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ABSTRACT

This paper examines certain aspects of the base resistance
model of Hicum-2.1 (High Current Model) to address
convergence problems seen during two-tone distortion
simulations of SiGe HBTs. We propose some changes to
the Rbi model implementation so as to limit the
conductivity modulation factor from assuming unphysical
values and implement them into the ADS simulator. This
eliminated the convergence problems and resulted in an
improvement in the simulation time. Simulations are
performed through the RF Design Environment (RFDE)
and excellent agreement between the inter-modulation
distortion measurements and the model is observed. Model
extraction methodology and correlation with measurement
results for DC, fr and distortion for a 200 GHz SiGe HBT
process are discussed.
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[.INTRODUCTION

Power Amplifiers based on SiGe HBTs are becoming
increasingly common for several microwave and millimeter
wave applications [1,2]. Since the device is operated under
extreme bias conditions in such applications, it is very
important that the compact model accurately describes all
of the high-current and high voltage effects such as base
push-out, quasi-saturation, self-heating and avalanche
breakdown. It is especially important that all of the I-V and
C-V non-linearities are correctly captured by the model
parameter set. The dominant non-linearities are (i) the Ice-
Vbe and Ibe-Vbe non-linearity, (ii) the avalanche
multiplication current Icb which is a non-linear function of
Vbe abd Vcb, (iii) the depletion and diffusion capacitances
of the B-E and B-C junctions, Cbe and Cbc, are strong non-
linear functions of the respective junction voltages [3].

Large-signal modeling involving power sweeps at RF
frequencies provides a good test, not only for the accuracy
of the model formulation and physicality of the model
parameter set, but also for the stability and accuracy of the
simulator engine itself.

Hicum describes all of these effects in a physics-based
way and it is available in all the major circuit simulators
[4]. In this paper we examine the utility of the Hicum for
such large-signal applications for Silicon-Germanium
HBTs with a peak cut-off frequency of ~200GHz.

I1.MODEL EXTRACTION

A Scalable Hicum-2.1 model for a 200GHz non-self
aligned SiGe HBTs is extracted using various test structures
and detailed model parameter extraction procedures. The
transfer current parameters are extracted primarily from the
forward and reverse Gummels, the junction capacitances
are extracted from S-parameter measurements and the
transit time parameters are obtained from the fr-Ic curves.
Dedicated test structures are employed for extracting base
and extrinsic collector resistance parameters while the
emitter and thermal resistance are obtained from the
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Fig.1 Output Curves for a 0.12 um x 18 um device 1b=7.2,
18, 36, 54, 72uA. ® Measurement, —Model

modeling transistors. The details of the model extraction are
described in [5]. The scalable and statistical parameter set
is implemented in Spectre and ADS (from Cadence® and
Agilent® respectively) simulators. The model is verified
against DC and S-parameter measurements (up to 110GHz)
and excellent agreement is achieved. Fig 1 shows measured
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and modeled output curves for a 0.12 pm x 18 pm device. It
can be seen that the model describes the saturation, quasi-
saturation, active and breakdown regions of the curves very
well.

The self-heating behavior of the model is verified in Fig
2 where the slope of the Vbe-Vce curves represents the
thermal resistance of the device.

Fig.2 Vbe-Vce behavior for a 0.12um x 18um device
1b=7.2, 18, 36, 54, 72uA. ® Measurement, —Model

The cut-off frequency (fr) of the HBT is calculated from
S-parameter measurements and is actually extrapolated at
20GHz after ensuring a -6dB/octave roll-off of [H21[* over
frequency. The dependence of fr with collector current is
shown in Fig 3. Excellent agreement can be seen between
the measurements and model simulation up to high-
currents, beyond peak-fr, where the base push-out effect
plays a dominant role.

This gives us confidence in the basic functioning of the
model parameter set in various regions critical to distortion
simulations and helps us focus on the simulator or model
formulation issues that may arise for these complicated
simulations.

1. BASE RESISTANCE FORMULATION

We attempted to simulate linearity and inter-modulation
distortion are simulated using Harmonic Balance (HB)
method in ADS 2004A. These simulations failed to
converge even for moderate power levels. We trace this to
the base resistance model formulation of HICUM. This is
briefly described below.

The conductivity modulation in Hicum is described by the
expression
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Fig.2 Cut-off frequency vs Collector current for a 0.12um x
18um device at Veb=0.5V. ® Measurement, —Model. The
open circle (O) indicates the bias point for the distortion
measurements.
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Here ¢, is approximately the zero-bias hole charge in the
base and Ag, is the bias dependent portion of the stored
hole charge. Agj; and Ag;; are the depletion charge
increments in the B-E and B-C junctions respectively. g, is
the minority charge stored in the transistor in forward bias
mode. It is possible, because of a non-physical parameter

set or in the course of Newton iteration, to see Ag » <—q,

leading to division by zero or non-physical negative
resistance. We address this problem in the ADS

implementation of Hicum-2.1 by limiting Ag ,below a
threshold near — g, . We let

Ag, =4+ 4, +qp, when Aq, > qop,

Aq, = qojim> When Aq, < gy,

0< F<l.

A value of F=0.75 is found to provide a good trade-off
between convergence and compatibility with the reference
implementation. Hyperbolic smoothing is applied to the
limiting function to eliminate derivative discontinuities at

where Qotim = —F *q09
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where & controls the trade-off between smoothness and
accuracy. A good choice for § isd =1le—3%g,, where

q(') is the parameter describing the temperature-independent

part of g, . Derivative expressions are altered as follows:

qup ~ qup qupo
dVbei dqu . dVbei

, similarly, with Vi and V.

_ qup aq1im + quP qupO

dAq,
dT  dqy,, dT  dAq,, —dT

The derivarives of Aq, w.r.t qoiim and gpo are obtained from

(D.

IV.RESULTS OF LARGE-SIGNAL SIMULATIONS

This formulation is implemented into ADS 2005A and
simulations are done in RFDE through Cadence. Figure 4
shows the HB simulations of Pout at fundamental, 3" and
5™ order inter-modulation distortion (IM3 and IM5) against
measured data. The data is taken on an ATN load-pull
system at a fundamental frequency of 5GHz with the 2™
tone IMHz apart. The termination is kept at 50 Ohms. The
‘order’ parameter is kept to be 11 for both tones for the HB
simulations.
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Fig 4. Pout, IM3 and IM5 measured at a fundamental
frequency of SGHz. Vbe= 0.86 V, Vcb= 0.5V.
. ® Measurement, —Model

b (mA)

Fig 5: The increase of Ic and Ib during power sweep
indicating the self-biasing effect. ® Measurement, —Model

Fig 5 shows the increase of Ic and Ib from the quiescent
bias point during the large-signal power sweeps. It can be
seen that the model describes quite accurately both
distortion as well as self-biasing effect almost up to the 6dB
compression point.
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