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Abstract—This paper provides both modeling and design information
on coplanar passive elements on silicon substrate. The influence of
substrate resistivity on coplanar waveguide (CPW) loss is discussed, and
elements of a cell library for coplanar monolithic microwave integrated
circuits (MMIC’s) on high-resistivity substrate are presented. The ele- 3
ments include discontinuities, junctions, and spiral inductors. The models
are based on field—theoretical simulations and verified byS-parameter w . . . : .
measurements up to 110 GHz. 0 10 20 30 40 50
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Index Terms—Branchline coupler, coplanar element library, coplanar

elements, silicon substrate, spiral inductor, T-junction. . . L . . .
P ! Fig. 1. Attenuation of a coplanar transmission line on Si substrate against

frequency. Comparison of simulation data for substrate resistivity values
L p = 30,---,3000 €2 - cm with measured data on low-resistivity CZ wafer
- INTRODUCTION (p = 50 Q- cm) and high-resistivity FZ-grown material, respectively. The

Until a few years ago, gallium—arsenide was the only substref&W ?alfa?%m-widelcglteiﬁpidg%t?h 15m Sl?_t Wi?th, angaltm}thick
H H H H H metallization on a 1.4+m-thic 10> passivation layer. As a reference,
EI?/IVeazlalr?vt\)/LeiIéors::;(t:?)%rztaei(rj]e%ezlg?gfolp;?oeurﬂlﬁgoﬁ?g/?ieflrgql}ieegci d:?;n-hé data of the corresponding GaAs line y(B+thick Au metallization, no
% e A h S passivation layer) is included.

tages of Si-based monolithic microwave integrated circuits (MMIC'’s)
are low wafer costs and compatibility with low-cost and mature
processing technology, but beyond 10 GHz, Si is still not competitivliscussed. The following sections describe modeling of passive copla-
with the GaAs counterpart, which is true for power and low-noisear elements on high-resistivity silicon substrate (Section Ill) and
applications at lower frequencies as well. Mainly two drawbacK$eir application in MMIC circuit design up to 77 GHz (Section V).
adversely affect Si high-frequency performance: the frequency limiddl technological data for active and passive elements refer to the
of the active elements, i.e., the transistors, and the poor insulatidaimler-Benz SiGe technology.
properties of the common Si substrates which lead to excessive
losses of the passive elements. The first-mentioned limits can be

overcome by using SiGe heterojunction bipolar transistors (HBT’s). Il INFLUENCE OF SUBSTRATE RESISTIVITY
The substrate issue can be resolved in two ways: one possibility is tarhe common Si substrate is low-resistivity material wittin the
use high-resistivity Si substrates [3], but this wafer material is momgder of 1---, 1002 - cm. The low resistivity causes considerable

expensive than the standard substrates and not fully compatible witkses in the substrate, which increase line attenuation and deteriorate
common Si processing. An alternative is the use of polyimide lirtke quality factors of spiral inductors. For typical MMIC geometries,
structures on top of the substrate [1], [2]. nonideal conductors contribute to the loss as well. Hence, when

Thus, the choice of substrate and the characteristics of the passiseessing the influence of substrate resistivity, one has to take into
elements are key problems in the future development of Si MMIC’account both loss phenomena. Fig. 1 presents the corresponding data
Recently, a lot of work has been done in this area [4], [5], but mosbmparing simulation results obtained by means of a mode-matching
of the results published refer to single elements such as transmissiwethod [6] with measurements. The cross section is that of a typical
lines or spiral inductors, and do not bridge the gap to a comprehensiM#IC CPW (504:m ground-to-ground spacing) with/Am-thick Al
circuit-element library for frequencies beyond 10 GHz. This is thmetallization and a Si©layer on top of the Si substrate. This is a
motivation for this paper. The objective is to provide guantitativeommon layer structure in Si processes. Additionally, the data for
information on the influence of substrate resistivity and to presetfie same line on GaAs is included. In contrast to the Si case, we
design data for MMIC elements up to millimeter-wave frequencieassume 3:m-thick Au metallization for the GaAs line, the common
The considerations focus on the coplanar case. metallization scheme for GaAs MMIC'’s. Since the substrate losses

This paper is organized as follows. In Section II, the influende GaAs are negligible, this curve serves as a reference for the lower
of substrate resistivity on coplanar waveguide (CPW) performancel@ss limit determined by nonideal metallizations.

