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Design of Interdigitated Capacitors and
Their Application to Gallium Arsenide

Monolithic Filters
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Abstract —Theoretical expressions for the interelectrode capacitance

and conductor losses for an array of microstrip transmission lines are
presented. The effeet of finite conductor thickness is included in the

analysis by introducing equations for the effective width of the transmis-

sion lines. Good agreement between theory and experiment is observed up

to 18 GHz. Experimental results obtained from a lumped-element CaAs

monolitfdc bandpass filter are in excellent agreement with theory. Tke

filter has 1.5-dB insertion loss at 11.% GHz and greater thins 22-dB loss in

the stopband. The filter measures 0.58x 1.3X0.203 mm.

I. INTRODUCTION

A MAJOR TASK in the @lopment of gallium

arsenide (GaAs) monolitluc circuits is the careful

analysis and design of lumped-element microwave compo-

nents. This paper presents design considerations and

experimental results for lumped-element interdigital capa-

citors fabricated on GaAs semi-insulating substrates. The

lumped capacitor is formed by the fringing field of an

interdigital gap between fingers. Because of size lirnita-

tions, the capacitance values obtained are typicaiiy less

than 1 pF.

Interdigital capacitors have proven to be useful compo-

nents in GaAs monolithic integrated circuits due to their

simplicity of construction, relatively high Q, and repeata-

bility. Their ‘use affords a considerable size reduction when

compared with equivalent distributed matching structures

and they are higher yield, lower loss, and more repeatable

than overlay capacitors.

In Section II, an analysis of interdigital capacitors is

presented. In previous works [1], [2], the authors have used

single-strip rnicrostrip losses in their analysis. This ap-

proach significantly underestimates the losses of the odd-

mode component. In the present technique, the loss

components a, and aO are calculated for an array of

rnicrostrip lines by applying the incremental inductance

rule [3]. The effect of finite strip thickness is also consid-

ered in the analysis which gives results that agree well with

experiment. In Section III, a derivation of loss factors is

presented. From these formulas the loss of a microstrip line

in an array of lines is obtained for a given conductor

thickness. The conductor, loss equations are presented in

terms of the fringing and parallel-plate capacitance of the
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microstrip lines, which make it very convenient for use in

a computer-aided design approach. To support the theoret-

ical analysis, several interdigital capacitors have been

designed and fabricated on GaAs semi-insulating sub-

strates. The fabricated devices have been tested on a semia-

utomatic network analyzer over the 2- to 18-GHz

frequency range. In Section IV, the experimental results are

presented and compared to the theory. A monolithic two-

pole bandpass filter is presented in Section V. Finally,

Section VI summarizes the results.

II. THEORETICAL ANALYSIS

Consider the interdigital capacitor depicted in Fig. 1.

For the purpose of analysis, let us disregard the fingers and

consider their effects later in the calculation. The two

terminal strips can be regarded as a pair of coupled ticro-

strip transmission lines and a four-port admittance matrix

may be calculated using the theory of coupled transmission

lines in an inhomogeneous media [4]. In the case of a

center-tapped capacitor, where neither end of the terminal

strips is grounded, if one assumes ports 1, 2, 3, and 4 are

open circuited, then the impedance matrix for each half

section is given by

Zj~ = Z& = ; [Z~ecoth(y&/2) + Z~Ocoth(y~Ol~,/’2)]

(1)

Zj; = Z{j = ; [ZT@coth(y~elT\2) - Z~Ocoth(y&-/2)]

(2)

y:, = 2y~, (3a)

y;;2 = 2y;; . (3b)

~~11, .Y~lZ are the elements of the matrix where [Y~l =
[Z~]- 1 and 1~ is the length of the terminal strip. For the

end-tapped configuration where ports 2 and 4 are open

circuited, the impedance matrix is

z~il = Z~z3 = ~ [Z~,coth(y~.1~)+ Z~Ocoth(y~Ol~)] (3)

z T3 I = Z=,3 = ; [Z~,csch(yTelT)- Z~Ocsch(yTO&)] .

