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Determination of InP HEMT Noise Parameters
and S-Parameters to 60 GHz

Richard T. Webster, Member, IEEE, Andrew J. Slobodnik, Jr., Member, IEEE, and George A. Roberts

Abstract—A millimeterwave experimental technique is des-
cribed for directly determining the noise parameters and scat-
tering parameters of V-band InP HEMT’s. The parameters are
suitable for the design of monolithic millimeterwave integrated
circuits since they represent the InP HEMT as it would appear
in the monolithic environment. The method relies on careful
characterization of the measurement system and the InP HEMT
packages or test fixtures. Results are provided for an InP HEMT
with 1.37 dB minimum noise figure and a maximum stable gain of
12.74 dB at 57 GHz. In addition, it is shown that noise parameters
measured between 2 GHz and 26 GHz can be extrapolated to 60
GHz, and that consistent S-parameters can be obtained for InP
HEMT’s in precision packages and test fixtures.

I. INTRODUCTION

NDIUM Phosphide-based High Electron Mobility Tran-

sistors (InP HEMT’s) have demonstrated superior perfor-
mance as millimeter-wave low-noise amplifiers [1]-[5]. These
excellent results point to InP HEMT’s as the transistor of
choice for critical low-noise applications at millimeter waves.
To design an optimum amplifier and avoid costly manual off-
chip matching structures, the amplifier designer must know
both the scattering parameters and the noise parameters of the
transistor. Furthermore, the parameters must be referenced to
the terminals of the transistor as it will appear in the integrated
circuit. This paper presents techniques for obtaining these
design parameters to 60 GHz.

Most millimeter-wave noise figure results reported to date
have been obtained for discrete transistors that have been
empirically tuned to a minimum noise figure [6], [7]. The em-
pirical technique does not yield the optimum source admittance
nor the effective noise resistance, which are also required for
design of monolithic millimeter-wave integrated circuits. Low-
noise amplifier designs have been based on noise parameters
extrapolated from lower frequencies [S] or amplifiers with the
input tuned off-chip [8]. At microwave frequencies, methods
are well established for measuring noise parameters [9]-[12].
These methods use a tuner to present a range of source
admittances to the transistor under test. The noise parameters
are then obtained by a fitting procedure. This paper is the
first to report on the extension of these procedures for direct
measurement of noise parameters to 60 GHz. By developing
and applying techniques at V-band we are able to confirm the
validity of the widely used microwave extrapolation method.
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The procedure we use for directly obtaining the design pa-
rameters is outlined in Fig. 1, which also serves as a summary
of this paper. The S-parameters of the InP HEMT are obtained
by fitting an equivalent circuit model to a number of sets of
measured S-parameters. The details of the InP HEMT layout,
fabrication, and packaging, all of which must be known for
accurate design parameters, are described in Section II. The S-
parameter measurement and modeling are described in Section
III. To provide accurate data for the noise parameter fitting
procedure, we separate the noise figure of the InP HEMT from
the noise contributed by the components of the measurement
system in which it is embedded according to the equation
near the upper left corner of Fig. 1. The noise contributed
by the passive embedding elements on the input side of
the transistor can be computed from their available gains
which, in turn, come from S-parameters. The S-parameters of
coaxial components are measured directly on a vector network
analyzer. The transition from coaxial connector to microstrip
makes each half of the test fixture inherently noninsertable. To
characterize these noninsertable components, we make a series
of one-port S-parameter measurements with both coaxial and
microstrip calibrations, then perform computations to find the
two-port S-parameters of the noninsertables. This procedure
is described in Section III. To find the noise contributed on
the output side of the transistor, we first determine the noise
parameters of the receiver which includes both active and
passive elements. Then, the noise figure of the InP HEMT
itself can be obtained from the overall measured noise figure
by solving the equation near the upper left corner of Fig. 1.
These computations, which are performed as a function of
source admittance, are described in Section IV. Section V
describes how noise parameters are fit to subsets of the noise
figure data to reduce the influence of experimental uncertainty,
thus yielding the final noise parameters.

