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Abstract —The benefit of the speetral-domain hybrid mode approach in

the design of mnftidielectric-media transmission lines is deseribed. Using

GaAs ring resonator tecbniqnes covering 2 to 24 GHz, accuracies in

effective dielectric constant and loss of 1 percent and 15 percent respec-

tively, are presented. By combining theoretical and experimental tech-

niques, a generafiied MMIC microstrip design data base is outlined.

I. INTRODUCTION

M ODERN SYSTEM designs are demanding perfor-

mance, size, yield, and cost specifications, which

point to the use of GaAs MMIC technology. To meet these

complex demands the IC manufacturer must now use

improved computer-aided design (CAD) tools based on

more accurate MMIC component models. This paper de-

scribes the use of new CAD tools together with high-accu-

racy microwave measurements to realize improved design

data for GaAs MMIC’S. In particular, this paper details a

combined theoretical and experimental approach to the

generation of an accurate design data base for transmis-

sion lines on GaAs MMIC’S. The theoretical approach is

based on an improved transmission line theory which is

part of the spectral-domain hybrid mode computer pro-

gram MCLINE [3], [4]. The program is capable of accu-

rately predicting the effective dielectric constant for single

and multiple dielectric layers in the presence of lid shield-

ing. Furthermore, it is a generalized multiconductor strip

analysis program and can be applied to other MMIC

components such as couplers, interdigital capacitors, and

spiral inductors. A detailed description is given in [4]. An

extension of this work is now reported and theoretical

emphasis has been placed on the treatment of loss mecha-

nisms.

Accurate prediction of transmission line loss in MMIC’S

is complicated by the multilayered dielectric construction

and complex metallization schemes used in typical GaAs

IC technology. The dielectric layers used in addition to the

semi-insulating GaAs substrate may exhibit comparatively

high dielectric loss factors. Consequently, these thin multi-
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layer dielectrics can have a strong influence on the field

distribution of narrow lines and coupled line structures [1].

Also, conductors are often composed of different metals

while the ground metallization may again be different

from the top face metals. Frequently the ground metalliza-

tion may consist of a very thin layer deposited on the base

of a substrate having a relatively high surface roughness.

In this complex situation and particularly for frequencies

below or in X-band, the convent; onal microwave perturba-

tion approach for the determination of conductor loss [2]

fails since skin depth is not small when compared to the

metallization thickness. Therefore, a new, more sophisti-

cated perturbation method has been developed and used.

The program has been designed to include loss mecha-

nisms in all dielectric layers and to include conductor and

surface roughness loss contributions. The ability to handle

such multidielectric sandwich structures makes it one of

the most suitable CAD tools for GaAs IC lines.

II. THEORETICAL, APPROACH

The new treatment of loss presented below is new, as far

as conductor loss is concerned, in that a modified micro-

wave perturbation approach is used. It makes use of the

ideal electromagnetic field, evaluated by means of the

MCLINE computer program [3] for the lossless case. From

the ideal electric field distribution and the dielectric loss

factors of the layers involved, th2 absorbed power per unit

length is determined in the ccmventional way (see, for

example, [2]). The validity and high quality of this com-

mon approximate type of dielectric loss analysis have been

demonstrated by Mirshekar-Syakhal in a comparative study

[5]. The situation is completely different if conductor loss

is considered. When conductor loss is required, direct

application of the conventional perturbation approach is

not possible since the magnetic field singularities at the

microstrip edges [6], [7] have to be taken into account

using the assumption that skin depth a is much smaller

than metallization thickness t. 1n the modified perturba-

tion approach, the electromagnetic field computation is

firstly performed assuming zero strip thickness, ideal con-

ductors, and ideal ground and cover metallizations; i.e., as

in the classic treatment. This is done purely for reasons of

numerical efficiency. The tangential magnetic field result-

ing from the ideal, lossless case with zero strip thickness is

then processed in the following way:
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1) The singularity complication is resolved applying the

assumption that the modification from zero to finite strip

thickness essentially changes only the singular field near

the conductor edges. This applies to a good approximation

if the strip width w is larger than about 5 times the strip

thickness t. Accordingly, the transition from t = O to non-

zero values of t implies a modification of only the asymp-

totic behavior of the spectral-domain magnetic field quan-

tities in the planes below and on top of the conductor

metallization. For both fields this is achieved simply by the

introduction of suitable spectral damping factors in con-

junction with a spectral threshold beyond which these

become effective and make the modified field square-inte-

grable [6]. The criteria defining this modification have

been found to yield stable results which are insensitive to

the chosen threshold values.

