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Broad-Band MiCI’OWGVC Measurements on GaAs

“Traveling-Wave” Transistors
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Abstract—Instantaneous gain, noise figure, reverse attenuation,
and gain and phase control measurements in the frequency range
8-18 GHz have been performed on GaAs traveling-wave transistors.
The broad-band high-gain nature of the device together with the
requirement for several bias connections precluded the use of stan-
dard test fixtures, and resulted in a package design exhibiting less
than 1-dB insertion loss over the band together with 75- to 90-dB
internal isolation. Untuned X-band gain, noise figure, and reverse at-
tenuation were 12 dB, 18 dB, and 32 dB, respectively, and the gain and
phase could be electronically varied over a 35-dB and 360° range.
When RF tuning was employed, the gain, on the average, improved
by 10 dB.

1. InTRODUCTION

N 1967 Robson et «l. [1] published a concise description of
I[ a two-port amplifier that made special use of the growing

space-charge waves which travel unidirectionally from
cathode to anode in a slab of n-type GaAs biased above the
transferred-electron threshold. The high internal gain and
built-in isolation made the device potentially attractive, but
the use of closely compensated bulk material forced the au-
thors to use pulsed biasing and placed constraints on the
geometry which limited the net gain to several decibels and
made the gain fall off rapidly above a few gigahertz.
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Fig. 1. Schematic of initial RCA traveling-wave transistor.

In 1970 Dean ef al. [2] fabricated a similar device using
2-pm-thick epitaxially grown n-on-insulating GaAs. Because
of the use of purer epitaxial material, dc biasing could be em-
ployed, and a more favorable geometry was obtained (see
Fig. 1). The geometry employed in the epitaxial device re-
sulted in significant unidirectional net gain in X band (8-12
GHz). The RF coupling electrodes on this device acted as
Schottky-barrier electrodes, and in subsequent work, de-
scribed in a 1972 paper by Dean and Matarese [3], it was
shown that the input portion of the device behaved very
much like a field-effect transistor. An EM wave propagating
on the input line, shown in Fig. 1, produces a voltage. This
voltage drives a conduction current, which establishes a fluc-
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tuating charge, and the main-bias field carries this fluctuating
charge away from the input FET section of the device as a
traveling space-charge wave [4]. Whatever growth is present
in the traveling space-charge wave amplifies the signal as the
wave moves toward the output. At the output electrode the
space-charge wave dumps its charge into the output circuit,
thereby converting the signal into an EM wave again.

The relatively large distance between input and output
electrodes (several space-charge wavelengths) provides isola-
tion as well as space-charge-wave gain, thus allowing a very
high gain-bandwidth product.” The maximum broad-band
stable gain is limited by two forms of output-to-input feed-
back. There is an internal feedback mechanism which is essen-
tially the same as the feedback mechanism that causes super-
critical Gunn diodes to oscillate. There is also an external or
circuit feedback mechanism associated with coupling between
the output and input transmission lines. The internal feed-
back mechanism limits the traveling-wave gain to less than
about 30 dB [§]. It is fundamental to the traveling-wave part
of the device and is not easily modified. The external feedback
can be made almost arbitrarily small by proper device design
[3] and good packaging.

II. FABRICATION AND PACKAGING
A. Device Construction

Epitaxial growth and subsequent processing is outlined
below and refers to the device cross section in Fig. 2.

The first step in the fabrication of the GaAs traveling-wave
transistor is the deposition of multilayer homoepitaxial GaAs,
using a vapor-phase system [6]. Starting with a polished
chromium-doped semi-insulating GaAs substrate oriented 3°
off (100), 1 um of n-type GaAs with a density of 5 X101 cm—3
is grown. Then, on top of this, a highly doped n* capping
layer about 0.5 um thick is grown.

Separate metal depositions form the ohmic contact elec-
trodes and Schottky-barrier electrodes. The GaAs is etched

preceeding the Schottky-barrier metallization. This exposes.

the channel and space-charge regions (n layer), while keeping
the cathode (n*) contact intact. Mesa etches remove epitaxial
material outside the active regions, thereby reducing external
parasitics.

