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Abstract —Improved models for integrable lumped-element straight-line

single-loop, and spiraf inductors, as well as for interdigitated and MIM

capacitors, have been derived using nmnericaf solutions of the inductance

integral, basic microstrip theory, and network anafysis. The broad experi-

mental verification shows good agreement between models and experi-

ments, with deviations of 5 to 10 percent up to 18 GHz. Besides the useful

value and frequency range, losses of the lumped elements are presented.

I. INTRODUCTION

A FLEXIBLE CIRCUIT design philosophy for GaAs

MMIC’S must include both lumped elements with

dimensions smaller than 0.1 wavelength, and distributed

elements. The choice of lumped or distributed elements

depends mainly on the type of the MMIC, the acceptable

chip size and necessary range of values, the acceptable

losses or Q factors, and the operating frequency. Lumped

elements are considered as very attractive structures for

the realization of MMIC’S with respect to a considerable

size reduction.

The use of lumped rather than distributed elements for

the realization of hybrid integrated microwave amplifiers

up to the S-band has been described intensively in the

literature (e.g. [1]). For the design of these circuits in most

cases approximate dc current formulas have been used

with sufficient success.

In 1943 Terman [2] published an expression for the

inductance of a thin metallic straight line which was

improved by Caulton et al. [1], who additionally consid-

ered the influence of the metallization thickness approxi-

mately. Wheeler [4] already in 1928 presented a frequently

applied approximating formula for the inductance of a

circular spiral inductor, which also showed good agree-

ment with RF measurements at low microwave frequen-

cies. This formula has been intensively used for the design

of microwave lumped circuits [3], [5], [6], [22].

A first theory for the interdigitated capacitor was pub-
lished by Alley [38], but his theory already showed that
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this complicated structure cannot be described exactly by

simple formulas. Nevertheless Joshi et al. [9] presented

approximating formulas for the interdigitated capacitor

which are accurate enough for a first design step.

Between 1977 and 1979, Pengelly et al. [11] presented

the first extensive results on different lumped elements on

GaAs, with special emphasis on Q-factor examination.

They measured Q factors near 120 for single-loop induc-

tors and interdigitated capacitors.

This work reports on advanced models for different

lumped-element structures: straight-line inductors, single-

loop and spiral inductors, and overlay (MIM) and interdig-

itated capacitors. A schematic representation of the struc-

tures is shown in Fig. 1. The models used allow the

derivation of equivalent circuit elements including all im-

portant parasitic by the application of state-of-the-art

electromagnetic field theory and microstrip theory in order

to determine accurate element values and losses.

The experimental verification of all models with exten-

sive scaling investigations of the structures and improved

test procedures is another main part of this work. As a

result, standard design rules for the layout of the elements

can be derived which consider the useful value range,

frequency range, losses, miniaturization, and some other

aspects.

II. MODEL DESCRIPTION

Only a short overview on the methods applied to model

the lumped elements can be given here. As a general result

it is found that modeling of lumped elements is such a

complicated matter that normally a component cannot be

described by just one simple formula if all parasitic in-

fluences are to be considered. Therefore generally the

model for a lumped element consists of a computer pro-

gram which brings together many formulas and theoretical

calculations for describing the circuit parameters (1?, -L, C)

in dependence on the geometrical and electrical parame-

ters and the frequency. Because the computer programs

are to be used in computer-aided circuit analysis, in any

case the solution is used which leads to the smallest

computing time and acceptable accuracy.

A. The Conductor Losses

Lumped elements in MMIC’S may have line widths

between 5 pm and 20 pm and a metallization thickness

between 2 pm and 5 pm. This means first that the line
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Fig. 1. Schematic representation of (a) a straight line, (b) a single loop
inductor, (c) a circular spiral inductor, (d) an interdigitated capacitor,
and (e) a MIM-capacitor,
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TABLE I
FREQUENCY-DEPENDENT RESISTANCE R ~C OF A IMETALLIC STRIP

WITH RECTANGULAR CROSS SECTION (WIDTH W, THICKNESS t)

NORMALIZED TO THE dc RESISTANCE R ~. AS A FUNCTION

OF THE NORMALIZED FREQUENCY x..~~ (2 fupwt)l/2. . .

