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Abstract

Significant improvements in the accuracy of
noise models of millimeter-wave HEMT devices are
obtained wusing on-wafer noise prematched
structures and through enhanced accuracy of
calibration. This procedure enables scaling of device
noise models obtained at microwave frequencies to
millimeter wave frequencies. Good correlation
between noise parameters of scaled devices with
experimental data at millimeter wave frequencies is
obtained.

Introduction

Modern millimeter wave receivers demand
excellent noise figure performance. This requires the
low noise amplifier to be as near to optimum as
possible. The successful design of these low noise
amplifiers depends heavily on the existence of an
accurate device noise model.

At present, millimeter wave low noise amplifiers
are designed utilizing scaled and extrapolated HEMT
noise models of relatively large periphery devices
measured below 26 GHz [1]. Because of the
inaccuracies in the noise models and the need to
both scale and extrapolate to higher frequencies, the
use of the resultant model invariably leads to several
design iterations.

The accuracy of the noise parameter
measurements depends substantially on the
accuracy of the S-parameter -calibration. The
experimental data reveals that changes in the
calibration kit parameters that only slightly affect the
S-parameters produce significant changes in the
shape of the optimum noise source impedance over
frequency. Also, it is difficult to extract the value of
gate resistance exactly. Errors in the value of gate
resistance that are inconsequential below 26 GHz
can have a significant effect at higher frequencies.
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In this paper, we shall present a novel procedure
that significantly improves the accuracy of noise
models of HEMT devices at millimeter wave
frequencies. In this procedure, on-wafer prematched
noise test structures are designed, fabricated and
tested at microwave (2 to 26.5 GHz) and millimeter-
wave frequencies (33-50 GHz). An accurate device
model is developed using the microwave frequency
test data and then scaled and verified with the
millimeter-wave frequency test data. This approach
incorporates device scaling and provides a
thoroughly verified noise model which can be
extrapolated to V- and W-band frequencies.

Calibration Improvements

Noise parameter measurements depend heavily
on the S-parameter calibration. The low frequency
noise parameter tests were done using the ATN NP5
noise parameter test set. The test algorithm depends
heavily on S-parameter data to determine the source
impedances presented to the device by the tuner,
device S-parameters and the load impedance. As a
result, the measured noise parameters are sensitive
to S-parameter calibration [9]. Figure 1 shows the
effect of changing the s-parameter calibration kit in
the network analyzer on both the s-parameters and
the noise parameters. The original calibration that
produced the upper Zopt curve in figure 1 was based
on electromagnetic simulations only and the lower
curve resulted when the open circuit capacitance of
the original calibration was adjusted slightly to place
the measurement of an offset open precisely on the
edge of the Smith Chart. A calibration kit change that
only slightly affects the S-parameters produces
significant changes in the value of optimum noise
source impedance. Also, extrapolation of the two
sets of data in figure 1 to millimeter wave frequencies
would clearly give quite different values for the
optimum source impedance.

A verified calibration kit was developed to reduce
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errors in the noise parameters due to the S-
parameter calibration. The calibration kit was
developed using a TRL (thru, reflect, line) calibration
to measure the SOLT (short, open, load, thru)
standards. The SOLT standards are preferred for on
wafer calibration because they are compact.
However, the impedance standards must all be well
known for the calibration to be correct and analysis of
planar impedance standards is difficult, especially for
a resistive load [2]. The TRL standards require
relatively long line standards, but produce a more
accurate calibration. For TRL, only the characteristic
impedance of the thru and line standards need be
known exactly [4]. These quantities are more easily
calculated or measured.

We calculated the characteristic impedance for
our coplanar thru and line standards using Sonnet
electromagnetic simulation software [5]. The reflect
standard was a coplanar short offset 10um from the
probe pads. After calibration by the TRL method, we
measured the S-parameters of our SOLT standards.
Using the measured S-parameters of the SOLT
standards we developed an new calibration kit. The
new SOLT calibration kit was then used to measure
noise parameters of 100 and 200um devices from 2-
26 GHz using the ATN noise parameter test set.
Further investigation of the calibration kit will include
measurements of offset short, open and loads as
verification standards.
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Fig. 1. Optimum cource impedancs, S11 and S22 for a 200um
HEMT at 2V, 40% peak Gm current, from 2-26 GHz measured with
two different sets of s-parameter calibration parameters.