II. InP HEMT LAYOUT, FABRICATION, AND PACKAGING

The low-noise InP HEMT’s have 0.15-pm gate length with
source-to-gate spacing of 0.5 ym and source-to-drain spacing
of 2.0 pum. The topology has two parallel gate stripes. InP
HEMT’s with two different gate widths, 48 and 64 um, were
measured. Connections to the gate and drain electrodes are
made through 50-©2 microstrip lines and linear tapers. These
lines and tapers establish a microstrip environment for the InP
HEMT, the same environment that the transistor will encounter
in a monolithic integrated circuit amplifier. The lines and
tapers can be de-embedded from the S-parameter and noise
parameter measurements as explained below to yield param-
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Fig. 1.

eter values referred to the transistor terminals. Sources are
grounded by vias through the 100-um-thick indium phosphide
substrates.

The InP HEMT heterostructure was optimized for low-noise
operation at 60 GHz [4], [6]. The lattice-matched structure
consists of a superlattice buffer, InGaAs channel, AllnAs
spacer, donor and Schottky layers, and an InGaAs contact
layer. Typical dc transconductance is 730 mS/mm with F;
of 118 GHz.

We used two types of test fixture for measuring the InP
HEMT’s: precision millimeter-wave test packages and com-
mercially available millimeter-wave test fixtures [13]. Each
type is designed to allow network analyzer calibration to
the edge of the semiconductor chip [14]; however, they use
different calibration methods as described in Section III. We
use data collected from both types in our design database in
order to compare the two approaches and to reduce the effects
of experimental uncertainty.

The InP HEMT chips were individually mounted, either in
a test package or on a chip carrier. The precision package
consists of a gold-plated machined brass housing, 50- mi-
crostrip feeds on 0.254-mm-thick by 3.81-mm-long alumina
substrates soldered to the housing, and 1.85-mm connectors
with glass beads. Each chip carrier consists of two 50-2

Half Test Fixture
Terminated by
Coaxial Standards

InP HEMT in
Test Fixture

Flow chart showing major steps for directly determining noise and S-parameters to 60 GHz.

microstrip feeds on 0.254-mm-thick by 5.0-mm-long alumina
substrates soldered to a gold plated Kovar® plate. In both
cases, the InP HEMT is epoxy-attached to a pedestal between
the alumina feeds. The pedestal brings the surface of the
chip into the plane of the alumina microstrip surface. The
connection between the alumina microstrip and the indium
phosphide microstrip is made by 76-pym ribbon with thermal
compression bonds. The width of the bond ribbon is the same
as the 76.0-um 50-Q) feed line on the InP substrate, reducing
the effect of the bond discontinuity.

I1I. S-PARAMETER MEASUREMENT AND MODELING

We perform full S-parameter characterization of the InP
HEMT’s from 0.2 to 60 GHz on a coaxial vector network
analyzer. For the precision package, the analyzer is calibrated
to the end of the alumina feed lines using a set of precision
microstrip standards consisting of a thru, a short, and offset
shorts. Because each offset short is an effective standard over
only a limited bandwidth, we use several offsets to cover this
frequency range [15]. As with the InP HEMT’s, microstrip
standards are individually packaged in precision-machined
housings with coaxial-to-microstrip transitions. Wrap-around
grounds are used for shorted microstrips. The technique for
accurate characterization of these standards has been reported
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Fig. 2. Circuit model of InP HEMT with bond wires and microstrip feeds.
TABLE I

InP HEMT Bias PoINTS

Total Gate Width 48 um 64 pm
Vo (V) Iy (ma)
1.2 5.0 8.0
1.0 13.0 22.0
1.0 8.0 12.0
1.0 5.0 8.0
0.8 5.0 8.0

[14]. For the commercial fixture, the analyzer is calibrated
using the Line—Reflect-Match (LRM) and Line-Reflect-Line
(LRL) techniques [16], [17], with microstrip standards pro-
vided by the manufacturer. In this case, the coaxial connectors
and transitions of the fixture are common to all of the stan-
dards. The length of the chip carrier alumina results in the
measurement plane being at the edge of the chip.