%
0.5
i.o
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0

:::
6.5
7.0
7.5
8.o
8.5
9.0

1:::
10.5
11.0
11.5
12.0

1

1.000
1.006
1.030
1.090
1.201
1.361
1.554
1.757
1.957
2.152
2.342
2.531
2.720
2.910
3.101
3.292
3.484
3.676
3.868
4.061
4.254
4.446
4.639
4.833

2

1.000
1.007
1.032
1.093
1.198
1.339
1,503
1.680
1.866
2.057
2.250
2.443.
2.631
2.818
3.005
3.192
3.379
3.568
3.757
3.948
4.140
4.333
4.527
4.722

4

1.000
1.007
1.035
1.096
1.187
1.294
1.411
1.539
1.678
1.829
1.990
2.160
2.335
2.514
2.694
2.873
3.052
3.228
3.404
3.580
3.755
3.930
4.107
4.284

6

1.001
1.008
1.038
1.100
1.186
1.284
1.386
1.495
1.613
1.745
1.876
2.oO8
2.159
2.316
2.480
2.646
2.815
2.984
3.153
3.320
3.486
3.650
3.812
3.973

12

1.001
1.oO8
3..039
1.098
1.173
1.253
1.333
1.414
1.496
1.591
1.669
1.763
1.861
1.965
2.077
2.194
2.318
2.448
2.583
2.718
2.853
2.989
3.124

‘3.259

18

1.000
1.005
1.025
1.062
1.110
1.161
1.213
1.264
3..317
2..370
1.425
1.482
1.541
1.604
1.671
1.742
i.818
1.898
1.983
2:073
2.167
2.266
2.369
2.476

widfh w m,ay be of the order of the metallization thickness

t and additionally that the metallization thickness (espe-

cially at lower frequencies) is no longer large compared to

the skin depth: The approximate loss calculations as they

have been used in MIC’S [15] therefore nor,mally result in

calculated Q factors wtich are too high compared to

measurements. The exact calculation of the frequency-

dependent resistance of a metallic conductor with rectan-

gular cross section is a very difficult task and can be done

only using sophisticated numerical methods [14]. Therefore

for the application in CAD programs, measurements which

have been published by Haefner [13] are fitted by the

following closed formula:

{

1 0.43093XW 1.1147 + 1.2868xW
R=— +

Uwt 1 + ().()41 (w\t)l”19 1.2296 + 1.287x:

+0.0035( w/t – 1)1”8
}

(la)

for XW>2.5 and

1
R=—

(
1 + ().(3122X$ +0.0%)

}
(lb)

u Wt

for XW <2.5 and with XW= (2 fopwt )1/2 a normalized

frequency. The formulas describe the conductor resistance

with an accuracy between 3 percent and 5 percent in the

range w/t <12 and XW<20. In the range 2.0< XW<3.0,

the results of, (la) and (lb) additionally are fitted by

approximating, smoothing curves. In (1) 1 is the length, w

the line width, and t the metallization thickness of the

conductor. Moreover u and p stand for the conductivity

and the permeability of the conductor material. If a two-

layer metallization with a thin adhesive layer (t< 0.5 pm)

is used, (1) also can be used to calculate the resultant

resistance of this structure by pa@el shunting the two

resultant resistances of the layers.

If a higher accuracy than that given by (1) is needed for

loss calculations, look-up tables can be generated from the

numerical methods which have been developed [14]. Table

I shows such numerical results for the’ resistance of a
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conductor of rectangular cross section. It shows that the

skin effect essentially influences the resistance in a com-

plicated way which cannot be described with the methods

used up to now [15].

B. The Straight-Line Inductor

The static self-inductances and mutual inducta~ces of ~

conductor system carrying the current densities 5’~ and S,l

over their cross sections Am and A,l are given by [16]

Principally this integral must be solved to find an exact

solution for the inductances. In the case of a flat straight

conductor of line width w, length 1, and zero metallization

thickness t,an exact evaluation of (2) can be found [17],

[18] by

+:-;(;)2[(1+;]3’2-1]) (3)

which also considers the mutual inductance between dif-

ferent parts of the conductor. Caulton et al. [1] have shown

that the influence of the metallization thickness t can be

considered approximately in calculating static inductances

of flat conductors if the line width w is replaced by w + t.

If this is done in (3), the following formula results:

which approximates the static inductance of a flat conduc-

tor quite accurately as long as the line width w is much

larger than the metallization thickness t.

