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Variability-aware MMIC design through multiphysics modelling

S. Donati Guerrieri, C. Ramella, E. Catoggio, F. Bonani
Dipartimento di Elettronica e Telecomunicazioni, Politecnico di Torino
Corso Duca degli Abruzzi, 24, 1-10129 Torino, ITALY

Abstract—We present a novel multiphysics approach to the
variability-aware modelling of MMIC stages, including tech-
nological variations in both the active devices and in the
passive structures used to implement the matching networks.
The models are based on accurate physical simulations via the
TCAD numerical analysis of the active device, and electro-
magnetic simulations of the passives. Black-box models are
then extracted and implemented into circuit simulators, using
parameter-dependent X-parameters and scattering matrix. In
both cases, the link with the underlying technology is always
retained. After model validation, we present the statistical
analysis of an X-band GaAs power amplifier. We show that
the stage is highly affected by process induced variability, with
spreads up to 3 dB of output power, 1.5 dB of operative gain,
and more than 10 percentage points of drain efficiency.

Index Terms—Multiphysics, Process Induced Variations;
TCAD nonlinear Variability; physics-based co-simulation; EM
simulations, Black-box models, MMIC circuits.

I. INTRODUCTION

As the distinctive features of active device progress in
terms of both electrical parameters (operating frequency,
bandwidth, power handling capability etc.) and technology
(semiconductor, gate length etc.) for microwave and mm-wave
analog applications in advanced (and future) communication
standards, a new challenge is found for the designer to cope
with: the issue of Process Induced Variability (PIV) [1]-[5].
Furthermore, passive MMIC component PIV also plays a
major role in determining the circuit robustness and yield
[6]. As a consequence, efficient PIV-aware models for both
the active device and the passive components are required
to ascertain and, possibly, minimize variability effects on the
design. The key requirement for a design-enabling model is its
numerical efficiency, thus restricting the possible choices to
compact models, either black-box or equivalent circuit-based,
in conjunction with the capability to retain a link to technol-
ogy, in order to allow for the description of perturbations vs.
nominal parameter values.

In this contribution, we present an innovative variability-
aware active and passive device modeling strategy, based on a
multiphysics description of the electrical features as a function
of technological parameters based on physics-based simula-
tions: technology CAD (TCAD) for semiconductor devices,
and an electro-magnetic (EM) description for passives. This
modeling strategy is briefly introduced in Section II, and
applied to the PIV analysis of a 12 GHz class-AB power
amplifier (PA) in MMIC GaAs technology in Section III.
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Fig. 1. Schematic representation of the multiphysics MMIC variability
modeling approach exploiting TCAD and EM physical analysis. a and b are
vectors of incident and reflected waves at the interconnecting ports between
the active and passive MMIC blocks. da and db denote wave variations due
to PIV.

II. MULTIPHYSICS MODELLING APPROACH

The multiphysics modeling approach we propose is based
on the partition of the MMIC circuit into two interconnected
sections, as shown in the left part of Fig. 1 [7]. The left
block of the partition contains all the active devices, whereas
the right block focuses on the embedding circuit. The two
blocks are separately described by physics-based simulations:
TCAD for semiconductor devices, and EM for the distributed,
or mixed lumped-distributed, passives. The right part of Fig. 1
shows, besides the electrical connection between the two
blocks, also an explicit referral to the wave perturbations da
and db due to technological variations. The nominal device
operation is described by the a and b waves, calculated
with the nominal value of the technological parameters. Wave
perturbations are evaluated by the physical simulators as a
function of a set of relevant technological parameters; here we
select the doping concentration of the active device channel,
and the thickness of the SiN layer used for MIM capacitors.

Let us consider first the TCAD description of the active
devices. For the sake of simplicity, we focus the attention on
the case of a single transistor, however the extension to several
active devices is obvious. The physical charge transport model
is solved assuming large-signal, in general multi-tone, exci-
tation, and proper loads at the device terminals, thus calling
for unconventional TCAD solvers that can hardly be found in
commercial device simulators. We consider here the case of
a frequency-domain solution of the drift-diffusion transport
model making use of the Harmonic Balance technique [8], as
this is well suited for the inclusion of PIV due to the availabil-
ity of efficient numerical techniques for variability analysis
[9]-[11]. In order to account for technological variability,
TCAD simulations are also parameterized by a proper set
of technological parameters, such as the doping level. TCAD



simulations are then used to extract a black-box large-signal
model of the active device, in our case the X Parameters [12]
(X-Pars), as a function of the technological parameters and
for a class AB bias condition selected for the development of
a high efficiency PA amplifier (see next Sec. III). X-Pars are
then implemented into a circuit design tool, Keysight ADS in
our case, by means of a look-up-table approach. An example
of validation for this approach is shown in Fig. 2, where
the dynamic load lines (DLLs) of the exploited GaAs FET
[13] are reported. Notice that the dynamic transcharacteristics
make evident the model accuracy in reproducing both the
input and output port time-varying variables.
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Fig. 2. DLLs in the (Ip, Vgs) plane for the active device with varying
doping concentration (red: nominal +5%, black: nominal —5% ). The device
is biased in class AB (10% Ipgs). A tuner is used to synthesize the nominal
optimum power load at the drain port, while the source is unmatched and
terminated with 50 Q. Top: Pay = 12.5 dBm; bottom: P,y = 18 dBm.
Lines: X-pars. Symbols: TCAD simulations.

Turning to the case of passive elements, EM simulations of
the linear distributed structures are carried out normally in the
frequency domain, finally yielding the scattering parameter
matrix parameterized by the relevant technological parame-
ters, such as the thickness of the insulator SiN layer used in
MIM capacitors. The result of these simulations is a look-
up-table model of the frequency- and parameter-dependent
two-port scattering matrix, included into ADS via a citifile
implementing the MDIF standard.