(4)
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Fig, 1. Top view of an interdigital capacitor

Now the task is to calculate the characteristic imped-

ances Z~,, Z~O and propagation constants y~,, y*O for the

terminal strip taking the effects of the fingers into consid-

eration. We assume that the capacitor dimensions are

much less than a quarter of a wavelength, and the fingers

can be represented by an effective distributed shunt admit-

tance across the terminal strip. Therefore, at a specified

angular frequency O, the characteristic admittance and

propagation constant for the terminal strip are given by

/

Rr + juL~e
ZT, = (4)

.i@cT. + ‘F(~ll + ~21)/2~T

/

R~ i- jaL~O
ZTO = (5)

jac~, + ‘F(yll – y21)/2&

YT, =@~ + j@&)[j~cT, + &(.Y1,+ Y2,)/24-] (6)

YT. ‘~(R~ + j~L~o)[j%o + ~F(Y,, - yz,)/2~=] (7)

where CTe, C~O, L ~e, and L~O represent the even- and

odd-mode capacitances and inductances for the terminal

strip, R ~ is the resistance of the conductors, and NF is the

number of fingers. -yI~ and y21 are the elements of the

admittance matrix for NF/2 interdigital sections in paral-

lel. These admittances are averaged over the terminal strip
length in the above formulas. The values of y,, and yzl can

be calculated as follows: Assuming each two-finger pair

forms a system of coupled transmission lines, open cir-

cuited at opposite ends, one can deduce the matrix y from

the theory of coupled transmission lines in an inhomoge-

neous media [4]. Therefore

Z,, = 222 = ; [ZOgcothyel + ZOOcothyOl] (8)

Z21 = 212 = +[zoecscyel– Zoocscyol] (9)

[Y]=[z]-’ (lo)

where ZOO, 2.,, Y.? and Y, are the odd- and even-mode

impedances and propagation constants of the fingers, and 1

is the length of overlap of the fingers. The impedances ZOO,

ZOe are calculated by obtaining the total capacitance of

finger. The total capacitance is the summation of parallel-

plate and fringing capacitances. The fringing capacitance is

computed by applying a theoretical technique given by

Smith [5]. The fringing capacitance for each finger is

calculated by considering the effect of the immediately

adjacent fingers. The loss factors aO and a, for the propa-

gation

tion.

The

ohmic

constant yO, y, are calculated in the following sec-

111. CONDUCTOR LOSSES

even- and odd-mode attenuation constant due to

losses for coupled microstrip lines can be de-

termined using the incremental inductance rule of Wheeler

[3]. Hence

R , i3L

a= 2zopo 8)1
(lo)

where R, is the surface resistivit y, 6L is the change in the

inductance that occ.irs when all cross-sectional conductors

are perturbed by a distance dn inward, normal to the

conductor surface (Fig. 2). In this case. it is more conveni-

ent to write (1 O) in terms of capacitance

R, Sca~=

2zoqcc”2 an
(11)

where q is the free-space impedance, c is the velocity of

light, and C“ is the total capacitance of rnicrostrip with air

as dielectric. C“ is a function of h, the distance between

conductors and ground plane, G the gap spacing between

the neighboring conductors, and tand w the thickness and

width of the conductor, respectively (see Fig. 2). By consid-

ering to first order the variation in capacitance that occurs

due to an inward normal perturbation h at each surface,

there results

8h=6G=+28n

8w=8t=–28n.

The variation in Co is

and furthermore

c“ = Cp”+ c;

where CP” = c ~w/h is the total parallel-plate capacitance in

picofarads per centimeter and Cf is the fringing capaci-

tance. Then aO for the odd mode can be written as

~=zoo::c.[%+%(’+% )-%

ac; tic; ~+&—— _ ( )]6’G +dw dt
. (13)

A similar expression holds for the even-mode attenuation

constant.

When the microstrip conductor is of finite thickness t,

the impedance can be evaluated by using the concept of
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Fig. 2. An array of coupled microstnp line cross section showing an
inward perturbation of an all metal sprface.

effective width to obtain ~w/ at.An expression for effec-

tive width W’ has been obtained by Jansen [6] for coupled

microstrip lines. Similar expressions have been found to

work well for an array of microstrip lines

W~=W+AW[l-exp(-A)] (14)

W;= W:+At (15)

where

At=:;

Aw

A = 0“35z

(16)

(17)

and At is the increase in effective width for the odd mode

when compared with the even mode. This increase At has

been approximated by modeling the excess capacitance,

over the t = O case, by parallel-plate capacitance. The con-

stants have been determined by a fit to the measured

results. The error in the above approximations increases for

G>t.