In lumped elements the line width and the metallization

thickness often are of the same order. In this case (4)

cannot be used. Ollendorff [19] described a solution of the

inductance integral applying the method of medium geo-

metrical distances, which can be used to calculate the static

inductance of a conductor with arbitrary rectangular or

quadratic cross section:

J@

[01
L=>ln g –1

P

with

(5)

Equation (6) describes the medium value of the geometri-

cal distance between two arbitrary points of distance x in

the areas dA. and dA. in the cross section A of the

conductor. The solution of (6) in the case of a rectangular

conductor is given by

in(;)=-;-;{(:~ln(l+(;]’

‘(+FF]
‘HYarctan(3++ar‘7)

with 2c= (W2 + t2)1/2.

The formulas given above do not consider the inhomo-

geneous and frequency-dependent current density over the

cross section of the conductor as it is predicted by skin

effect theory. The outer inductance of the conductor is for

the most part not influenced by this changing current

density. The inner inductance normally is very small com-

pared to the outer inductance, so that its influence on the

total inductance is negligibly small. If it is to be consid-

ered, it can be found approximately from a skin effect

theory by calculating the complex power transported

through the cross section of the conductor and identifying

the imaginary part of this power with 0.5tiLiI 2, where I is

the total current through the cross section. In this way an

approximate solution for L, and for w > t can be found as

pOl sinh(nzt)-sin(nzt)
L,=—

4mw cosh(rnt) –cos(rrzt)
(8)

with m = ( nfup,)l/2.In the case of a conductor with

quadratic cross section, the formula

lm 2 sinh’(m’w) – sin’ (rn’w)

‘i= 800 [cosh(m’w) –cos(m’w)]’ ‘
m’=m/fi

(9)

can be used.

The frequency-dependent total inductance of the straight

line is found as the sum of the frequency-independent

outer inductance and the frequency-dependent inner in-

ductance.

C. The Single-Loop Inductor

The single-loop inductor of inner radius r, and outer

radius rO and with a length described by the angle rpO(Fig.

l(b)) already is a very complicated structure if the mutual

inductances between the different loop segments are to be

considered exactly. For the case of the inductor with zero

metallization thickness, the inductance integral (2) can be

reduced to the fourfold integral

L=*JrOrJ’0L”0Hdrldr2’~,’~(lOa),,
with

r1r2cos(cp2 – rfl)
H= (lOb)

r: + rj–2r1rzcos(q1 – CPz) “
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As has been shown by Hentschel [17], [18], this integral

can be reduced to a onefold integral which (avoiding an

error in the work of Hentschel) can be written in the form

L=*&/fi(,ofi-2,) cos(ti,)F(,)d, (1OC)

and which can be solved numerically. In (1OC), F(q) has./
the meaning

with

i, - rlcos(ficf)
. aminh

rllsin(firp)l

G(rl, r2)l\=ril$=.i =G(r., r.)– G(ri, r.)

–G(rO, ri)+G(ii, ri ). (lOe)

The metallization t@ckness t again can be considered

approximately in (1OC) if an effective width w + t is used.

In the case where the single-loop inductor has a ground

rnetallization on the backside of the substrate material, the

capacitive effects on the ground metallization lead to a

remarkable frequency dependence in the inductor parame-,.
ters. This frequency dependence is modeled in the same

way as that described for the circular and rectangular

spiral inductor in the next section.

D. Circular and Rectan@dar Spiral Inductors

The circular and rectangular spiral inductors have been

modeled using the principle which will be described below.

For calculating the static, inductance of these planar coils,

a similar method has been used by Remke and Burdick

[20] in the case of the circular spiral inductor. Fig. 2 shows

the basical considerations in the example of the rectangu-

lar spiral inductor: The total spiral inductor is broken into

n line segments, which are straight lines in the case of the

rectangular spiral. inductor and circular one-turn elements

as described in Section II-C in the case of the circular

spiral inductor. The static inductances Li( i = 1,2,”. “, n ) of

these, segments are calculated using the methods described

above. The mutual inductances Mi ~ between two different

line segments in the case of the straight line segments can

be found exactly if the rnetallization thickness is assumed

to be zero; in the case of the circular lirie segments the
inductances can be approximated ‘by known evaluations of

the inductance integral if the line segments are considered

as line currents. In the c,ase of the rectangular spiral

inductor, the mutual iriducjance cafi be P@it\ve Or nega-

tive depending on the current direction iti the different line

sections. For the mutual inductances between the i th and

/
mirror inductor

Fig. 2. Inductances and capacitances of the rectangular spiral indtictor
on a substrate with metallized ground plane, considered in the com-
puter model.

jth circular line segment in the case of the circular spiral

inductor, the evaluation of Neumann’s formula

(ha)

which already has been used in [20], is applied:

with kij= 4ab/(a + b)2, a = ri+(i –0.5)(w + ~), b= ri(j

– 0.5)( w + s), ri the inner radius of the circular spiral

inductor, and s the gap width between the turns. In the

case of two coupled straight thin film strips of width w,

length 1, and zero metallization thickness, the mutual

inductance is given by [17], [18]

with

()F(4) =q=arsinh ~ + qarsinh(q)+ $ – :(1+ q2)3’2.