A plan view of the final pattern is shown in Fig. 3. By com-
paring Figs. 2 and 3 with Fig. 1, and keeping in mind the
presence of the nt layer in the present devices, one can see
that even though the basic design is the same as that reported
in [3], there are several differences in detail.

1) The new devices have the semiconducting material re-
moved outside the region covered by the input electrode. A
result is that there is no path around the end of the input
electrode for extra (uncontrolled) traveling-wave current.
This increases the range over which we can do voltage-con-
trolled phase shifting at constant gain.

2) The semiconducting material between the output elec-
trode and the large grounded screen at the anode end has
been completely removed. A result is that there is no positive
(or negative) conductance between the output electrode and
the adjacent ground plane. This improves our ability to tune
the output for maximum gain.

3) The input electrode is self-aligned and therefore is po-
sitioned very close to the cathode. In addition, n* material is
used under the alloy contact to reduce contact resistance, thus
reducing the parasitic source resistance to a relatively small
value.
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Fig. 3. Plan view of new device structure.

B. Packaging

1) OSSM 50-Q Package: Fig. 4 shows a top view of a new
microwave package with a traveling-wave transistor mounted
in the center. The package is made by sandwiching a 0.060-in-
thick copper plate between a pair of modified omnispectra
subminiature (OSSM) connectors. Two bias leads are pro-
vided by fitting insulator-covered wires up through holes in
the copper plate. Capacitors on top tie these bias leads to
microwave ground. After device mounting, a grounded metal
cap is bolted over the top to help reduce feedthrough between
the OSSM connectors.

2) Header Package: To provide room for close-connected
microwave tuning elements and a larger number of internal
bias connections, a relatively sophisticated microwave pack-
age shown in Fig. 5 was developed: The transistor chip and
all of its associated bias and microwave circuitry are mounted
on a modified 10-pin integrated-circuit header, which is then
positioned in a simple copper block for spring-contact with a
pair of standard omnispectra miniature (OSM) connectors.
All bias connections are made to the pins on the integrated
circuit header, and flip-chip capacitors are used as dc blocks.
Some microwave tuning elements can be included, since there
is about one-quarter wavelength between the device chip in
the center of the header and the ends of the OSM connectors
at the edges of the header.

A metal plate (not shown in Fig. 5) inserted in the hole in
the top of the package screens the input circuitry from the
output circuitry. When this metal plate is in position, and a
straight-through section is substituted for the device, the over-
all package transmission loss is less than about 1 dB from 6 to
18 GHz. With an open-circuit substitute for the device, the
stray input-circuit to output-circuit transmission ranges from
—90 dB at 8 GHz to about —75 dB at 18 GHz. Thus, in addi-
tion to being convenient and flexible, this package exhibits
excellent microwave properties.
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Fig. 4. OSSM 50-Q microwave package with
grounding cap removed.
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Fig. 5. Header package for multiple-bias X- and KU-band devices.

III. MICROWAVE PERFORMANCE
A. Gain, Bandwidth, and Isolation

The curves in Fig. 6 show instantaneous net gain versus
frequency for sample B-548-8. This device was mounted in the
header package, and the displayed results represent instan-
taneous net gain for the device and the package, looking into
50-Q input and output. The upper curve shows the transmis-
sion gain in the forward direction, and the lower curve shows
the reverse gain. All the biases are on and fixed during these
measurements. Omne can see that the forward-to-reverse gain
ratio of the operating packaged device is about 45 dB at
12 GHz.

To see how tuning might be employed to improve gain and
bandwidth, another sample from this same wafer (B-548-15),

was mounted in the OSSM package, with input and output

tuning provided by X-band waveguide slide-screw tuners.
With the slide-screw tuners withdrawn and ineffective 5-10-
dB net gain was exhibited through the 8-12-GHz frequency
range (dashed line in Fig. 7). Without changing the bias con-
ditions, the slide-screw tuners were inserted and adjusted to
maximize the oscillation-free gain at 200-MHz intervals. The
resulting curve is shown as the solid line in Fig. 7. Because the
tuning was readjusted at each frequency, this is not, as before,
an instantaneous gain curve, but it does show that the gain
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Fig. 7. Effect of external tuning on net gain for sample B-548-15.

can be increased significantly (approximately 10 dB) by
proper matching. Input and output impedance measurements
show that while the device input impedance was fairly well
matched to a 50-Q coaxial line, the output impedance was
much higher than 50 Q. Thus it appears that the primary
effect of the tuning was to provide a better match to the rela-
tively high impedance of the traveling-space-charge waves at
the output. To realize the full benefit of this tuning feature,
one must provide a circuit which can match the device’s out-
put impedance over a relatively broad bandwidth.