An expression for Aw the effective increase in microstrip

width of single microstrip transmission line due to strip

thickness is given approximately by Wheeler and Hughes

et al., [3], [7], [8], and is repeated below

(18)

The partial derivative dw/dt is obtained by computing

dw’/& from (14) and (15). The result for the even mode is

awe
‘[1-( l+ A)exp(-A)]+~exp( -A)

at = at r

(19)

and for the odd mode is

(20)

where

L?AW 4TW

()
—=Lln —

w 1

at 7T t ‘ h<%

()
=~ln ~ ,

1
~>—.
h 27

(21)

\
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Fig. 3. Even- and odd-mode conductor losses in a microstnp array as a
function of finger gap spacing.

Utilizing (19) and (20), the values of aO and a. are calcu-

lated from (13).
The derivatives in (13) were evaluated by applying a

finite-difference approximation with the grid dimension

taken to be several skin depths. In all of the following

calculations, the resistivity of the condtrctor is assumed to

be 3 X 10- GQ. cm and all dimensions are in micrometers.

Results for a microstrip line in an array of microstrip lines

are calculated by considering the effect of closest neighbor-

ing strip lines. Fig. 3 shows a plot of aO and ae as a

function of conductor spacing for a microstrip in an array

of microstrip lines. The conducting material is Cr–Au on a

O.l-mm-thick GaAs substrate. The even-mode attenuation

constant is always less than the odd-mode value. The
even-mode losses approach those of an infinite conducting

sheet above a ground plane as the gap spacing approaches

zero. Both even- and odd-mode losses approach those of a

single isolated microstrip line for large spacing. Dielectric

losses are neglected in these calculations since the loss

tangent of serqi-insulating GaAs is 2–3 x 10-4 in the 2– i2-

GHz frequency range, which gives a dielectric loss of less

than 0.015 dB/in. The variation of conductor attenuation

for an array of lines as a function of finger width is shown

in Fig. 4. Note that for finger width less than 10 pm, th~

odd-mode conductor losses increase sha,~ly. The even-

mode losses stay approximately constant for finger widths

above 15 pm. This value is approximately equal to the loss

of, an infinite coriducting sheet above a ground plane. For
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Fig. 4. Even- and odd-mode conductor losses in a microstnp array as a
function of strip width.

small finger width (w <10 pm) even-mode losses decrease

due to a decrease in even-mode capacitance. Also Fig. 3

indicates that conductor spacings of less than 5 pm have a

substantial effect on odd-mode losses. Although larger

finger width and wider spacing reduce the overall conduc-

tor losses, it increases the parasitic capacitance and in-

creases the physical size of the device.

IV. THEORETICAL AND EXPERIMENTAL RESULTS

Several interdigital capacitors of different values were

designed and processed on semi-insulating GaAs substrates

using high-resolution photolithographic techniques. Several

of these capacitors were resonated with a high-impedance

microstrip line to facilitate high-frequency Q measurement.

The S-parameters of the devices were measured using an

HP 8409A semiautomatic network analyzer over the 2– 18-

GHz frequency range. Fig. 5 shows a picture of one of the

devices assembled on a test fixture. Equations (1)-(10)

with the aid of (13) were used to calculate the Y-parame-

ters for a number of interdigital capacitors. The Y-parame-

ters were then converted to S-parameters for comparison

with experimental results. Fig. 6(a) and (b) shows the

calculated and measured S-parameters for two interdigital

capacitors which will be designated by CAP 1 and CAP 2,

respectively. The dimensions are given on the figure. The

parasitic inductances which are associated with the bond-

Fig. 5. A resonance test structure for interdigital capacitor testing.
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(b)

Measured and theoretical S-parameters for two samples of inter-
digital capacitors. (a) CAP I and (b) CAP 2,
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Fig. 7. Equndent circuit model for interdigitat capacitors.

TABLE I
EXPERIMENTAL AND THEORETICALELEMENTSVALUES FORTHE

CIRCUIT MODEL OF FIG. 7 FORTwo SAMPLESOFINTERDIGITAL
CAPACITOR

CAP 1

1*

2

3

CAF 2

1

2

3

R (Q)

1

1.122

1.019

1.062

L (nH)

0.065

0.167

0.076

0.173

C (PF)

0.248

0.247

0.242

0.609

0.607

0.590

Cl (PF)

0.092

0.075

0.073

0.100

0.149

0.177

* I —Calculated static capacitance. 2—From measured S-mmmeters.
3— From coupled line theofi.

ing wires are extracted from the measured S-parameters

data presented in Fig. 6(a) and (b). The measured S-

pararneters were fitted using a least squares error technique

to the circuit model presented in Fig. 7. Fig. 6(a) and (b)

indicates good correlation between experiment and theo~y.