(12b) ~

If additionally the substrate material is metallized on its

ground plane, the mutual inductances ~i~ between the

original coil and a mirror coil under the ground plane must

be t~en into account. For the circular spiral inductor they

are of the form

[( )2 2
Mi~ = pm _ – kij ~(ki~)– ~E(ki~ )]() 13a

kij

with kij = 4ab/(41z2 + (a + b)=) and the values for a and

b given above. In (llb) and (13a), K(k) and E(k) are the

complete elliptical integrals of the first and second kind:

d~
K(k) = (’2 ~l_ k2sin29)l/=

E(k) = (’2(1– k2sin2rp)l’2drp. (13b)

The total static inductance of the spiral inductor then is
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(c)

Fringing capacitances of coupled microstrip lines excited in (a)
the even mode and (b) the odd mode, used for the modeling of the
capacitive effects in spiral inductors. (c) Equivalent circuit of a line
segment and the spiraf inductors.

found in a way similar to that described in [20]:

L= ~Li+2n~l ~ ikfij+ ~ ~M~. (14)
isl islj=i+l i=lj=l

To model the frequency behavior of the spiral inductors

correctly, the capacitive effects between the line segments

and from the line segments to the ground plane must be

taken into account. The fringing capacitances (Fig. 3)

between the lines and to the ground plane can be found

from classical microstrip theory. For example the capaci-

tances Cf, Cn, Cl of coupled microst~p lines excited in the
even mode and the capacitances Cf, CM, Cge, and Cg. of

lines excited in the odd mode havecoupled microstrip

been approximated

Bahl [25]:

by simple formulas, e.g. by Garg and

co K(k’)

Cg”=z K(k)
(15a)

where K(k) again is the complete elliptical integral, K(k’)

is its complement, k = s/h (s/h + 2w/h), and k’= (1 –
kz)l/z.

(15b)

Cm is the main capacitance of a microstrip line of width iv

on a substrate of height h and with the relative dielectric

constant [,:

and the fringing capacitance C; can be found from

(15C)

Cf

c;= l+ A(h/s)tanh(8s/h)
(15d)

with A = exp { – 0.1 exp (2.33 – 2.53w/A)} and Cf =

0.5 { c!42/(cOZO) – cOc,w/h }. Here CO is the velocity of
light in free space, ZO is the frequency-dependent char-

acteristic impedance of a microstrip line of width w on a

substrate described above, and E~ff is the frequency-depen-

dent effective dielectric constant of this line (e.g. [26]).

The different inductive and capacitive elements of each

line segment are combined in a suitable manner so that the

physical behavior of the spiral inductor is modeled ap-

proximately. It must however be mentioned that a certain

arbitrariness cannot be avoided in this modeling technique,

because, for example, the mutual inductances cannot be

connected to just one line element, but they are a property

of the total, distributed coil. From these considerations, an

equivalent circuit of the form shown in Fig. 3(c) can be

found for each line segment in the case of the rectangular

spiral inductor or for each turn in the case of the circular

spiral inductor. The air bridge which normally is used for

connecting the inner inductor node to the circuit can

additionally be considered by its inductance and capacitive

effects between the air bridge and the inductor segments.

The total equivalent circuit of the spiral inductor, which is

of the same form as shown in Fig. 3(c), can be found by

classical circuit theory.

In addition to the modeling described above, the induc-

tance of the rectangular spiral inductor also has been

modeled by a line theory as it for the first time has been

described by Camp et al. [27] and Cabana [28]. Their

models have been improved [29] and compared to the

results of the simpler theory given above. Good agreement

is found between both modeling techniques.

E. The MIM Capacitor

The capacitance of the MIM (metal-insulator-metal)

capacitor easily and most accurately can be described by

the capacitance of a rectangular plate capacitor if the

thickness of the insulating material is very small (e.g., 0.1

pm to 1 pm). For thicker insulating materials the influence

of the stray field can be taken into account by using

Chang’s [36] conformal mapping technique.

