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ABSTRACT

Broadband millimeter-wave GaAs MESFET
amplifiers have been designed from model-
extrapolated S-parameters. An equivalent
circuit MESFET model valid to 40 GHz is given.
Amplifier performance from 15-50 GHz is shown
and compared with the equivalent circuit model.

INTRODUCTION

The development of the sub-half micron
GaAs MESFET in the past few years has generated
greater interest in millimeter-wave FET amplifiers
(1,2,3,4). Due to the difficulty of measuring
device S-parameters at millimeter-wave
frequencies, most FET amplifier designs above 26.5
GHz have employed an extrapolated S-parameter
approach using the device equivalent circuit
model.

Extrapolated S-parameters are determined
by developing an equivalent circuit model whose
S-parameters match those over the measured
frequency band, and then, using the model to find
the S-parameters at higher frequencies. Using
this technique, J. Rosenberg et al. (1)
demonstrated minimum gains of 5 dB for a single
ended output one stage amplifier from 26.5-40 GHz
and later (3) produced a single-stage balanced
amplifier with 8 dB of gain over the same
frequency range. E. T. Watkins et al. (4)
demonstrated a one-stage amplifier with 5.5 +/-
0.5 dB of gain from 55 to 62 GHz. These previous
reports (1,3,4) however, have not shown predicted
performance. We present herein a methodology for
designing millimeter-wave FET amplifiers on
microstrip using device extrapolated S-parameters
and give results for both measured and modeled
performances.

DEVICE SELECTIONAND MEASUREMENT

Four commercially available sub-half micron
GaAs MESFET devices from three different
manufacturers were selected for measurement and
modeling. Some of their electrical specifications
and gate dimensions from the manufacturer data
sheets are presented in Table 1.

The S-parameters of the selected FETs
were measured from 1.5-26.5 GHz on the HP 85110
vector network analyzer using an in-house device
test fixture. Calibration standards (short, open,
and load), that could be slid in and out of the
test fixture, were used to calibrate out the
fixture effects and to define the measurement
reference planes. The gate and drain bonding
meshes were included in the measured S-parameters.
The measurements were taken at the bias levels
indicated in Table 1. Devices #2 and #3 with
lower Idss were measured at Ids=10 mA, and devices
#1 and #4 were measured at Ids=30 mA for
S-parameter comparison at equivalent bias
conditions.

TABLE 1

Comparison of device gate dimensions
and electrical performances
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OEVICE MODELING

The complete equivalent circuit for the
device including the measurement environment is
shown in Figure 1. Unlike earlier reported MESFET
models (5,6), the drain-to-source capacitance is
broken up into two parts. The major part of the
capacitance Cds is located directly across the
output resistance Rds while a smaller part Cds’ ‘Is
across the drain-to-source bonding pads. This was
necessary to more accurately model S12 over the
measured frequency range. The transadmittance was
modeled as a magnitude gm and a time delay td.
The gate and drain bonding meshes were modeled iis

high impedance transmission lines with the source
mesh being lumped into an equivalent inductance.

385

0149-645X/86/0000-0385$01.000 1986 IEEE 1986 IEEE MTT-S Digest



‘+F=Job
FIGURE 1

MESFET equivalent circuit including

bonding meshes and associated parasitic

Initial values for the model elements were
found from the 1.5 GHz scattering parameters and
DC measurements. The element values were then
optimized to achieve the best match between the
measured S-parameters and those of the model from
1.5-26.5 GHz. The optimized element values for
the four device models are shown on Table 2. The
bonding meshes were removed from the models and
the extrapolated performance of the devices
examined. The model for device #4 indicated 1.5
dB higher unilateral gain at 40 GHz than the other
devices (see Table 1). This device was used in
the amplifier designs. Figure 2 shows the
measured and optimized model S-parameters of
device #4.
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TABLE 2

equivalent circuit parameters of four
MESFET devices

OEVICE=l OEVICE*2 DEVICE*3 DEVICE=4

1.7(2 1.60 1,50 1.80

0.3\ PF 0.19PF 0.22 pF 0.24 pF

0,016 PF 0,02 pF 0,02 PF 0,01 PF

0,710 0.21 Q 0.20 1.10

0,80 1.7(2 2.s o 6,0 Q

1700 320 I) 2300 3100

II l-l 2.10 2.5 (2 1.40

0.085 pF 0,071 PF 0,055 pF 0.055 PF

0.011 pF 0.015PF 0,021 pF O.OIIPF

0.03S pF 0.03 pF 0.031 pF 0.012 pF

0.045 fiH 0,02 I nH 0,051 nH 0.05 I OH

95 Q 85 Q 95 n 90 (l

0.037 cm 0.037 cm 0.036 cm 0036 cm

90 II 85 Q 951-1 1100

0.035 cm 0.036 cm 0.031 cm 0.04 cm

0.02 DF 0.02 pF 0,02 PF 0.02 PF

0.059 Siemens 0.034 Siemens 0.044 Siemens 0.045 Shmens

2 p3 2.2 PI 2 P3 2.1 ps
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FIGURE 2