Table I presents the element values of the device equivalent

circuit (Fig. 7) obtained by data-fitting techniques from the

measured and calculated S-parameters over the frequency

range of 2– 18 GHz. These data are presented for the

capacitors CAP 1 and CAP 2 for’ which the S-parameters

are given in Fig. 6(a) and (b). The static capacitance is also

presented. The values of static gap capacitance for both a

4- and an 8-rnil-thick substrates with various line separa-

tion and finger widths are plotted in Fig. 8(a) and (b).

These curves are obtained from coupled line theory (5)

where calculation of even- and odd-mode fringing capaci-

tances for coupled lines is made for finite line widths

assuming a periodic array of lines. The effect of thickness

is also considered in Fig. 8. The thickness effect makes a

substantial difference for small finger spacing. From Fig. 8,

the capacitance C can simply be calculated by

c=(NF–l)cg.l.

These plots are helpful for designing interdigital capaci-

tors with optimum aspect ratios which will be discussed in

the next section. The value of capacitance C, in Fig. 7 is

the summation of parallel-plate capacitance and the

even-mode fringing capacitance to ground. The Q of the
interdigital capacitors was measured for several devices.

The unloaded Q obtained by a resonance technique is

between 35 and 45 for the combined LC microstrip circuit

at 12– 14 GHz. One can extract the measured Qc for the

interdigital capacitor if an RLC circuit model is assumed

for the combined resonance circuit shown in Fig. 5. By use
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Fig. 8. Static gap capacitance vatues for different finger widths and gaps
on GaAs semi-insulating substrates. (a) h = 101 pm and (b) h = 203
km,

of this technique, Qc’s in excess of 60 at 8 GHz were

obtained for some of the devices which were tested.

Another technique for obtaining Q is from the circuit

model of Fig. 7. This can be done after the measured and

calculated S-parameters are fitted to the circuit model of

Fig. 7. Fig. 9 presents the Q-values verses of frequency for

an interdigital capacitor (CAP 2) obtained using such a

technique. This method gives a better agreement with the

theory which is also plotted in Fig. 9. Fig. 10 shows the

effect of conductor thickness on capacitance values. For

this particular example there is about an 1l-percent dif-

ference between the capacitance at zero thickness and for a

2-pm-thick conductor. A design knowledge of the minim-

um acceptable thickness of strip would be an advantage

in the fabrication of microstrip circuits, in that, the thinner

the strip used, the less undercutting of line would be

experienced during etching. Also, it would be easier to

maintain the integrity of device dimensions and less costly.

Horton et al. [9] and later Rizzoli [10] have shown theoreti-
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Fig, 11. Variation of the imaginary part of Y2, as a function of frequency
for a 0.487-pF capacitor for various number of fingers.

were performed. A reduction in QU of more than 50

percent was measured when metallization thickness was

J I I I I I I I

I reduced from 1.5 to 0.7 pm. The effect of the metal
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Fig. 10. Effect of strip conductor thickness on capacitance values

tally that losses increase as t ~ O for Single microstrip lines

and an absolute minimum exists for t= 8,where 8 is the

skin depth. They argue that there exists an optimum strip

thickness of approximately three times the skin depth for

lowest loss. For a gold conductor this thickness is about 2.4

pm at 10 GHz. Equations (13)–(21) show a sharp increase

for both even- and odd-mode losses for conductor thick-

nesses below 2 pm. An extensive experimental study on

optimum conductor thickness has not been done but Q-

measurements for two different metallization thicknesses

thickness on losses was also observed on the insertion-loss

measurement done on the bandpass filter which will be

discussed in the next section. Another important considera-

tion is the dependence of capacitance values on frequency.

The theoretical calculation indicates that the value of

capacitance varies with frequency due to the change in

finger length 1 and terminal strip length WT. The optimum

ratio of w~/1 for a specific capacitance corresponds to a

minimum in dC/ df, where f is frequency. For series-con-

nected interdigital capacitors, the capacitance slope is pro-

portional to the slope of the imaginary part of y21/a. Fig.

11 is a plot of IM (y21/@) versus frequency for a 0.487-pF

capacitance for different w~/1 ratios. It is apparent that a

minimum slope exists for various aspect ratios. The search

for minimum slope can be done efficiently with a com-

puter-assisted design procedure.