] ] ] “The results in Fig. 1 point out the following two aspects.
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Fig. 2. Equivalent circuit for spiral inductors in coplanar environment (us- |
ing high-resistivity Si substrate all resistances vanish except for the series Ul

resistanceR1, = Ry, = 0). fi i 20 3 4l
frequency (GHz)
* For high-resistivity (FZ) Simaterial, substrate loss becomes ) ) o
ig. 3. Quality factor ¢ against frequency for spiral inductors on

small compared to metal losses. In this case, using Si or Galgl h-resistivity Si substrate (for layout see inset, the dimensions are: strip

the deviations can be neglle.cted. Resistivities in the order Qjyi: 8 um, spacing between turns: #m, inner diameter: 94m, spacing
3 k2 - cm are already sufficient, but one has to be aware @ktween outer turn and ground: 36n).

parasitic effects due to surface states in the passivation layer [7],

which is required for HBT reliability and dc device isolation. The

deviations between the GaAs and Si curves at low frequenci@§S€s in the substrate caused either by a passivation-induced surface
in Fig. 1 originate from the different metal thicknesses. conductivity [7] or by a bulk conductivity. Therefore, the extended
circuit applies to the case of low-resistivity Si substrates as well. In

the case of high-resistivity substrates processed properly, substrate
loss becomes insignificant and the model in Fig. 2 reduces to the
After clarifying the basic effects and eliminating passivationcommon circuit with only one resistandg, (f).
related parasitics [7], an element library was developed for theThe quality factorQ) of the spiral inductors for a given frequency
Daimler-Benz SiGe MMIC process [3]. The objective was to hav@as determined from the behavior of a resonance circuit formed by
available a selection of coplanar passive elements that allows fae spiral inductor and an ideal shunt capacitaficeThe C' values
circuit design of SiGe-HBT MMIC's and Si Schottky-diode-basegyere chosen according to the resonance frequency. In Fig. 3, the
monolithic mixers for frequencies up %-band. measurement-extracteéd values of spirals with different numbers of
The spiral inductors are described by a measurement-extracigghs on a high-resistivity wafer are plotted (the curves are limited to
equivalent-circuit model, the CPW transmission lines by means @fe resonance frequency of the respective spiral).
the equivalent-circuit model of [8] which accurately includes loss e obtain@ values in the range 15; -, 20, which are comparable
effects. For the remaining coplanar elements, models were developgthe GaAs case. This demonstrates thas limited by metallization

applying field-oriented simulation. In a first step, the element is fielgpss, and substrate resistivity does not deteriorate spiral performance
theoretically analyzed using the finite-difference method in frequengyyy more.

domain (FDFD) [9]. If necessary, the structure (air—bridge shape, etc.)
was modified to optimize microwave characteristics. Then, in a seg- .
L . L - . CPW T-Junction

ond step, a simplified equivalent-circuit model consisting of lumpe
inductances, capacitances, and CPW line sections was extracted frofig. 4 provides details of the structure and the simplified
the simulation data and verified by measurements. This proced@fdlivalent-circuit model developed. The relatively small values
maintains understanding of the device physics and avoids mo@él the circuit elements indicate that the parasitics due to the
uncertainties due to the inevitable scattering of the measured data. fifebridge sections and the junction area itself are small, even at
resulting element library can be easily implemented in the comméhillimeter-wave frequencies. This is an important advantage of the
network-oriented computer-aided design (CAD) environment. Onfpplanar approach with miniaturized CPW geometries, which greatly
the CPW model [8] has to be included as a special (“‘user-definedijnplifies modeling compared with the corresponding microstrip
item. case. Loss effects due to the Si substrate can be neglected since they

A complete description of the element library would exceed trf€ negligible compared to conductor loss of the homogeneous
scope of this paper. Instead, two examples will be treated in tH@nsmission-line sections. Consequently, an equivalent-circuit
following, the spiral inductor and the CPW T-junction. The spiraiopology identical to the GaAs case is chosen. Special attention has
was included because it represents a key element in microwave &#n@e paid to the passivation layer, which, in our case, is removed in
RF circuit design and its quality factor is an important figure of merthe CPW slots. This geometry reduces effective permittivity and has
when comparing Si and GaAs processes. The T-junction serves ad@ie described in detail, e.g., using electromagnetic (EM) simulation

example to illustrate the properties of the CPW element library. tools. Due to its simple structure, the resulting equivalent-circuit
model lends itself to implementation in the usual CAD software

packages. The model is verified by measurements of a test structure

. ) - (see Fig. 5).
Fig. 2 shows the equivalent-circuit model used, the elements of

which are extracted fror§-parameter measurements. During process )

development, the effects of passivation on spiral inductor perfde- Branchline Coupler

mance were studied. Accordingly, the common spiral equivalentA branchline coupler with a center frequency of 76.5 GHz was
circuit had to be extended by introducing shunt resistatgsand used to check accuracy of the models against measurements. This
Ry, (see Fig. 2). These elements take into account the conducta@upler is part of a 77-GHz mixer [10] with the RF frequency at 76.5

Ill. PASSIVE-ELEMENT MODELING

A. Spiral Inductor
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Fig. 6. Layout of the coplanar branchline coupler for a center frequency of
76.5 GHz. The dimensions of the coupler without the feeding at the four
ports are 450« 450 m?. Ground-to-ground spacing of all CPW's is constant
(50 um), for the 35¢2 sections the center-strip width is 38n, for the 50€2