The InP HEMT S-parameters are used to determine a design
model which represents the transistor as it would perform in a
monolithic circuit made by the same fabrication process. Since
the design model must be representative of the process, it is fit
simultaneously to several sets of S-parameter datd collected
from a number of transistors, at a number of bias points,
and over a broad frequency range, using both the precision
packages and the commercial fixture. The model topology,
shown in Fig. 2, contains thirteen unknown elements: twelve
associated with the transistor itself and one associated with the
packaging. In addition, the microstrip transmission lines and

tapers are represented by standard models, using the physical
dimensions of the gold-plated photolithographic structures
with a substrate thickness of 100 um and a dielectric constant
12.4. The variable associated with the packaging is the delay of
the 50-) transmission lines which represent the bond ribbons
and correct for tolerance variations in chip carrier length.
Through a combination of extraction and optimization, a
separate model is fit to the S-parameter data for each of the
bias points shown in Table 1. The optimizer chooses values
for the bias dependent elements Go,Cys, Ras, Cag, and R;
at each bias point. The elements Cy,, Cys, 74, and T3, are not
dependent on bias over the given range and the optimizer finds
values for Cy., Cys, and 74 that are common to all models.
The optimization process cannot determine unique values
for parasitic elements Rg, Rp, Rg, and Lg so a microwave
frequency extraction technique [18], [19] was used to help fix
their values. Element values for the model of the 0.15 x 48
pm InP HEMT are listed in Fig. 2. Measured S-parameters
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S-parameters of InP HEMT with V, = 1.0 V and Ip = 5.0 mA. Solid lines represent the model. Measurements made in the precision package are

shown with triangles for magnitude and diamonds for phase. Measurements made on chip carriers are shown with circles for magnitude and squares for phase.

for both the precision package and the commercial fixture
compare equally well with the model as shown in Fig. 3. This
is significant because it indicates that accurate measurements
can be made where separately packaged calibration standards
and Devices Under Test (DUT’s) are necessary.

IV. MEASURING NOISE FIGURE AND SOURCE ADMITTANCE

The noise figure of a two-port as a function of source
admittance is given by the well-known formula [20]

R

NF (Ys) = NFnuin
(Ys) + s

|YS - Yopt| (1)

where NF (Ys) is the noise figure of the two-port at source
admittance Yg = Gg + jBg.NFpi, is the minimum noise
figure obtained at the optimum source admittance Yop; =
Gopt + jBopt, and R, is the effective noise resistance, a
measure of how rapidly the noise figure grows as the source
admittance moves away from Y,,;. We obtain the four noise
parameters, NF,,,, Gopt, Bopt, and R, at each frequency of
interest by fitting the noise figure of the transistor at a number
of distinct source admittances. We fit noise parameters to noise
figures based on the methods described by Lane [21] and by
Mitama and Katoh [22]. The fit requires accurate measurement
of both noise figure and source admittance.

Fig. 4 is a block diagram of the noise figure measurement
system. The coaxial noise source feeds the coupled port
(port 3) of a —3-dB directional coupler through a coaxial-
to-waveguide transition. The coupler directs the noise to
the transistor chip through a waveguide-to-coaxial transition
attached to port 2. A terminated E-H tuner at port 1 of
the coupler provides the variable source admittance. With
this arrangement, the coupler presents to the noise source
a relatively constant load, Si3, and transmission parameter,
S3o, while the transistor under test sees a variable source
admittance, Sa3. A coaxial bias tee is used between the coupler
and the InP HEMT test fixture for application of gate bias.