V. CIRCUIT APPLICATION

From the above analysis, the following design criteria for

interdigitated capacitors on 0.202-mm GaAs substrates

have been formulated. For minimal area, select capacitance

values of less than 1.0 pF. To reduce losses, choose finger

widths larger than or equal to 10 pm and gaps not less

than 5 pm. Finally, for minimum dependence of capaci-

tance vahte on frequency, choose the optimum aspect ratio

wT/l. Based on these criteria, a two-pole 0.5-dB ripple

Chebyschev bandpass filter with a 5-percent bandwidth

centered at 11.95 GHz was designed and fabricated on a

semi-insulating GaAs substrate. Fig. 12(a) and (b) shows

the initial circuit and the circuit model used for optimizing

the final device layout. Fig. 12(b) shows the initial circuit

plus all the parasitic from the lumped-element interdig-

itated capacitor, physical layout, and connections of each

component. The capacitance values were kept to less than 1
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Fig. 12. (a) Equivalent circuit of an X-band two-pole bandpass filter. (b) Equivalent circuit with
parasitic. Values in parentheses are from measured S-parameters. Capacitance and inductance are in
picofarads and microhenrys, the dimensions are in micrometers.

pF by applying. standard filter design procedures [1 1].

Before fabricating the final filter, three steps in optimizing

the circuit were performed. Since no circuit tuning or

tweaking is practicrd in GaAs’ monolithic integrated cir-

cuits, it is necessary to perform most of the circuit tuning

by computer-aided analysis and optimization. The follow-

ing optimization procedure proved to be effective for the

present filter. First, the initial circuit (Fig. 12(a)) was

optimized over the frequency band of interest. Next, we

included all the parasitic due to interdigital capacitors

which could be approximated by the above theory. After

inclusion of all of these parasitic the circuit was optimized

again. This procedure will adjust the most sensitive param-

eters to compensate for the effect of the parasitic. The

third and final optimization or parameter adjustment comes

after the physical layout of the device. Layout parasitic

arise, for example, due to extension of sections of rnicro-

strip lines for the purpose of physically connecting compo-

nents. The filter was fabricated using direct-write electron-

beam lithography. The capacitors use ,15-pm fingers and

5-pm gaps and are formed in 1.5-pm-thick gold on a

0.202-mm semi-insulating GRAS substrate. The filter size is

0.58 X 1.32 mm. This is an order of magnitude smaller in

area than a distributed version of the same filter which was

also fabricated. Fig. 13 shows an enlarged picture of the

fabricated monolithic filter on GaAs semi-insulating sub-

strate. Fig. 14 shows the response of this filter plotted

directly from the output of a semiautomatic network

analyzer. The in-band insertion loss is 1.5 dB and the

image rejection at 9.5 GHz is greater than 22 dB. The

losses were reduced about 0.5 dB by chemically polishing

the back of the substrate using a sodium hypochlorite

solution before depositing the back metallization. Also we

have achieved about 0.5-dB reduction in losses by using

thicker plated metallization (about 2.5 pm) over the micro-

strip portion of the filter. The filter response in Fig. 14 is

achieved after polishing and plating thicker gold.

Fig. 13. An X-band 2-pole lumped-element GaAs monolithic bandpass
filter.
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Fig. 14. Measured and theoretical insertion loss of the filter from 2– 18
GHz.

VI. CONCLUSION AND SUMMARY

Theoretical expressions for the capacitance and conduc-

tor loss for an array of microstrip lines have been pre-

sented in a form suitable for interactive computer-aided
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design. Conductor losses have been calculated for an array

of microstrip transmission lines using the incremental in-

ductance rule. By including the conductor thickness in the

analysis, a better correlation between theory and experi-

ment can be achieved. To design an optimum interdigitated

capacitor one should first select W and G for maximum

Q-values and minimum parasitic. This selection can be

aided with curves similar to Figs. 3, 4, and 8. If a minimum

dependence of capacitance on frequency is important for

an application, a search for minimum variation in capaci-

tance slope may be easily performed. From these analyses,

an iterated procedure for designing a monolithic filter on

GaAs has been presented. Good correlation between the-

ory and experiment suggests that the interdigital capacitors

remain essentially lumped up to 18 GHz. The losses are

highly dependent on gap width, finger width, and metalli-

zation thickness. Q-values are higher than those of MOM

capacitors, however, not as high as reported in an earlier

work [1]. Nevertheless, with careful design, reasonable Q‘s

can be achieved for application in monolithic GRAS in-

tegrated circuits.
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