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Abstract—We developed an efficient method to extract a large-
signal lookup tablemodel for InP high electron-mobility transistors
that takesimpact ionization into account. By measuring the device
on alogarithmicfrequency scale, weobtain high resolution at lower
frequencies to accurately characterize impact ionization, and a
sufficient number of data pointsat millimeter-wave frequenciesto
extract the nonquasi-static parameters. Model validation through
linear and nonlinear device measurements and its application to
monoalithic-microwave integrated-circuit design are presented.

Index Terms—Impact ionization, InP high electron-mobility
transistors (HEMTs), large-signal model.

|. INTRODUCTION

nP HIGH electron-mobility transistors (HEMTs) are widely
I used for millimeter-wave applications because their per-
formance is better than that of GaAs-based MESFETs and
HEMTsin terms of both gain and noise figure. For this reason,
it isimportant to carefully model the linear and nonlinear char-
acteristics of these devices in the millimeter-wave frequency
range. However, an InP HEMT large-signal model should also
describe the device behavior in the lower gigahertz range in
order to allow accurate simulation of frequency-shifting circuits
such as mixersor frequency multipliers. One of the most impor-
tant effects in this frequency range is the so-called kink effect
related to impact ionization [1]. Due to the smaller bandgap of
the InGaAs channel, impact ionization in InP HEMTs occurs
at drain—source voltages, which are lower than in GaAs-based
devices, and results in high gate leakage current, high output
conductance, and low breakdown voltage. Impact ionization
effects can be observed at operating conditions that are typ-
ical for nonlinear circuits and should, therefore, be taken into
account by large-signal models. Works on FET device mod-
eling have aready been reported, but they are either limited
to verification at microwave frequencies [2], [3], to a bias-de-
pendent small-signal model [4], [5], or to GaAs FETs [6],
where impact ionization is normally not considered. In this
paper, we present a large-signal 1ookup-table-based model for
InP HEMTS, which has been verified up to millimeter-wave
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frequencies and takes impact ionization into account. Since
the model is mainly addressing the design of low-power am-
plifiers and frequency-shifting circuits, power-related effects
such as self-heating can be neglected. In the following sections,
we introduce the used small- and large-signal topologies, the
modeling procedure, and its validation through device non-
linear measurements. Finally, we present the application of
the model to the design of linear and nonlinear circuits in a
frequency range from 16 to 64 GHz.

I1. EQUIVALENT CIRCUIT

The devices we used for the model extraction are two-finger
InP HEMTs with 0.2-zm gate length, 75-m gate-finger
width, 135-GHz fr, and 200-GHz f.,,, fabricated using our
in-house process. The modeling procedure is an extension of
the method presented and used for GaAs pseudomorphic high
electron-mobility transistors (pHEMTS). In [7], where only
experimental results up to microwave freguencies are shown,
a nonquasi-static small-signal model and its corresponding
large-signal model are presented, where the feedback ele-
ments between the gate and drain terminals are eliminated
and replaced with transelements. For millimeter-wave ef-
fects and impact ionization to be included into the model,
some modifications have to be made both to the small- and
large-signal equivalent schemes. At millimeter-wave frequen-
cies, the electrical length of gate and drain metallizations
becomes relevant and transmission-line effects need to be
included. This is achieved by splitting the extrinsic gate and
drain capacitances in two [4], [5]. Since we are considering
bias-independent extrinsic elements, this splitting does not
influence the large-signal equivalent scheme.

In order to model impact ionization effects, we add an extra
network at the drain side of the small-signal equivalent circuit
[8]. This network consists of a resistance R;,,, in series with
the parallel connection of a capacitance C;,, and a transcon-
ductance g;,,, controlled by theintrinsic drain—gate voltage Vg;.
The small-signal equivalent circuit and theintrinsic large-signal
equivalent circuit are showed in Figs. 1 and 2, respectively.