Fig. 4. Geometry of the CPW T-junction embedded in a test structure aparts it is 20um.

the corresponding model. All three branches aréX50PW lines with 50xm

ground-to-ground spacing (20m center conductor, 1pm slot width) on
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high-p Si substrate with 0.2:m SiN layer beneath the metallizations. The 0 i T ‘ T 150
reference planes are moved /@& outwards from the center, the air-bridge | e measured
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Fig. 5. Comparison of measured and simulated data of the transmissmﬁnomhic?!ly integrated C oscillators at.25- (3] and ,38'GHZ, [13],
coefficient So1 for the T-junction test structure in Fig. 4 for frequencied14], amplifiers at 25 GHz [15], and Si Schottky diode mixers at

between 75-110 GHz. 77 GHz [10]. For fabrication, the Daimler-Benz SiGe process was
used. The nominal values for all circuits were met with exceptional

GHz and LO frequency at 75.5 GHz. As explained in Section llI-Baccuracy. For example, 60% of the measured 38.25-GHz oscillators

T-junction models for different characteristic impedances at the pogBow a relative deviation from the nominal frequency below 0.1%.

were developed. Simulation of the branchline structure in Fig. 6, fdhis proves usefulness and accuracy of our models.

instance, requires two different models for a 50-305mnction.

Since with the common two-po& parameter measurement equip- V. CONCLUSIONS
ment it is not possible to terminate unmeasured ports by a frequencys=

ind dent matched load. tw ts of th | left The microwave performance of Si-based monolithic circuits is
independent malched 'oad, two ports of the coupler are 'eft as Oq)ez%ically limited by losses due to substrate resistivity. This restriction
stubs, as depicted in Fig. 6. In this way, one circumvents the probl

f matching th d " h be circumvented only when polyimide or benzocyclobuthene
of maiching the unmeasured ports. BCB) thin-film approaches [1], [2] are applied. However, because the
Fig. 7 shows transmission magnitude and phase between the p

Wic-typical miniaturized li tri hibit high duct
denoted as “in” and “out” (see Fig. 6). Botl¥>1| and £52>1 show ypical miniafurized fine geometries exnibit high conductor
M

o oo loss, substrate loss effects has to be considered in comparison to
good agreement up to 110 GHz. The remaining deviations can P

S
. oo AN BRtallization loss, and their influence differs with the characteristic
attrlb.u.ted to callbratl.on errors and. process tolerances. A particu ensions of the line one is referring to. Given a typical MMIC CPW
sensitive parameter in this r_egard is the actual depth of the etching, 50-um ground-to-ground spacing, the following conclusions can
process that removes the SiN between the CPW conductors. be drawn.
» Low-resistivity Si substrates of 5Q - cm double the attenuation
compared to the GaAs case, which is limited by metallization
Using the passive models of Section Il in conjunction with a  loss. For resistivity values of 100-cm, the difference decreases
newly developed Si/SiGe/Si-HBT model [11], [12], we designed already to 50%. Depending on circuit specifications, therefore,

IV. CIRCUIT APPLICATION
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low-resistivity substrates witlh ~ 50 €2 - cm and higher may [12] C. Rheinfelder, F. Beisswanger, and W. Heinrich, “Nonlinear modeling

be used in the microwave and low millimeter-wave frequency ©f SiGe HBT's up to 50 GHz,” inEEE Trans. Microwave Symp. Dig.
range vol. 2, Denver, CO, June 8-13, 1997, pp. 877-880.

. L . . [13] Rheinfelder, F. Beisswanger, J. Gerdes, F. Satkte, K. Strohm, J.-F.
High-resistivity (FZ) material is more expensive than the low- Luy, and W. Heinrich, “A coplanar 38 GHz SiGe-MMIC oscillator,”

counterpart and it requires modifications of the standard Si |EEE Microwave Guided Wave Lettol. 6, pp. 398—400, Nov. 1996.
process steps. On the other hand, one yields a substrate matétil F. Beisswanger, U. @tich, and C. Rheinfelder, “Microstrip and copla-
with low-loss high-frequency features comparable to GaAs. Our ~ nar SiGe-MMIC oscillators,” irProc. 26th European Microwave Conf.
res_ults demopstrate that high-resistivity silicon _is a substr 1 \é?létzrbﬁrﬁgfl’:.CLZue;thgpdl%?grc" S efcg'rkl:g:.’ Ei%bseisasgzh'emfelder,
suitable for microwave and millimeter-wave applications up t0 ° R. Doerner, J. Gerdes, F. Sctickle, and W. Heinrich, “Coplanak a-
W-band. A coplanar element library was developed based on band SiGe-MMIC amplifier,’Electron. Lett, vol. 31, pp. 1353-1354,
field-oriented simulation. After implementation in commercial ~ Aug. 1995.

CAD software, the library was successfully employed with

MMIC design. In conjunction with SiGe HBT's, a technology

exists which meets the requirements for low-cost microwave and

millimeter-wave mass products.
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