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Abstract—By means of an automatic measuring system which
allows the rapid and accurate characterization of microwave
transistors in terms of noise and scattering parameters simul-
taneously, 32 HEMT’s of four manufacturers have been tested.
From the experimental data so obtained the equivalent circuit
of the ‘“typical’’ device which represents each transistor set has
been extracted using a decomposition technique. This proce-
dure allows the optimum fitting of the global performance by
exploiting the correlation between the model elements and the
measured parameters over the operating frequency range. Since
the method takes into account also the noise behavior of several
devices of each series, we get a substantial improvement of the
model performance to be employed in (M)MIC CAD of low
noise amplifiers.

I. INTRODUCTION

ECENT developments in GaAs technology have
yielded a device, the High Electron Mobility Tran-

sistor (HEMT), which exhibits excellent performance at .

microwave and millimeter-wave frequencies.

To design wideband low-noise amplifiers the CAD-ori-
ented model of the rypical device is needed which repre-
sents at best the: performances of the transistor series to
be employed for the realization. The implementation of
this model requires the complete characterization of some
samples of the series in terms of the four noise parameters
{F}, the four gain parameters {G } and the scattering pa-
rameters [S] versus frequency over the whole range of
interest and at different bias values:

_So far, the conventional methods employed to perform
the complete characterization of low noise transistors are
inaccurate and very time-consuming since they require dif-
ferent instrument set-ups for S-parameter and noise pa-
rameter measurement, and also manual disassembling and
re-assembling of the instruments.

Consequently, from the manufacturer’s point of view,
it is often more convenient to represent the noise behavior

~of the transistor in terms of noise parameters by means of
mathematical or semiempirical modéls. This approach is
usually based on the equivalent circuit extracted from fit-
‘ting of the S-parameters only, which can be measured rap-
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idly and accurately by means of an Automatic Network
Analyzer.

.On the basis of a methodology that allows the deter—
mination of all the noise, gain and scattering parameter
sets through noise figure measurements only [1]-[5], a
fully automated system for the complete characterization
of microwave transistors through a unique experimental
procedure has been realized. The computer-controlled in- -

_strumentation is driven step-by-step by complex. (unpub-

lished) software which selects the best measuring condi-
tions for accuracy and verifies it, drives all the -
instruments, collects the experimental data and performs
the data processing to give all the above parameter sets
[6].

This allows to accomplish very rapid and accurate char—
acterization of many devices even w1thout the presence of
(unskilled) operator.

The automatic set-up has been recently used to test 32
HEMT’s of four different manufacturers in the 8-12 GHz
frequency range. By means of the extensive amount of
data so obtained ({N}, {G} and [S] parameters), the
modeling of each devices series has been carried out. The
lumped element network thus derived reproduces at best
the behavior of the ‘‘typical’’ device in the frequency
range of interest. '

.The results of the modeling procedure show excellent
agreement with the experimental results, thereby provid-
ing information on the transistor performance useful for
implementing CAD of (M)MIC low-noise amplifiers.

II. DevVICE CHARACTERIZATION

The noise performance of the device under test (DUT)
is determined by the knowledge of the four noise param-
eters F,, Ny, |Top|, 2T, which are defined by the rela-
tionship:

Ty = Ton|?
1 - ‘FS‘Z)(I - lronlz)

"FI,) = F, + 4N, ( (1),

where T'; is the reflection coeflicient of the input termi-
nation of the DUT, F, is the minimum noise figure, I'y,
is the relevant optimum value of the input reflection coef-
ficient T, and N, is the parameter indicating how the noise
figure departs from the minimum as I'; differs from T',.
'A similar relationship holds for the gain parameter set G,
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Fig. 1. Simplified block diagram of the measuring set-up for the complete
characterization of the device.

(maximum available power gain), N, |T',,|, 2T,
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which describes the DUT behavior in terms of the avail-
able power gain G,(T',).

After F(T'y) and G,(T'y) are obtained by proper mea-
surement procedures for different values of I'; (more than
four for best accuracy), (1) and (2) can be solved and the
noise and gain parameter sets determined by computation
based on error minimization techniques (e.g., least-
squares method). From the gain parameters the scattering
parameters are derived [1]-[3]. The simplified block dia-
gram of the measuring system is reported in Fig. 1.