The large-signal representation of the transistor consists of
the parallel connection of a charge and current source at the
drain side and of a current source in paralel with the series
connection of a charge source and a resistor at the gate side.
This large-signa equivalent circuit is consistent with the in-
trinsic small-signal equivalent scheme already introduced. It is
important to find alarge-signal representation of theimpact ion-
ization network. Based on our experimental results, we found
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Fig. 1. Small-signa equivalent scheme.
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Fig. 2. Large-signal equivalent scheme.

out that it can be best treated as a first-order dispersive net-
work. It issimilar to the modeling approach of the dispersive be-
havior of G,,, and G inthekilohertz—megahertz range[9]. The
bias-dependent values of &,,, and G4, are extracted twice, once
at frequencieslower than those of interest for impact ionization
(250 MHZz-0.5 GHZz), the second time at frequencies where im-
pact ionization does not influence the S-parameters anymore
(7-110 GH2). It must be noticed that, in our case, at 250 MHz,
which is the lowest measurement frequency, the low-frequency
output dispersion is not effective anymore. From the integra-
tion of G, and GGy toward their intrinsic terminal voltages,
we obtain the low-frequency drain—source current I..r and
the high-frequency drain current I, gr. Another point worth
noticing is that the capacitances are not integrated, but are di-
rectly used as bias dependent, as aready successfully reported
in [10] and [11]. At the gate side, thisis mathematically equiv-
alent since charge conservation is guaranteed, nevertheless one
should be awareof possible peculiarities. The average capacitive
current might not be zero, leading to nonconservation of energy
[12]. At the drain side, charge conservation is not necessarily
guaranteed since two capacitances with two different physical
meanings are used; Cy IS a space-charge capacitance and C,,
isrelated to the intrinsic time delay 7. The large-signal equiva
lent circuit is complete after adding another first-order transfer
function, which regulates the transition between the measured

dc current I4.p¢ and the low-frequency current 7,.1r [9], thus
modeling the low-frequency output dispersion.

I1l. MODEL EXTRACTION

The first step of the modeling procedure is the extraction of
the bias-independent extrinsic parameters. This is done from
cold (Vys = 0) measurements using the method described in
[13]. The advantage of this method isthat the gate—current den-
sity is kept much lower than in other similar methods used for
MESFETS, thus avoiding a possible device degradation.

Then, the device S-parameters are measured over a grid of
over 900 different bias points. Here, it is worth pointing out
that, in a lookup-table-based large-signal model, the capability
of predicting high-order harmonics is limited by the precision
of the interpolation between the points where the model is actu-
aly defined. Since the most important nonlinearity is dueto the
drain-source current, we decided to use variable steps for V,
and V. and have atighter grid where the drain—source current
changes more drasticaly, i.e., close to the threshold voltage for
Ves and in the linear region for V.

In order to obtain a good accuracy up to millimeter-wave
frequencies, itisnot enough to measurethe S-parametersat only
one frequency point. In this case, it would be aso impossible
to have any information about the impact ionization effects,
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which are strongly frequency dependent. On the other hand,
in order to achieve a sufficient resolution in the low-frequency
range using alinear sweep, at least 201 frequency points would
be necessary, thus generating a huge amount of data, not to
mention the long time required by the measurements. What is
needed is a good resolution at low frequencies to extract the
impact-ionization-related parameters, and only few pointsin the
millimeter-wave frequency range, which are sufficient to extract
the other parameters. Therefore, we chose to use a logarithmic
frequency sweep that reaches the goa using only 59 points.
This is important because it improves the measurement speed
and drastically reduces the computation time. The intrinsic
small-signal elements are calculated according to the following
EXpPressions;

Gas =R(Y22) 1
G =R(Yo1 — Y12) 2
R; =R(1/(Y11 — Yiipc)) ©)
Cyi =—1/(27fS(1/Y11)) 4)
Cdrn = Cgi % (5)
Cas = —1/(27 fS(1/Y22)) (6)
Crn = %(Y21 - Y12)/(27Tf) (7)
1

Tio — 77— - 8
f[min(Yzz) ( )

