercial components. After selecting these compo-

nents, the desimz work reduces tc, the deter&zation of ‘the

characteristic i;pedance ZO, the phase constant /3, and the

length L of the microstrip line to minimize spurious phase shift.

The coax-to-microstrip transition selected was azi SMA type 50

Q connector #50-645-4547-31. The p-i-n diode selected is an

Alpha CSB-7401-01 Package #375 [13].The printed circuit board

is RT Duroid 6010.2 Ceramic- PFT,E composite laminate (c, =

10.2, h = 0.635 mm, t = 0.036 mm, and tan r3= 0.002). Since this

is a 50 Q system, the characteristic impedance of the microstrip,

20, is chosen to be 50 Q. The blocking chip capacitor is chosen to

be 0.8 pF for calculation.

III. CALCULATION OF ATTENUATION AND PHASE SHJFT

The attenuation and phase shift of the p-i-n diode attenuator

circuit as shown in Fig. 1 can be calculated using ABCD matrices

[6], [7], The overall matrix is calculated from multiplication of

ABCD matrices of each subsection which include the signal

source impedance, the coax-to-rnicrostrip transition sections, the

blocking capacitor sections, rmcros trip line sections, the p-i-n

diode mount section, and the load impedance section. This

overall matrix can be related to a well-known s matrix [6]. Thus

0018 -9480/88/0400-0789$01 .00 01988 IEEE