Following the transistor test fixture are a coaxial bias tee
for drain bias, a monolithic three-stage InP HEMT low-noise
amplifier in a coaxial package, a coaxial-to-waveguide transi-
tion, a single-sideband downconverter, and a microwave noise
figure measurement system. The V-band low-noise amplifier
is similar to an earlier two-stage design [1] and improves
the noise figure measurement accuracy by suppressing the
noise contribution of the components that follow the amplifier.
The downconverter consists of a mixer with synthesized local
oscillator in the 35-45-GHz range to downconvert the V-band
test noise. The lower sideband of this conversion at 20-30
GHz is filtered out by the V-band waveguide below cutoff.
At the 15.5-GHz first IF frequency, the test noise is amplified
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Fig. 4. Block diagram of noise figure measurement system.

by 30 dB in an amplifier with 1.8-dB noise figure. The 15.5-
GHz test noise is then applied to a microwave noise figure
measurement system.

To obtain the noise of the InP HEMT alone, the contribution
of the embedding components must be removed from the
measured data. The fundamental equation for de-embedding
the noise figure of the transistor under test from the measured
noise figure is the cascade noise equation [23]

NF; -1 NF; — 1
NFpeas = NFy +
' Gavl CTVal;l Ga'uZ
NF; -1
+ o (2)
Galeav2 Gav3

Here NFpe,s is the noise figure of the entire measurement
cascade, NF; is the noise figure of the input embedding
network, NF, is the noise figure of the InP HEMT, NF; is
the noise figure of the output embedding network, NF, is the
noise figure of the noise receiver, and the Ggy;,0 = 1,2,3,
are the corresponding available gains.

On the input side, the de-embedding must remove the
contribution of the networks between the noise source Excess

be expressed as the inverse of their available gain [24]. Obtain-
ing accurate two-port S-parameters to compute the available
gain of the input and output networks is complicated by
the coaxial-to-microstrip transitions. Since these components
are inherently noninsertable, measuring them on a network
analyzer with full two-port calibration is impossible [25]. To
overcome this difficulty, we employ the following technique.

A one-port calibration of the network analyzer is performed
using calibration standards appropriate for port 1 of the un-
known network. The two-port is converted to a one-port by
attaching each of three different standards to port 2. Network
analyzer measurements yield three reflection coefficients, I',,,,,
which can be expressed in terms of the unknown two-port S-
parameters and the known reflection coefficients of the three
different standards, I'; as follows:

82151217,

T = Sy + 22201200
1wt T 6,T,

i=1,2,3. 3)

This system of equations is solved to obtain (4)—(6), shown at
the bottom of this page, where

Noise Ratio (ENR) calibration plane and the transistor gate A =Tol3(Tm2 = I'm3) + T'sT1(ms — Dim1)
terminal. These are passive networks whose noise figure can + I Ia(Tng — D). @]
f - r2r3rml<rm2 - Frn.?v) + F3P1Fm2(rm3 - le) + 1—‘11—‘21—‘7n3(]-—"ml - rmZ)

3 = A )
_ Fl (FmQ - I‘rn?,) + FZ(Fm3 - le) + FS(Pml - I"mQ)
S92 = — X &)
and
1T (T — Tig) + Dol'pe (T3 = T + I'sls(Tyr = T
521512 _ 1 ml( 2 3) 2 m2( 3 ml) 3 3( 1 m2) + 511522 (6)

A
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Fig. 5. Noninsertable two-port networks are characterized by converting
them to one-port networks.

Finally, since our unknown two-port is reciprocal

S12 = So1 = v/ 521512. (8)

Consider, for example, the network shown at the top
of Fig. 5, which represents the test fixture consisting of a
coaxial-to-microstrip transition, a microstrip delay line, and a
microstrip-to-coaxial transition. We can characterize the output
half of this network, which we call network B, as follows.
First, calibrate the network analyzer using the LRM microstrip
calibration standards described in Section III. This calibration
establishes plane 2 as the reference plane. (Note that this is
the plane at which the InP HEMT is connected in Fig. 4.)
The microstrip through line is then mounted in the fixture, but
the calibration ensures that the measurement reference plane
corresponds to the end of the alumina microstrip feed line of
the transistor chip carrier. Using a coaxial short, open, and
matched load at plane 3 as the second set of standards, we
measure the unknown network three times and solve (3) for
the two-port S-parameters.