As an example, Fig. 3 shows the Input Matching Network
(IMN) designed to synthesize the FET optimum generator
impedance, when the FET output port is loaded with the
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Fig. 3. Variation of the load seen by the device gate at the fundamental
frequency 12 GHz and its first 5 harmonics, due to SiN thickness variations
in the MIM capacitors. The IMN layout is shown in the inset. Circles refer
to the validation test points of 92 nm, 97 nm, 103 nm and 108 nm. Colored
dots represent the ADS output of the MonteCarlo analysis.

w
o

NN
o o

Pout, dBm
@2 8.8 8

o

-10 -6 -2 2 6 10 14 18
Pav, dBm

120
100- L
80— :

60—

counts

40—

20

\ri'l'r\\]\\||‘1\'\'| Ty

23 24 25 26 27
Pout, dBm
Fig. 4. Top: Distribution of the PA output power. Bottom: Pyt histograms

at 4 dB OBO (left, Pyy = 12.5 dBm) and saturation (right, Py = 18 dBm).
Red lines denote the nominal values.



optimum power load. The scattering parameters at the fun-
damental (12 GHz) and up to the fifth harmonic are extracted
from EM analysis carried out with ADS Momentum and
collected into a look-up table as a function of the MIM
thickness. The model is extracted with 7 different thicknesses
corresponding to the nominal (100 nm) value £2 nm,+4 nm,
+6 nm. This spread corresponds to the expected variations
provided by the GaAs foundry design kit used in this work.
The model is validated against EM simulations for different
thickness values, also extending beyond the extraction range,
namely 92 nm, 97 nm, 103 nm and 108 nm. The obtained
results are shown in Fig. 3. The model allows for fast
MonteCarlo analysis within ADS: as an example, Fig. 3
also reports the obtained statistical spread with a MonteCarlo
analysis with 1000 gaussian distributed thickness values (2.5
nm variance). Similar accuracy is obtained for the design of
the output matching network (OMN).

Once the black-box models are implemented within the
design CAD tool, the port wave conservation equations allow
for the identification of the self-consistent working point
for the entire structure, including of course the effect of
parametric variations.

III. MULTIPHYSICS PA VARIABILITY ANALYSIS

We have applied the multiphysics modelling approach to
the design of a 12 GHz, tuned load, class AB PA implemented
in MMIC GaAs technology. The 1 mm active device allows
to achieve a nominal output power of 26.5 dBm with 12
dB linear gain and 55% maximum efficiency. In this section
we report the outcome of the statistical analysis of the
full PA stage (IMN, device, OMN), considering concurrent
(uncorrelated) variations of the active device doping and MIM
insulator thickness. The MonteCarlo analysis is performed
in ADS with 250 independent samples in the 2D parameter
space. Both parameters vary according to a gaussian distribu-
tion with 2% relative variance.

Figs. 4-6 show the output power, operative gain and drain
efficiency distributions as a function of the available input
power, along with the corresponding histograms at two se-
lected input powers, namely at 4 dB OBO (P,, = 12.5 dBm)
and at saturation (P,, = 18 dBm).

The output power distribution is significantly affected by
the input drive. In back-off, the distribution is more symmetric
and the spread is wider (more than 3 dB). On the other hand,
in compression the power distribution is skewed towards
lower values, and the spread is also reduced. The residual
spread is essentially related to the knee voltage dispersion
due to the impact of doping on the channel conductance.

The operative gain shows the typical trend for a deep class
AB stage, with soft and hard compression regimes corre-
sponding to the noticeable slope variations. The operative gain
spread results from both the output power variations and from
the input mismatch. The distribution is rather symmetric for
all the observed input powers, and the spread is maximum in
back-off and remains almost constant between soft and hard
compression, around 1.5 dB.
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Fig. 5. Top: Distribution of the PA operative gain. Bottom: G histograms
at 4 dB OBO (left, Pyy = 12.5 dBm) and saturation (right, Py = 18 dBm).
Red lines denote the nominal values.

Finally, the drain efficiency presents an increasing spread
with growing input power. The overall variation is extremely
significant, since it ranges from 25% to 37% in the 4 dB OBO
case, and from 45% to 57% in saturation. To understand the
efficiency behavior, we also show the DC power consumption
in Fig. 7. Here the spread only slightly depends on the input
drive, but it is quite large (around +20%), thus contributing
to the overall efficiency variations.

IV. CONCLUSION

A novel approach to the multiphysics modelling for PIV-
aware analysis of MMIC stages has been presented and
demonstrated in the design of a 12 GHz, tuned load, class
AB PA implemented in MMIC GaAs technology. The models
are based on accurate physical simulations and exploit black-
box formulations allowing for an efficient implementation in
circuit simulators (e.g. Keysight ADS). The model validation
has been reported, along with the statistical analysis of the
PA stage, which is found to be significantly affected by PIV,
already when only two technological parameters (one in the
active device, and one in the passive structure) are taken
into account. The extension to multiple parameter variations
can be readily addressed by our modelling approach, albeit
requiring complex multidimensional interpolations over look-
up tables.
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Fig. 6. Top: Distribution of the PA drain efficiency. Bottom: drain efficiency
histograms at 4 dB OBO (left, P,y = 12.5 dBm) and saturation (right,
P,y = 18 dBm). Red lines denote the nominal values.
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Fig. 7. Top: Distribution of the PA DC power consumption. Bottom: Ppc
histograms at 4 dB OBO (left, P,y = 12.5 dBm) and saturation (right,
P,y = 18 dBm). Red lines denote the nominal values.
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