To analyze the frequency dependence of the MIM

capacitance, the capacitor was considered to be an open
microstrip line, and with convenient theories [37] the input

impedance and thus the capacitance of the structure were

determined. As a result the frequency dependence is

negligible and should only be considered in those cases

where the dielectric layer is unusually thick and the length

of the electrode is larger than one tenth of a wavelength.
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Fig. 4. Tbe interdigitated capacitor and its subcomponents.

F. The Interdigitated Capacitor

In 1970, Alley [38] published the first advanced model

for the interdigitated capacitor. His model is based on a

lossless coupled microstrip line theory. It is in this respect

‘an approximate model, asit calculates the total admittance

of the parallel shunted fingers of the capacitor without

considering the different positions of these fingers. The

admittance then is considered to be uniformly parallel

shunted to the main line of the capacitor. The model does

not consider the phase shift along the main line, which

may be large if a capacitor with high finger number is

used, and it does not take into account the influence of the

discontinuities incorporated into the structure, e.g., the

open ends of the lines, the gaps, and the T-junctions.

In 1979, Hobdell [39] introduced a loss calculation into

Alley’s theory, and in 1983 Esfandiari et al. [40] gave

additional information about the influence of the metalli-

zation thickness on the capacitance and the Q factor.

In this paper an improved model which is based on [29]

is used. The interdigitated capacitor is divided into its

basic subcomponents, as is shown in Fig. 4: the single

microstrip line, coupled microstrip lines, the microstrip

open end, the microstrip unsymmetrical gap, the unsym-

metrical microstrip 90° bend, and the microstnp T-junc-

tion. Computer models for all these elements are available

and are used to compose the interdigitated capacitor using

known methods of S-parameter network theory [33]. Using

this new model, the mentioned restrictions of Alley’s model

can be overcome and the model is applicable even at high

frequencies because all dispersive effects have been taken

into account.

III. EXPERIMENTAL RESULTS

A. Measurement Procedures and Test Structures

The measurement process used includes the S-parameter

characterization up to 12 GHz and the resonator frequency

shift (RFS) method applied up to 18 GHz. The RFS

method [42] is a differential measurement with, on the one

hand, a well-known microstrip reference resonator and, on

the other hand, a resonator that is perturbed after the

specimen to be tested is inserted. The advantage of this

method is the accurate and separate determination of

series and shunt equivalent circuit elements (Fig. 5) by

considering the even- and odd-numbered resonances. The

RFS method was indispensable for the measurement of

low inductance and capacitance values.

Fig. 6(a) shows the computer-controlled measurement

setup with the PC, the sweeper, the frequency counter, and

the power meter. The equivalent circuits of the test setup

for the two cases (series/shunt) are illustrated in Fig.

6(b)–(d). The most important interfaces—coupling gap

and bond wires— are individually examined and consid-

ered with a computer correction program. The fabrication

tolerances of the resonators are usually negligible com-

pared to the dominant influence of bond wire tolerances.

Assuming a tolerance of +10 percent in bond wire length

measurement (L’ = 0.65 nH/mm; 1/2 = 0.3 mm, 0 = 17.5

pm), the characterization of straight line inductors with

L = 0.1 nH already shows an inaccuracy of 40 percent.

The investigation of a very small interdigitated capacitor

(C= 0.1 pF) in the shunt connection gives for comparison

only an inaccuracy of 5 percent between model and experi-

ment assuming the same bond wire tolerance. Two mask

sets were designed with respect to intensive scaling investi-

gations. They contain the following structures: (1) MIM

capacitors, realized with Si ~NA dielectric and air bridge

interconnection, and covering a value range of about 0.1 –30

pF via different dielectric layer thickness (t= 180-500

rim). (2) Interdigitated capacitors, which are fabricated on

GaAs with TiAu plating base and 5 pm plated gold. The

planned value range was 0.01 to 0.5 pF, the structures

contained different finger length, width, gap, and number.

(3) Straight line, single-loop and spiral inductors fabri-

cated similar to the interdigitated capacitors but with an

additional air bridge as interconnection to the bond pad in

the case of the spiral inductors. The covered value range

was about 0.01 to 8 nH. (4) Moreover some resonant

circuits for the derivation of Q-factors were included.

B. Experimental Verification

1) Spiral Inductor (Circular Shape): Two ,different struc-

tures with 3.5 and 2.5 turns were experimentally examined

over a broad frequency range. As a result of previous

investigations and compromise between chip size and a

sufficient high quality factor, a gedmetry with an inner

diameter of 115 pm, a conductor width of 20 pm, and a

conductor space of 15 pm was selected. Fig. 7 shows the

frequency behavior of the largest inductor with 3.5 turns.