Once a set of measurements of F,, (the noise figure of
the whole system) is performed for a given value of I';
and for some values of F, (more than two for accuracy)
the values of F(I',) and G,(I's) are derived from the well
known Friis’s formula

@

3)

Fo(Ty) = o, [F(r» T M_—l}

G, (L)

provided that or,, which represents the tuner losses, is
measured on-line [4], [5].

The different values of the receiver noise figure are ob-
tained by acting on a programmable step attenuator con-
nected to the receiver input [1], [2]. The microwave
switches operate the proper connections of the instru-
ments to realize the different configurations related to the
above described measuring steps. Since the computation
of the noise and gain parameters at different frequencies
and for some typical values of the drain current (e.g.,
15-, 30- and 50% Ipss) requires the acquisition and pro-
cessing of an extensive amount of data, the measurement
procedure clearly needs to be automated in order to avoid
an extremely large time consumption. This is accom-
plished by a proper computer-controlled instrumentation
set and a complex software necessary to drive all the test
measuring, data acquisition and data processing steps.
With respect to previous versions of the set-up, the au-
tomation has been recently completed by adoption of a
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~ computer-controlled step-motor double slide-screw tuner

which acts as a mismatching network of the noise source
output in order to realize the different values of T';.

III. MoDEL FEATURES AND PROCEDURE

On the basis of the obtained results, we have found sat-
isfactory to model all sets of the tested devices by the
lumped element network shown in Fig. 2.

In this circuital representation two distinct sections can
‘be pointed out: the inner part which models the chip be-
havior and the outer part which adds the parasitic effects
due to the package. As it can be derived from several pa-
pers concerning this topic e.g. [7], [8], the chip equiva-
lent circuit has a well-assessed topology and the elements
take on values included in the known typical ranges re-
ported in Table I. The external network, instead, may be
synthesized in different ways for both connections and
values of the elements, mostly representing parasitic cou-
pling effects and lossless signal propagation along metal-
lic paths.

Since the aim of the equivalent circuit is to reproduce
the device performance over the frequency band of inter-
est, the noise and scattering parameters calculated should
provide the best fit of the experimental data that are avail-
able at a discrete number of frequencies.

The conventional techniques adopted to extract the
equivalent circuit are based on the broad-band character-
ization of FETs in terms of S-parameters measured with
the device under pinch-off and at typical bias operating
conditions. Once the model elements are established by
using optimization algorithms, the noise performance is
then derived by computation allowing a prediction of the
noise parameter values [9], [11]. Since our measuring
set-up performs the characterization of the devices in
terms of noise and scattering parameters simultaneously
the equivalent circuit model is derived from either data
sets.

An essential feature of the modeling procedure here de-
scribed is related to its statistical significance: all models
are extracted from the characterization of series of devices
(8 in this case), thereby giving a ‘‘typical’’ circuit whose
{N} and [S] parameters values are included in the exper-
imental data ranges.

The modeling procedure has been carried out using
software which has noise analysis tools utilizing different
theoretical models for the chip noise. In the present work
a noise representation has been chosen which incorporates
all the noise sources existing in the HEMT in terms of
equivalent temperatures associated with resistive ele-
ments.

Following a general technique which is known as a val-
uable tool for the optimization of large-scale models [12],
the procedure starts from a sensitivity analysis that points
out the degree of interaction between the circuit elements
and the relevant S- and N-parameter sets. This leads to a
matrix of coefficients indicating the correlation patterns
that allow to decompose the overall optimization problem
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Fig. 2. Lumped element network adopted for the device modeling.

TABLE I
TypICAL RANGES OF THE VALUES OF THE CHIP
ELEMENT FOR HEMT’s

Rg 1-5Q Cgs .15-.3 pF

R, 3-50Q Cpe .01-.5 pF

Rey 2-10 92 Cop .01-.03 pF

Rps 100-400 Q Ls .05-.2 nH

Ry 3-4Q L, Lp -~ .1-.5nH
705 psec

into different subproblems. Upon identification of the de-
composition scheme, the procedure consists of repeated
cycling of the optimization step sequence.

As initial values the chip elements as given by the man-
ufacturer’s data sheet have been set. The starting values
of the parasitics have been estimated from a preliminary
investigation of S- and N-parameter sensitivity ranges.