2) The complication associated with the thickness-to-

skin-depth ratio t/a is resolved using the modified tangen-

tial magnetic field as a boundary condition in a lossy wave

problem for each of the metallizations considered, ground

and cover. In the case of the strip conductors, this means

that the modified ideal magnetic field at the conductor top

face is used as an impressed boundary condition for a

fictitious strip metallization of thickness t with its top face

located at z = t. An analogous boundary condition is

formed for the conductor bottom face at z = O and for the

ground and cover metallizations. Bearing in mind that in

these regions on the substrate surface which are not covered

by metal strips, the magnetic field is either vertical (near

the strips) or much smaller than the components tangential

to the strips, then an approximate analytical solution can

be derived. This derivation is similar to the case of a plane

metallic sheet of thickness t and the resultant strip current

density therefore has the form

Y(x, z’) = .l(x, O)sinh(t’– z’)sinh(t’)

+ J(x, t’). sinh(z’)/sinh(t’) (1)

with z’= (1 + j’)z/a, and t’= (1 + j)t/a, respectively.
In this relationship x is the coordinate transverse to the

MMIC transmission line considered, and j is the imagin-

ary unit, while a is the skin depth, already mentioned. The

analysis for the ground and cover metallizations leads to

similar analytical expressions. The x dependency of the

current density contributions in (1) is derived from the

numerically computed magnetic field by applying the in-

tegral relationship between strip current and magnetic

field in the spectral domain. Though this is only an ap-

proximation, the results obtained have been found to agree

well with measurements. A further improvement of this

description has now been implemented into the next gener-

ation of MMIC transmission line computer analysis

programs [8]. While (1) describes a homogeneous, single-

material metallization, it can also be extended to com-

posite, layered metallic structures. In any case, the power

absorbed per unit length by the nonideal metallization is

P,=l/2/JP(z)/J( x,z)12dxdz (2)
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Fig. 1. Theoretical predictions of conductor loss of MMIC sandwich

microstnp versus (a) strip thickness [CJ and (b) ground metrdlization
thickness tgr.

where the integration is over the total metallization cross

section of finite thickness t and p(z) denotes the piece-

wise-constant resistivity. Surface roughness is taken into

account using a well-known correction formula. The de-

scription given includes interaction of the tangential mag-

netic fields on both sides of a conductor if the thickness t

is not large compared to the skin depth a. This interaction

results in the interference effect already predicted by

Horton [9] and a l/t loss behavior for small thickness,
which cannot be described by the classic perturbation

approach. The loss analysis procedure briefly outlined

above, however, does allow the consistent description of

effects associated with finite strip thickness even though

the analysis starts originally from zero-thickness magnetic

field data.

This can be seen clearly in Fig. 1 for a sandwich

microstrip structure (polyimide on top of a GaAs sub-

strate) of about 50 0 characteristic impedance. In this
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Fig, 2. GaAs MMIC ring resonator on measurement carrier.

case, the usual perturbation approach is correct only if the

respective thicknesses are larger than about 4 pm (16

GHz) and 12 pm (2 GHz). It has to be expected that the

improved theory described here predicts a l/t law for very

small thicknesses independent of frequency and down to

dc. The behavior is less pronounced in Fig. l(b) since the

loss contribution of the ground plane is relatively small for

the structure considered.