300 IEEE TRANSACTIONS ON MICROWAVE THEORY AND TECHNIQUES, VOL. 36, NO. 2, FEBRUARY 1988

‘o

w-i
E!!s!nT

+

T-’-Hr
~

Series

(~ ~ L 1

Shunt
!nterdigital mpocitor

c

-k C2

JCL
Overfoy eerpocitor

Fig. 5. Equivalent circuits of lumped elements.

It contains the S-parameter results of three elements, two

curves derived by RFS measurement, and the model calcu-

lation. The resonant frequency of this inductor is about 12

GHz, the recommended usable frequency range is <8

GHz, and the deviation between model and measurement
is < ~ 5 percent in this range. The experimental and

theoretical results of the second structure (n= 2.5 turns)

show a resonant frequency of 18 GHz, a useful frequency

range of about 14 GHz, and a deviation from model < + 6

percent (Fig. 7). Table H shows the equivalent circuit

elements (Fig. 5) of the spiral inductors.

2) Single-Loop Inductor: Two different structures with

an inner radius of 75 pm and a loop of either 360° or 216°

were examined in a frequency range of about 1 to 18 GHz.

In one case 12 and in the other case seven resonant

frequencies were investigated using resonators of different

lengths. The measurement results together with the theo-

retical curves derived by the new model are illustrated in

Fig. 8. Both structures are useful in the complete frequency

range. The frequency dependence is relatively weak, a rise

of 15 percent for the larger element being visible and

about 7 percent for the smaller inductor. The deviation

between model and experiment is <15 percent.
3) Interdigital Capacitors: The analyzed structures show

a finger length of 100 ~m, a finger width of 10 pm, and a

finger gap of 10 (5) pm, the number of fingers” being

n = 50, 20, 10, and 5. The frequency-dependent capaci-

tances are visible in Figs. 9–11. These illustrations contain

the capacitor values derived by two models together with

the measured curves using the S-parameter and RFS

method. The resonant frequency of the largest capacitor is

about 18 GHz (model of Wolff) and 14 GHz (model of

Esfandiari), respectively. For this structure the deviation

between both models and experiment is < +5 percent

below 8 GHz and about +10 percent up to 12 GHz (Fig.

9). The same deviation, < +5 percent up to 12 GHz, is
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Fig. 6. Measurement setup (a) and equivalent circnit of the resonator
frequency shift method; (b) reference resonator; (c) series resonator
with DU~ (d) shunt resonator with DUT.
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SPIRAL INDUCTOR
d;= 115um W=ZOUm s= 15Um t=5um eDsr= 12.8

“o ,~o
f/GHz

Fig. 7. Frequency behavior of a circular spiral inductor (n= 2.5,3.5).
Comparison between model and experiment. — theory; +/. RFS
measurement; --- S-parameter measurement.

TABLE II
VALUES OF THE EQUIVALENT CIRCUIT ELEMSNTS OF

SPIRAL INDUCTORS

).
n w/urn s/urn r-tam L/nH R/R C1/f F C2/fF C/f F

1.5 20 15 57.5 0.61 0.75 20 30 48

2.5 .20 15 57.5 1.70 1.70 45 62 50

3.5 20 15 57.5 3.40 2.20 70 100 55

4!1 15 15 60.0 4.4E 3.7a 70 115 ?4

SINGLE LOOP INDUCTOR
uI-2Bpm, c i=75pm , Sub : GaRs

.5 L/nH

r

I
o

.25 ~__. --. __-_-_– __ -- o------- --------0
%-216”

o
.2 0

“i—_————
0 2466 10 12 14 16 18 20

f/GHz

Fig. 8. Frequency dependence of a single-loop inductor (pO =
216°, 3600). Comparison between model and experiment. — theory;
-0- ..- RFS measurement, ri = 75 pm, w =20 pm, t (metal)=
5 pm, h (substrate)= 150 ~m.

given for the second element (n= 20, Fig. 10). In this case

a miniaturization down to a gap of only 5 pm is also

considered, and the illustration reveals an increased inac-

~ curacy of the Esfandiari model. Fig. 11 finally shows that

even very small capacitors with only 10 fingers and a value

of 0.08 pF can be modeled with an accuracy of 90 to 95

percent up to about 16 GHz. Only in the case of the

smallest element (n =5, C = 0.04 pF) are all measured

values about 25 percent above the calculated results. It

should be mentioned that the approximation formula of

Joshi [9] shows already at low frequencies a mistake of

30–40 percent depending on the structure size. Table III

shows the equivalent circuit elements (Fig. 5) of the inter-

digital capacitors.
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INTERDIf21TATED CAPACITOR
n==50, wf= 10pm,s= 10pm,lf= 100pm,wha=40pn,t=5prn

Esfandlad Wolff s:PmQ# 1
Th~ru

s-Por,#2
Theory Thm. . . . . . . . . n=50—.. — .