Measured and Modeled S-Parameter
Comparisons of Device #4

The thin-film matching networks were realized
on 5 mil sapphire substrates oriented coplaner
orthogonal to the C-axis. Open-and-short-circuted
transmission lines were used to realize shunt
capacitive and inductive reactance. These along
with series, low impedance, quarter wave matching
sections were placed at optimum poilnts along the
transmission line to obtain maximum gain. The
objective was ta achieve maximum gain over the
required bandwidth and not so much a flat
response. Bias was supplied ta the devices
through 0.7 mil gold bond wires. RF grounds and
OC blocking were accomplished with high density
chip and thin film capacitors. The circuit
dimensions are 5x3. 5 millimeters. Coaxial
connectors were used on the package. Figure 3 is
the equivalent circuit for “the one-staqe

One-and two-stage amplifiers were designed
using basic microwave thin-film techniques (7).
It was important to retain as much of the original

device measurement environment as passible, since

the equivalent circuit model is a combination of

the actual FET S-parameters and the measurement
environment. The FET was mounted on top of the
substrate and plated through via holes provided
ground to the top of the substrate.
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AMPLIFIER PERFORMANCE

One and two stage amplifiers were fabricated
and tested up to 50 GHz. The amplifier substrates
were epoxied on a center-block and sandwiched
between two test package end-blocks. The coax
connectors and the coax-to-microstrip transitions
were part of the end-blocks. Measurements were
made on the HP 8510 and the millimeter-wave
waveguide based HP 8510 vector network analyzer
system. The one-stage amplifier had 1.4 dB
minimum gain from 20 - 40 GHz. Lower gain than
predicted was due to loss in the test package end-
blocks (Fig. 4). The gain ripple was caused by
mismatch between the end-blocks and the amplifier
input and output impedances. The end-blocks were
measured in a through connection without the
amplifier. A first approximation equivalent
circuit model of the end-blocks was made based on
these measured S-parameters. The end-block models
tracked the measured through loss data to within
+/-0.25 dB. The amplifier computer model was then
embedded between the end-block models. This
embedded model reduced the difference between the
measured and modeled gain to less than +/-1.7 dB
from 20-40 GHz (see Fig. 4). Further refinements
of the end-block models and microstrip matching
element computer models should reduce this
difference to less that +/-1 dB. The second
harmonic for the single-stage amplifier at 20 GHz
and -10 dBm input power was -38 dBc.
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FIGURE 4
Measured and Modeled Gain of One-Stage Amplifier

The input and output reflection coefficients
were calculated using the embedded amplifier
computer model and compared to the measured
results. Figures 5 and 6 are the measured and
modeled values of the input and output reflection
coefficients respectively. The difference between
the measured and modeled phase of the input
reflection coefficient was < +/-26 degrees at
frequencies between 20 - 35 GHz, and < + 62
degrees from 35 - 40 GHz. The output reflection
coefficient showed < +/-38 degrees difference from
20 - 35 GHz, and < + 90 degrees from 35 - 40 GHz.
The phase of the input and output reflection
coefficients at 40
by small changes
lengths as well
elements.

GHz is significantly affected
in modeling the series line

as the open stub matching
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FIGURE 5

Measured vs. Embedded Model of S11 Magnitude
Measured vs. Embedded Model of S11 Phase
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FIGURE 6

(a) Measured vs. Embedded Model
(b) Measured vs. Embedded Model

of S22 Magnitude
of S22 Phase
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The two-stage amplifier performance is shown
in Figure 7. Better than 7 dB of gain from 21 GHz
to 40 GHz was obtained with low end gain rolloff
to 5.5 dB at 20 GHz. This measurement includes
the loss in the test package end-blocks. Similar
differences to those of the one-stage were
observed between the initial two-stage computer
modeled gain and the measured gain. At the time
of this work, the two-stage had not been embedded
between the end-block models, but similar results
to those of the one-stage are expected. The
second harmonic of the two-stage at 20 GHz with
-10 dBm input power was -26 dBc.

The output power of the two-stage amplifier
was measured at 30 and 40 GHz. Figure 8 is the
output power as a function of the input power at
these two frequencies.

16-

14.

12-

10. / -

8- r 4 /-- \

6-

4. / \

2- /

o- /’ \

-2 y
-4-

\
I

;~
15 20 25 30 35 40 45 50

Frequency [GHz)

FIGURE 7

Measured gain for the two-stage amplifier

CONCLUSION

We have shown that predicting the perfor-
mance of millimeter-wave GaAs FET amplifiers can
be accomplished by using model-extrapolated
S-parameters.

The one stage amplifier measured 1.4 dB
minimum gain from 20-40 GHz, 2.8 dB less than the
predicted midband gain, because of losses in the
test package end-blocks. Embedding the amplifier
model between computer models for the end-blocks
reduced the difference between the measured and
modeled gain for the one-stage to < +/-1.7 dB.
Measurement to model error is expected to be
reduced to less than +/-1 dB with further
improvements in the microstrip models. Second
harmonic for the one-stage amplifier with -10 dBm
at 20 GHz was -38 dBc.
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FIGURE 8

Output vs. input power of two stage
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Measured two-stage amplifier gain was better
than 7 dB from 21 - 40 GHz. with low end gain
rolloff to 5.5 dB at 20 GHz. Output power at 1 dB
gain compression was 8.9 dBm at 40 Ghz and 12.9
dBm at 30 Ghz, Second harmonic with -10 dBm input
power at 20 Ghz was -26 dBc.

388