III. EXPERIMENTAL VERIFICATION

Having developed an advanced transmission line de-

scription capable of dealing with the geometries and struc-

tures found on GaAs MMIC’S, it is then clearly necessary

to verify the theory’s accuracy for practical MMIC cir-

cuits. Of necessity this verification demanded a measure-

ment procedure capable of much greater accuracy than the

more usual substitution approach. For this reason, a ring

resonator experimental technique was chosen as a proven

method of obtaining accurate data on transmission line

loss and effective dielectric constant [10]. A set of ring

resonators were therefore produced based upon established

design techniques. The resonators were realised with char-

acteristic impedances in the range 20 Q to 100 Q and Fig.

2 shows a photograph of one of the GaAs IC ring reso-

nator chips.

RF coupling to the ring was designed by introducing a
“ trident” gap capacitor at either side of a diameter. It was

found that the gap capacitors could not be designed using

established theories [11], [12] or software [13]. This was

partly due to the fact that dielectrics were small relative to

metal thicknesses and also due to the presence of multiple

dielectric layers. Therefore a number of accurate measure-

ments were made on various gap capacitors and modeled

for the multiple-dielectric cases considered. The value of

capacitor chosen had a typical value in the region of 0.028

pF. This provided adequate coupling to the resonators

over the frequency range considered.
These resonators (10.03 mm outer diameter) were fabri-

cated on 200 pm thick, 50.8 mm diameter semi-insulating

GaAs wafers. A variety of multilayer dielectrics were used

ranging from GaAs only to complex structures of GaAs,

I I I I
—

Coupllng

A

Coupling
network network

Ring resonator

Fig. 3. Equivalent circuit model of ring resonator.

Si ~N4, polyimide, and Si ~N4. The processing of the ring

resonators was carried out in our GaAs IC front-end

production facility using standard, fixed fabrication proce-

dures.

This large range of test ring structures were char-

acterized using the latest network analyser techniques

(HP851OT) from 2 to 24 GHz. The measured S parameters

around each resonance frequency were optimized to the

equivalent circuit model of Fig. 3 using commercially

available CAD software. This method took account of the

loading effects of the coupling capacitors, effective dielec-

tric constant, loss and ring characteristic impedances with

frequency. Estimations of the experimental errors involved

showed effective dielectric constant measurement uncer-

tainties of better than 1 percent. This high accuracy is due

to the excellent frequency resohtion of the synthesized

output from the HP851OT since the determination of 6,ff

relies only on resonant frequency measurements.

Using the above approach it was possible to identify the

optimum low-loss IC technology and to determine the

values of crucial material constants. To illustrate this, Fig.

4 shows the close agreement between the computed

(MCLINES) and measured loss behavior of various ring

resonators mounted on a GaAs substrate only. This par-

ticular MMIC transmission line structure (Tl) had a thick

composite metal top track designed for low-loss, high

current handling applications. The close correlation be-

tween the measured and predicted results shown in Fig. 4

(15 percent average 2-20 GHz) was achieved using mea-

sured metal and dielectric thicknesses, metal resistivities,

and surface roughness together with a GaAs loss tangent

of 0.0003 as the MCLINES input data.

Fig. 5 presents a similar correlation for the case of

various rings mounted on a GaAs/Si ~N4 /polyimide/

Si ~Nd dielectric sandwich structure (T3). Losses in these

structures are slightly higher due to reduced track thick-

nesses and the underlying polyimide layer. In this case the

loss tangent for the thin polyimide layer was determined as

0.055 +0.005, a value which agrees with subsequent large

area MMIC polyimide capacitor measurements (tan 8 =

0.047). Similar results have been obtained for 26 Q and 94

Q resonator structures as well as for other GaAs/polyim-

ide sandwich structures (T2). In addition, the measured

and predicted effective dielectric constants have been

within 1 to 2 percent for both GaAs and multidielectric
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Fig. 4. (a) Predicted and measured loss versus frequency for line on