1 2 3 4

, c/PF

I

.2
I

I

oo~z
f/GHz

Fig. 9. Frequency behavior of an interdigitated capacitor (n= 50).
Comparison between model and experiment.

INTERDIGITATED CAPACITOR
.=20, wf= 10pm, If= 100pm ,wf=40pm, t=spm

c/pF
.3

.28

.26

,24

.22

,2

,18

.16

.14

.12

.1 I
0246610 1214161820

f/GHz

Fig. 10. Frequency behavior of an interdigitated capacitor (n= 20,
s = 5 or 10 pm). Comparison between model and experiment. Model of
Esfandiari (2), model of this work (l), s-parameter measurement (3,4),
RFS measurement (O,.).

4) MIA4 Capacitors: Exact measurements with the im-

pedance analyzer at <13 MHz and S-parameter analysis

up to 1 GHz show in good accordance a deviation between

model and experiment of < + 6 percent. The examined

structures had capacitor values between 0.4 and 10 pF.

The frequency dependence up to 12 GHz was measured

with the RFS method, but did not deliver useful results.

Parasitic elements, especially the wire inductance, dominate

the evaluation.

S) Straight-Line Inductor: The experimental verification

was done with three different structures of 40 pm width

and lengths of 1=110 pm (Lthee, = 0.053 nH), 1= 270 ~m

(L,~eO, = 0.16 nH), and 1= 790 pm (L,heO, = 0.6 nH) in a

frequency range of about 2 to 18 GHz. Unfortunately, the

test ceramic of the largest element was only a provisional

structure, which results in incorrect high-frequency perfor-

mance.
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INTERI)IGITATED CAPACITOR
wf=10#Jrn,s-”l OPm, {f= 100,>m,wl=40Pm, t=5Prn

,,, c/PF

o

r 7 5

.07

1

0
0 0

I

01,+
46 8 10 12 14 16 18 20

f/GHz

Fig. 11. Frequency behatior of an interdigitated capacitor (n= 10, 5).
Comparison between model and experiment. Model of Esfandiari (1, 5),
model of this work (2,6), s-parameter measurement (3,4,7, 8), RFS
measurement (O, ●).

TABLE III
VALUES OF THE EQUIVALENT CIRCUIT ELEMENTS OF

INTEROIGITAL CAPACITORS

f.GHz I E I 3 I 6 I 9 I 12 I 15 I IB I
I “ccl Ccl Cclcclc Clccl ccl I

s
,-

.03B .nl B .036 .010 .036 .088 .036 .010 .636 .010 .837 .019 .037 .019

1’”1” I I I I I I 107s .E+?l .n79 .021 .nnn .mal ,090 .E2E .nB1 .n22 .0s2 .n28 .EB9 .a22

a@ ,16s .W7 .168 .027 .1B7 .087 I?a .8.?8. .173 ,0?8 .177 .028 .103 .829

W .4aa ,044 .4.90 .a44 .444 .04s .469 .B46 .s09 .a47 ,s75 .6+0 .603 .048

.?0s .215 .012 .?16 .012 .210 .OI* .2?1 .0!7 .2?5 .019 .230 .622 .237 .824

While the experimental results with the smallest element

did not show the necessary accuracy, the larger inductor

measurement revealed useful values. With the above-men-

tioned restrictions the model results are roughly 20 to 30

percent above the experimental. This is reasonable with

respect to the fact that about half of the mistake is already

a result of the uncertainty of the bond wire inductance.

6) Q Factors: The calculated Q factors based on dc

measured ohmic losses of the analyzed spiral inductors are

illustrated in Fig. 12 versus frequency. In the case of the

smallest structure (n =1.5), we plotted additional values

derived by the evaluation of resonant circuits. The im-

portant information is that the measured Q factors are a

factor of 0.6 k 0.1 below the calculated, which results in

approximately Q =15 at 2 GHz and Q~= = 35 at higher

frequencies. This situation is mainly a result of unwanted

ohmic losses. A similar procedure for the single-loop in-

ductor is also visible in Fig. 12. Again the Q factors are of

the same value, but with improved high-frequency behav-
ior. The results including dominant ohmic losses are con-

firmed by Pengelly [12].