Millimeter-Wave Noise Parameters

On-wafer noise prematched structures were
developed to measure noise parameters of 40, 60
and 80um devices at 39 and 44 GHz. The test

structures consist of an input 6 dB pad, an input
matching circuit, the HEMT device and an output
matching circuit. For each frequency and device size
of interest, five test structures were designed. Each
of the five structures had the same input pad and
output matching circuit. The input pad serves to
reduce the effect of probe VSWR on the source
impedance presented to the device and the output
matching circuit helps raise the gain of the structure.
The design of the input matching circuits was based
on noise parameters extrapolated by the previous
method. One of the structures was designed for
minimum noise figure and the others for noise figures
going up from the minimum in 0.5 dB steps.

The noise figure of the test structures was
measured using a commercially available Q-band
high ENR noise source and an existing TRW MMIC
Q-band low noise amplifier as a post amplifier. A
commercially available Q-band downconverter was
used to bring the IF to 30 MHz for reading by an HP
8970B noise figure meter. The 39 GHz structures
were measured from 35 to 43 GHz and the 44 GHz
structures were measured from 40 to 48 GHz. The
bias was applied through a pair of external bias tees.
The loss of the wafer probes was taken into account
by measuring the total loss of both probes with an
on-wafer microstrip thru and assuming that each
probe accounted for half of the loss. No attempt was
made to measure the impedance of the input probe
or account for its effect on the noise figure
measurements. Figure 2 shows a typical
measurement over frequency of the noise figure of a
set of five 44 GHz, 60um test structures. The
measurement ripple is due to VSWR effects between
the input probe and the 6 dB pad.
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Fig. 2. Raw NF vs. frequency for a set of five pre-matched noise
figure test structures each presenting a different source to a
60um HEMT biased at 2V and 40% of the peak Gm current.

Noise parameters for the HEMT device were
then calculated from the measurements of the test
structures noise figures. The 6 dB pads, input



matching circuits and output matching circuits were
all simulated using Sonnet [5] electromagnetic
simulation software. The effects of the pad, input
matching circuit and output matching circuit on the
measured noise figure were removed using the well
known system noise temperature equation using

T/To=1/(available gain)

for the effective noise temperature of the passive
circuits. An existing small signal model for the device
was used to calculate the noise parameters of the
device. Since the source impedances were found
entirely by calculation, they were assumed to have
no random error and the noise parameters were
found by a least square fit to the device noise figures
using the conjugate gradient method [6].
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Fig. 3. Noise figure vs. source impedance at 44GHz after de-
embedding device from the test structure. Data is for a 60um
HEMT at 2V, 40% peak Gm current.(a) vs. Re{Zs} (b} vs. Im{Zs}

Device Model Development

A device model was developed using the
topology of figure 4 [1,7]. Other HEMT noise model
topologies have been proposed which may more
accurately reflect the device physics [8] and these
are also under investigation. The linear model
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parameters were chosen to fit to S-parameter data
taken on the 60, 80 and 200um device sizes from 50
MHz to 50 GHz. The noise currents and correlation
coefficient were chosen for the best fit possible to 2-
26 GHz noise parameter data taken on the 200um
devices and to the 35 and 44 Ghz data taken on the
60 um and 80 um devices (figure 6).
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Fig. 4. Device model topology and scaling equations.

Conclusion

A novel and accurate procedure for development
of HEMT noise models was presented. This
procedure overcomes errors that were inherent in
previous millimeter wave noise models. The noise
models can be scaled and extrapolated to millimeter
wave frequencies with confidence. This model is
currently being used for V- and W- band LNA
designs.
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Fig. 5. Modelled vs. measured noise parameters for the 200um
HEMT at 2V, 40% peak Gm, 2-26 GHz. (a) Fmin and Rn. (b)
Optimum source impedance.
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Fig. 6. Modelled vs. measured noise parameters for the 60um

HEMT at 2V, 40% peak Gm, 35-48GHz. (a) Fmin and Rn. (b)
Optimum source impedance.