In (3), Yiipc is subtracted from Yi; because the I, state
function is directly measured at dc. This is allowed by the
nondispersive behavior of I,.. The values of Gy and Gy,
leadingto /.1 F areextracted at thel owest measurabl efrequency
(250 MH2). G4 used in {4sur isextracted at afrequency equal
to1/7;,. Gy, usedin Iy and all the other intrinsic component
can be well determined by taking their mean value over the
10-25-GHz range, where no dispersive effect takes place. All
the measurements and extraction of the small-signal parameters
are performed using HP IC-CAP. A possible degradation of
the device due to the multibias S-parameter measurements is
checked by comparison of the dc and RF characteristics before
and after the measurement process [14]. Thisis done to ensure
the validity of the extraction procedure. After the small-signal
parameter extraction, integration is performed using numerical
routinesimplemented in MATLAB. For themodel to be handled
inanonlinear circuit simulator asHP ADS, theintrinsic terminal
voltages V,; and Vy; contained in the lookup tables must lie
on an orthogonal grid. At the same time, the extrinsic terminal
voltages Ve and V.. need to aso be on an orthogonal grid,
otherwise one would have to define one by one all the different
bias points used in device measurements. The intrinsic and
the extrinsic terminal voltages are related by the following
equations:;

Vasi = Vase — (Racz + Ra + Rs)Ias(Vgse, Vse)
—RoIys(Vase, Vise) 9

Vasi = Vigse — (Rac1 + By + Bo)ge(Vse, Viase)
—RoIas(Vase, Vgse)- (10)

In (9) and (10) R,.; and Ry.> are the resistances of the cables
used to biasthe deviceand R, Rq, and E, aretheextrinsic gate,
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Fig. 3. Comparison between measured (symbols) and simulated (solid line)
S-parametersat (Vis, Vas) = (0.2 V, 1.4 V).
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Fig. 4. Comparison between measured (symbols) and simulated (solid line)
S-parameters at (Vy., Vas) = (—=0.2V, 1.4 V).

drain, and sourceresistance, respectively. From (9) and (10), itis
clear that measuring using an orthogonal extrinsic-voltagesgrid
does not lead to an orthogonal intrinsic-voltages grid. We solve
the problem by generating an orthogonal intrinsic-voltages grid
and interpolating the values of the small-signal intrinsic param-
etersexpressed asafunction of the nonorthogonal intrinsic volt-
ages on the orthogonal intrinsic-voltages grid. In this way, we
can integrate the small-signal intrinsic parameters on an orthog-
onal grid. Asit shown in Section IV, this interpolation does not
affect the precision of the model.

After performing the numerical integration and generating
the lookup tables as CITI files, the model isimplemented in HP
ADS as a symbolically-defined device.

IV. SMALL- AND LARGE-SIGNAL MODEL VALIDATION

The accuracy and limitations of the model were tested under
both small- and large-signal conditions. Figs. 36 report mea-
sured and simulated S-parametersat abiaspoint (Ve = —0.2V,
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Fig. 5. Comparison between measured (symbols) and simulated (solid line)
S-parameters at (Vy,, Vas) = (—0.2V, 1.4 V).
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Fig. 6. Comparison between measured (symbols) and simulated (solid line)
S-parameters at (Vy,, Vas) = (—0.2V, 1.4 V).

Vas = 1.4 V) where impact ionization is already taking place,
as can be seen from the inductive behavior of 52> and the re-
duced value of S»; at low frequencies. In order to better vi-
sualize the effect of impact ionization, the power gain So; is
shown both on a polar plot and on a decibel scale (Figs. 5 and
6). Thegood agreement between measurementsand simulations
from the lower gigahertz range up to 110 GHz validates the
small-signal modeling approach and confirms that a first-order
transfer function effectively models the transition between the
low-frequency drain current I.1,r and the high-frequency drain
current 14,z . After thesmall-signal verification, the model was
tested under nonlinear operating conditions. In Fig. 7, acompar-
ison between measured and simulated third-order intermodula
tionisshown. The measurementswere performed in afrequency
region (3.5 GHz) and at biaspoint (Vs = —0.2V, Vs = 1.4 V)
where impact ionization is affecting the device. The model pre-
dicts very well the output power of the fundamental tone, as
well as of the intermodulation product. This attests that the used
model can successfully reproducethe large-signal effects of im-
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Fig. 7. Comparison between measured (symbols) and simulated (solid line)
third-order intermodulation. f; = 3.5 GHz, f> = 3.501 GHz. P.,, represents
the power of asingle tone. The dc-bias point is (Vs, Vas) = (—0.2V, 1.4 V).
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Fig. 8. Measurements (symbols) and simulated (solid line) output power
versus input power at the fundamental frequency of 16 GHz and the
corresponding second and third harmonics. The dc-bias point is (Vis, Vas) =
(—0.3V,1V).
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Fig. 9. Measurements (symbols) and ssimulated (solid line) output power
versus input power at the fundamental frequency of 32 GHz and the
corresponding second harmonic. The dc-bias point is (Vis, Vas) =(—=0.3 V,
0.7 V).
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Fig. 10. Measured (symbols) and simulated (solid line) output power versus