Finally, the frequency-dependent calculated Q factors of

interdigital and MIM capacitors are illustrated in Fig. 13.

From the resonant circuit measurements we derived a Q

factor of about 50 for the interdigitated capacitor with 20

fingers. This corresponds to the theoretical values assum-

ing a loss tangent of 0.01 for the semi-insulating GaAs and

Q – Value of Inductors
w-2Dum ,- Sum h=14@um .PS, -12.9

SP, ra)– I.: ~
.=2.5 .=3.5 .=4.,25

~. 5>5. ~ w=l 5 ri=60

1 2 3 4

45 slngle-

40 .
3 2

35

30 %= !

25
3G0~

20 .

15 .

10 q

5

0/
0246810 ,21416,820

f/GHz

Fig. 12. Single- and spiral loop inductor. Calculated Q factors based on
measured ohmic losses and results of resonant circuit measurements
(o).
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.?.++!.
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&= lQF

MIM
.C.:3PF

MIM
~

lDC
“=50

(DC
n=20——.

(Dc
,,,n=! o,,

lDC
“=s

Fig. 13.

Q–Value of the CAPACITOR’s
lnterdiglt?. –C , tand= .@) ‘M IM– C , tand= .132

. .

I
I

frlc

Hill-c

‘J ~~o
f/GHz

Interdigitated and MIM capacitors. Calculated Q factors and
results of resonant circuit measurements (O,.).

SiN dielectric. The measured results are similar to those

published by Pengelly [12] and are of the same order of

magnitude as those reported by Esfandiari et al. [40]. In

this case not only ohmic but also substrate losses must

play an important role. The measured Q factors of two

MIM capacitors (C= 0.4 pF and C =1.4 pF) as part of a

resonant circuit were about 65+ 15, which is in accordance

with the model assuming a loss tangent of 0.02 for the

dominant dielectric.

IV. CONCLUSIONS AND SUMMARY

Advanced models for lumped-element inductors and

capacitors were derived by the application of state-of-the-

art stripline theory and network analysis. In addition, the

basic inductor elements were simulated by the numerical

solution of the inductance integral. Thus, equivalent cir-

cuits for the lumped elements containing all main values

and parasitic are available (Fig. 5).

A broad experimental verification of all models up to 18

GHz with extensive scaling investigations and improved

test procedures was applied. The basic data for integrable



PETTENPAUL et al.: CAD MODELS OF LUMPED ELEMENTS ON G8AS 303

TABLE IV
RSSULTS OF PASSIVE LUMPED ELEMENTS (f = 1-18 GHz)

Element

Spiral lnductw

Sing] e-LOop Ind.ctar

Straight Line Ind.ctm

Interdigi tal CaPacItm

HIM-’Capacitm

Useful MMIC

values

L-l -5 nH

L .0.2 - 0.5 nH

L. O.05 - 0.2nH

C=O.1 -0.6 PF

C = 0.02 -0.05PF

C= O.5-20PF

Q

2 12 18

GHz

12 30 -

12 30 35

18 40 50

50 50

65 65 ?

Iev. Exp/ CAD

%

passive microwave elements are listed in Table IV, showing

~irst and foremost a restricted range of values against th~

data frequently published, a high model accuracy even for

very small elements, and a useful frequency range beyond

X-band for lumped elements besides multiturn inductors.

For some applications the relatively low Q factors (about

100) of lumped elements in a convenient MMIC layout

may be unacceptable. A further important aspect at the

begin&g of MMIC design is deciding between lumped

and distributed elements in those cases where the value

range overlaps. Such studies, which centralize in our case

mainly to topology questions, are in progress. A compari-

son between circular and rectangular spiral inductors to

study especially bend effects is also under investigation.

Passive MMIC’s-couplers, filters, matching networks—

based on the as-de~ved lumped-element and involved dis-

tributed-element models have been realized’ in the

frequency range 1-18 GHz. The results of IF filters for the

frequency range 0.95-1.75 GHz and broad-band i2 GHz

and 18 GHz Lange coupler verify the high model accuracy

and useful layout. The measured insertion loss was 1.5 dB

for the filter and 0.65 dB (1.5 dB) additional insertion loss

in the coupling path of the 12 GHz (18 GHz) coupler.
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