It is to be noted that some information concerning the -

decomposition properties is best extracted from noise data;

thus our modeling procedure based on [S] and {N} si- |

multaneously measured is likely to give a consistent set
of element values which reproduces the typical perfor-
 mance of a device.

IV. RESULTS

As previously kstatcd, the described automatic measur-
ing system is an effective tool for characterizing the noise

“behavior of several transistors of the same series since

the complete testing of each device versus frequency and
bias requires a small amount of time for data acquisition
and processing (about 20 min for each frequency). It has
been recently employed to characterize 32 samples of dif-
ferent ~manufacturers (NEC NE32083A, Fujtsu
FHRO2FH, Mitsubishi MGF4401, Sony 2SK677) before
and after a thermal Storage of 300 hrs @ 200°C. The mea-
surement of the noise and gain performance of the devices
has been aimed to assess the existence of degradation
mechanisms (or damages) caused by the thermal storage.

On request of low-noise amplifier designers (of CSELT,
Ttaly), the HEMT’s have been tested in the 8-12 GHz
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-~ - Fig. 3. Bar graph representation showing the experimental results in-terms

of F, and S, only, as example, for each lot of the tested devices. They .
show the low spreading of the device characteristics ( f = 8 GHz).
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Fig. 4. Noise ka) and scattering (b) parameters, measured and computed
" through the model (bolded line).

range (2 GHz step) at the bias conditions suggested by the
manufacturers for the best low-noise behavior.

The performance of the devices in terms of N- and S-
parameters has shown well-defined patterns for each se-
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TABLE II )
VALUES OF THE MODEL ELEMENT FOR THE HEMT’s
MEASURED
Cp .08 pF R, 19
Ce .001 pF R;p 1Q
Cep -~ .O1pF ‘ Ris 10
Ces .27 pF Rg 4Q
Cpe .01 pF - Rg 3Q
Cps .0072 pF Rps 350 Q
Cee A1 pf Rp 4Q
Cep 12 pF Rey 5Q
CPG 1 pf LD 7 nH
Crp .09 pf L 55 nH
8&m 45 mS Lg 08 nH
7 2.5 psec
T,¢ E=15
'TLD E =28 Z =509, F=8GHz)

T,s E= -2

E = electrical length in degree

ries. This uniformity of the behavior is clearly repre-
sented in the column hystogram of Fig. 3, where the val-
ues of the F, and |S,| parameters only, at a given
frequency for the different groups of samples are reported
as example. The results of the characterization obtained
after the thermal storage (6 months later) has shown neg-
ligible degradation of the device characteristics; this also
stressed the excellent performance of the system in terms
of repeatability and reliability.

The low spreading of the parameters measured for each
lot of devices defines the tolerance range adopted in our
modeling procedure as shown in Fig. 4. The lower and
higher values measured at each frequency thus represents
the limits which characterize the performance of the de-
vice series (*).

The N- and S-parameters of the typical device repre-
sented by the model for the NE 32083 A series are re-
ported in Fig. 4 (bolded line). The values of the circuit
elements which make the calculated parameters lie within
the experimental data ranges are listed in Table II.

The S-parameters as measured by our system show a
very good agreement with those listed in the manufactur-
er’s data sheet. The only difference is a phase shift in both
S, and S,, at the measuring frequencies of 8, 10 and 12
GHz. Simple computation points out that it is related to a

displacement of 2 mm of the input/output reference planes

due to slightly different de-embedding.

V. CONCLUSION

The decomposition apptroach for the optimization of -

large scale models has been employed to reproduce the
performance of several low-noise microwave HEMT’s
distributed by four different manufacturers. The proce-
dure starts from a complete characterization of all the de-
vices in terms of scattering and noise parameters which

(™It is to be noted that the plots report the phase of the product of ),
and S,; which is the output of the measurement procedure. The separation
of this quantities is not necessary for low-noise amplifier CAD [1], [2].
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are then grouped into the data series for the modeling.
The calculated parameters show an excellent agreement
with the experimental data within the relevant ranges.
Since some information on transistor equivalent circuit is
best extracted from measured N-parameters, this proce-
dure gives models of improved consistency as compared
with the ones based on S-parameters only, thus leading to

* a better outline of the product.

The HEMT models so obtained are highly suitable for
applications in computer-aided design of low-noise

 (M)MIC amplifiers.
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