Similarly, for network A in Fig. 5, we calibrate the network
analyzer with coaxial standards, then measure with LRM
microstrip standards connected at plane 2. Fig. 6 shows the ex-
cellent agreement obtained when we cascade the individually
computed S-parameters of networks A and B, and compare the
result to the direct two-port coaxial S-parameter measurement
of the microstrip through in the test fixture.

The coaxial-to-waveguide transition, the coupler—tuner—
termination combination, the waveguide-to-coaxial transition,
and the bias tee, form a coaxial two-port that can be accurately
measured by an automatic network analyzer. We measured
the two-port S-parameters of this component over the range
of tuner settings to determine the region of the source
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admittance plane available for noise parameter fitting. Noise
figure measurements were typically performed at 25 source
admittances.

To obtain the noise figure of the InP HEMT at the gate
terminal, the input network must also inciude the bond ribbon,
the on-chip microstrip feed line, and the linear taper. These
are included in a straightforward manner by cascading S-
parameters computed from the models in Fig. 2.

On the output side of the HEMT, the third stage is a cascade
of the linear taper, on-chip microstrip feed line, bond ribbon,
and the output half of the package, network B above. Again,
the available gain and noise figure can be computed from
S-parameters.

The fourth stage is the noise receiver defined with its input
port at the input of the drain bias tee. It includes both active
and passive networks. To find the noise figure, NFg = NF,,
we first determine the noise parameters of the receiver. We can
then compute the noise figure of the receiver as a function of
the output reflection coefficient of the third stage during InP
HEMT measurement. We determine receiver noise parameters
by using a coaxial adapter in place of the test fixture and
measuring the noise figure of the entire measurement system as
a function of tuner setting. Here, the receiver can be considered
the second of two stages in the measurement system, where
the first stage is the cascade of the coupler—tuner—bias tee and
coaxial adapter. For two stages, (2) reduces to

NFR(Pll ) = izvl NFmeas - (9)

Here, I'} is the source reflection coefficient seen by the receiver
and G, is the available gain of the first stage including the
coaxial adapter. [} and G7,,; are computed from measured
S-parameters. Knowing noise figure as a function of source
reflection coefficient, we can find the noise parameters of the
receiver by the fitting procedure that will be described in
Section V.

Equation (2) can now be solved for the noise figure of the
transistor under test in terms of the measured noise figure, the
available gains, and the noise figure of the receiver

NFR(FL’:) - G(w?)

NFQ(Fl) = Gav1NFieas — GovoGavs
av av

(10

Gav2 is computed from the measured InP HEMT S-
parameters with the modeled bond ribbons, feed lines, and
tapers removed. The source reflection coefficient I'; seen by
the InP HEMT for each tuner setting is computed from the S-
parameters of the input network terminated with the measured
one-port S-parameters of the noise source. A typical set of
25 source admittances as seen from the gate terminal plane
is shown in Fig. 7. Measurements of the real and imaginary
parts of the S-parameters of the micrometer-controlled tuner
are repeatable to within 0.005. A direct one-port S-parameter
measurement of the input network using microstrip calibration
(corresponding to measurement plane 2 in Fig. 5) can also be
used to determine I';. The S-parameters of the bond wire, on-
chip microstrip, and linear taper would be cascaded. These two
techniques work equally well for determining I'y. The source
reflection coefficient seen by the receiver I's is computed
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Fig. 6. Comparison of the cascaded computed S-parameters of two noninsertable two-port networks (solid lines) with the directly measured S-parameters
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from the cascaded S-parameters of the first, second, and third
stages terminated by the noise source.
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V. NOISE PARAMETERS