input power at 64 GHz at three different bias points: (Vys, Vas) = (8 (0.2 V,
1V), (b) (=04 V,1V),(c) (—0.4V,0.5V).

Fig. 11. Photograph of the 16-GHz amplifier. Circuit sizeis 1.4 x 1 mm?.

pact ionization. Fig. 8 shows the measured and simulated har-
monics at a fundamental frequency of 16 GHz. Aswe can see,
the prediction capability of the model is accurate up to the third
harmonic. Thisisaclear indication that theinterpol ation method
used to generate the lookup tables is suitable. Fig. 9 shows the
measured and simulated harmonics at a fundamental frequency
of 32 GHz. InFig. 10, the measured and simul ated output power
at a fundamental frequency of 64 GHz is shown for three dif-
ferent dc-bias points. The first bias point, i.e., (&), corresponds
to class-A operation. In the second, i.e., (b), Vs iscloseto Vi
and Vs isin the saturation region. In the third, i.e,, (¢), Vi is
closeto Vr and Vy, isin the linear region.

V. APPLICATION TO MMIC DESIGN

The large-signal model discussed in the previous sections
was used to design various circuits. In this section, we describe
the comparison between measurements and simulations for a
16-GHz amplifier, a 64-GHz amplifier, and a 62-GHz active
mixer. Photographs of these circuits are shown in Figs. 11-13,
respectively. The mixer is an up-converting mixer that uses
a 48-GHz loca oscillator (LO) to convert a signal in the
14-15-GHz band up to 62—63 GHz. The LO and IF are both
applied at the same port using an external diplexer. Measured

Fig. 12. Photograph of the 64-GHz amplifier. Circuit sizeis 1.2 x 0.54 mm?.
Thecircuit is biased through external bias tees.

Fig. 13. Photograph of the 62-GHz up-converting active mixer. Circuit sizeis
1.6 x 3mm?.
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Fig. 14. Mesasured (symbols) and simulated (solid line) conversion gain of the
62-GHz active mixer.
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Fig. 15. Measured (symbols) and simulated (solid line) 1-dB compression
point of the 64-GHz amplifier.
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Fig. 16. Measured (symbols) and simulated (solid line) 1-dB compression
point of the 16-GHz amplifier.

and simulated conversion gain as afunction of frequency for an
LO power of —5 dBm, which was the highest available power,
and an IF power of —15 dBm are shown in Fig. 14. Figs. 15
and 16 report the measured and simulated 1-dB compression
points for the 64- and 16-GHz amplifiers, respectively. The
good agreement of measurements and simulations confirms the
validity of our modeling approach.

V1. CONCLUSIONS

In this paper, we have described an efficient procedure to
extract a lookup-table-based InP HEMTs large-signal model,
which takes impact ionization effects into account. Using a
logarithmic frequency sweep, we significantly reduce measure-
ment and extraction times. With S-parameter measurements,
we demonstrate that the linear performance of the model
is excellent up to 110 GHz. The nonlinear performance is
validated up to 64 GHz by nonlinear measurements. It is also
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demonstrated that our large-signal model can be successfully
used to predict the performances of amplifiers and mixers in
the 60-GHz band.
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