GaAs only. (b) Predicted and measured effective dielectric constant
versus frequency for line on GaAs only,

topologies. A comparison of crucial material constants

with both the experimental and the theoretical results was

also carried out. As an example Fig. 6 shows the measured

and theoretical effective dielectric constants (t ,ff ) of the

T1 structure over the 2–20 GHz frequency range. Here it

can be seen that the indicated dielectric constant (t,) of

GaAs lies in the range 12.88 ~ 0.025. Similarly, the results

from the more complex multidielectric structures estab-

lished the dielectric constant of polyimide as being in the

range 3.4 + 0.2. The effects on line loss characteristics of

both surface roughness and line metal resistivities were

also calculated from comparisons of measured and theoret-

ical results. Fig. 7 presents the line loss sensitivity to

variations in metal resistivity for the case of a 26 Q

impedance ring resonator (T3).

It is useful to compare these results with established

theories. For the single-dielectric microstrip on GaAs, Chu

[14] has shown excellent agreement in effective dielectric
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Fig, 5. (a) Predicted and measured loss versus frequency of MMIC

microstnp lines. (b) Predicted and measured effective dielectric con-

stant versus frequency of MMIC mlcrostnp line.

constants using the model derived by Getsinger [15]. This

has also been confirmed in this work. However, in the case

of a multiple-dielectric micmstrip it is a more complex

situation. In Fig. 8 it is shown that the Getsinger model

can still be used by essentially converting the multiple-

dielectric case into an equivalent single-dielectric case.

There exists a specific value of the equivalent single dielec-

tric (e,~,,) such that excellent agreement exists between the

model and practice. (In this case (,.~t =11.4 for a 53 Q?

line.) The value of C,n., will vary with the impedance value

selected and can be fitted to a simple expression; it can

then be used to modify the Getsinger model for the

multidielectric case. This exercise is useful when fits are

required with commercial or existing software which only

handle single-dielectric tnicrostrip cases. However, it must

be borne in mind that the value for ~,.,, can only be

determined with reference to a theory or measurement

technique which can accurately model the multidielectric

case. Another example where fits with commercial soft-

ware can be required is in the case of loss variation with

frequency. Here the approach described in this paper can
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be used to calculate and then fit line losses for such

programs as Super CompactTM [13] or Touchstone. ln

these cases the losses are defined as having a (freq.)112

dependence related to a loss value set at the lower band

edge.

IV. MMIC MICROSTRIP DESIGN DATA BASE

The above detailed measurement and modeling work on

Several batches of ring resonators clearly established the

accuracy and applicability of the improved analysis
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package. This CAD package, combined with further ex-

perimental work, was then used to develop a comprehen-

sive design data base for the realization of high-accuracy,

low-loss microstrip lines on GaAs MMIC’S. Examples of

the depth of information produced are presented in Figs. 9

and 10, which show the losses and effective dielectric

constants exhibited by transmission lines realized cm a

commercially available GaAs IC foundry process.

The advantage of the combined practical and theoretical

approach described is that a high degree of accuracy can

be achieved over a wide range of microstrip line imped-

ances and structures without the need for microwave

measurements on a large number of lines. Instead, only a

limited number of ring resonators have to be characterized

in order to fix the required material constant values for the

input file of the program MCLINES. At this stage

MCLINES analysis runs can be used to “fill in” the data

base for all the line impedances and structures required.

Further, known foundry process variables can be pro-

grammed in order to establish the sensitivity of line loss
and dielectric constants to process and mask manufactur-

ing deviations. In this way the MMIC designer can now

account for changes in metal resistivities, surface rough-

ness, and physical dimensions, as well as dielectric con-

stants and loss tangents. It is strongly suggested that this
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depth of theoretical and practical characterization data is

required for the accurate design and control of all MMIC

circuit components.

V. CONCLUSIONS

Using extensive experimental assessments, a powerful

hybrid mode CAD package has been validated for multidi-

electric microstrip in MMIC’S to 24 GHz. RF loss and

phase velocities have been related closely to physical and

material parameters, resulting in a generalized MMIC mi-

crostrip design data base. As such this represents a signifi-

cant contribution to CAD for MMIC’S.
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