Fitting noise parameters to the measured noise figures
is sensitive to the accuracy of both the measured noise
figures and the source admittances. Recall that the noise
parameters describe a noise figure paraboloid in the source
admittance plane, with its minimum at the optimum source
admittance [20]. Ideally, one would measure noise figures
over a distribution of source admittances that covered the
entire source admittance plane, with several points in the
vicinity of the minimum. Loss in the input network compresses
the source admittance distribution into a smaller section of
the plane which may not be near the minimum. This loss,
which generally increases with frequency, makes millimeter-
wave noise parameter measurement challenging. The fitted
noise paraboloid must be extrapolated to regions of the plane
away from the data. Uncertainty in the data points can cause
significant variations in the fitted noise parameters, even when
the fit to the data is very good. In our case, the loss of the
components between the noise source and the transistor test
fixture is approximately 7 dB in the 50-60-GHz band.
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TABLE I

Vp =10V, Ip = 50 mA
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parameter mean standard deviation
Minimum Noise Figure (dB) 1.37 0.20
Optimum Source Reflection
Coefficient

[Tope | 0.40 0.047
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Fig. 8. Measured InP HEMT noise parameter data points and empirical extrapolation from microwave to 60 GHz.

To reduce the distortion in the extrapolation, we systemati-
cally exclude source admittances, fit to subsets of the data at
each frequency, and compute the mean and standard deviation
of the noise parameters. Typically, we fit to all combinations
of the 25 source admittances taken 17 at a time, for a total
of 480700 subsets. The fitting can be accomplished in less
than 7 min/frequency on a workstation. For some subsets, the
fitting algorithm was not successful, terminating prematurely

on a nonphysical result, such as an imaginary minimum noise
figure. These unsuccessful cases occur for combinations that
include inaccurate data. For example, at 57.0 GHz the fit was
successful 346 105 times. Only the successful fits are included
in the computation of the mean and standard deviation.

In Fig. 8, the noise parameters of 2 0.15 x 48 ym InP HEMT
between 50 and 60 GHz are plotted together with microwave
noise parameters (2-26 GHz). The data are referenced to the
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Fig. 9. Noise circles and available gain circles of an InP HEMT at 57.0
GHz. Values are in decibels. Vp = 1.0V, Ip = 5.0 mA. Noise parameters
correspond to the measurements in Table II and S-parameters to the model
in Fig 2.

gate and drain terminals of the InP HEMT and were measured
in the commercial fixture. Empirically drawn curves show
an extrapolation of the microwave data to 60 GHz. In spite
of some scatter in the millimeter-wave experimental data the
extrapolation is reasonable.

Noise circles for the InP HEMT at 57.0 GHz are shown
in Fig. 9. We chose 57 GHz as being representative of our
measured data. The circles correspond to the mean noise
parameters listed in Table II along with their standard de-
viations for the set of 346105 successful fits. Gain circles
computed from the S-parameters of the InP HEMT model
are also shown in Fig. 9. The 12.5-dB circle is close to the
maximum stable gain of 12.74 dB. The reference planes for
these parameters are at the gate and drain terminals of the
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InP HEMT and represent the transistor as it would appear
in a monolithic circuit environment. These parameters are
therefore appropriate for the design of monolithic millimeter-
wave integrated circuits [1].

VI. SUMMARY AND CONCLUSION

Millimeter-wave techniques for directly obtaining the noise
parameters and S-parameters of transistors have been demon-
strated. These are the first direct measurements of noise
parameters at these frequencies. The detailed description of
the techniques should be useful to those needing to make
similar measurements. These techniques rely on careful char-
acterization of the measurement system, of the transistor test
fixture, and of the transistor itself. Losses in the input network
limit the range of source admittances available for fitting noise
parameters, but a data selection technique improves the fitting
procedure. Our measurements show that noise parameters mea-
sured between 2 and 26 GHz can be extrapolated to 60 GHz.
In addition, we have shown that S-parameter measurements
made on individually packaged InP HEMT’s are consistent
with measurements made in a commercial test fixture. This is
an important result because it is not always practical to use
a test fixture.

Since the measurements represent the InP HEMT in the
monolithic circuit environment, and the reference planes are
at the gate and drain terminals, the resulting parameters are
appropriate for the design of monolithic millimeter-wave in-
tegrated circuits. The development of the procedure described
in this paper led to the successful realization of a 56-60-GHz
fully monolithic InP HEMT low-noise amplifier [1]
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