B. Noise Figure

Our best noise figure to date has been obtained from sam-
ple B-548-6. Although this sample was taken from the same
wafer that produced our best gain and bandwidth results, we
were able to obtain only about 8-dB average maximum stable
gain in X band from this unit. The device was mounted in the
OSSM package, with external bias T's leading to untuned
X-band waveguide. Fig. 8 shows instantaneous noise figure
for the device and package along with the concomitant gain
for one particular set of bias conditions. This set of conditions
was selected for the best noise figure over a broad bandwidth.
The lowest noise figure obtained in this measurement was
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Fig. 8. Instantaneous noise figure, with 50-Q
input and output transmission line.

17.7 dB and the noise was nearly flat over a very broad fre-
quency range. (No tuning was used this time.) With other
bias conditions, we obtained a slightly lower minimum noise
figure and higher gain at the minimum noise condition, but
the average X-band noise figure was higher. With biases for
near-maximum average X-band gain, the X-band noise
figures typically rose to 21-25 dB. Input tuning did not seem
to help much, suggesting that a significant amount of input
dissipation was present.

C. Signal=Processing Capabilities

To evaluate the signal-processing capabilities of our more
recent devices, we took the same device as that used to obtain
the relatively high tuned gain shown in Fig. 7, and set up the
tuning for maximum gain at 9 GHz. The cathode-to-output
bias voltage was set at 47 V and held there to maintain a
nearly constant phase. Then we modulated the input electrode
bias to reduce the gain and obtained the output-versus-input
characteristics shown in Fig. 9. The net gain was modulated
over about 35 dB from —21 to 14 dB by varying the gate
voltage from —6 to 4-1 V. As the gain changes, the saturation
power varies also. For current levels below about 3 mA, the
theoretically predicted [3] Puy~I? dependence was followed.
For automatic gain control, one would ideally like to have no
saturation power variation with the gain modulation. Al-
though we cannot attain this ideal condition, the 10-dB satu-
ration power variation for 35-dB gain variation is quite good.
The results also show that the attenuation introduced (in
decibels) is directly proportional to the square of the applied
negative gate bias, over most of the modulation range above.
The relative simplicity of the functional dependence is im-
portant for practical applications.

Using the same device, we also looked at the 9.0-GHz
phase-modulation capability. For this experiment we ad-
justed the voltage between cathode and input electrode to
hold the net gain constant at +7 dB +0.5 dB as we varied the
voltage between the input gate and output contact to vary the
input-to-output phase shift. The mechanical tuners were fixed
throughout. The results are shown in Fig. 10. One can see that
we were able to obtain almost 360° phase shift with this con-
stant gain. (Other experiments have shown that the phase
shift produced by a given voltage change is proportional to
frequency, so the corresponding 18-GHz phase shift is roughly
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twice this, or almost 720°.) Fig. 10 shows that the phase varies
almost linearly with voltage over most of the range. The re-
quired associated modulation of the voltage between the
cathode and the input gate was relatively small and for most
of the 360° it could have been obtained “automatically” with
a relatively simple compensating network in the dc biasing
circuit. Thus the phase-shifting properties of the device are
smoothly varying and large in extent.

IV. ConcrLusions

The traveling-wave transistor, a thin-film GaAs device,
has been tested for broad-band microwave performance. The
low insertion loss and parasitic feedback of the microwave
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test packages used allowed us to measure device properties
over the band 8~18 GHz. The broad-band gain was on the
average, 12 dB and reverse attenuation was about 32 dB.
Tuning improved the gain by as much as 10 dB, primarily by
improving the match between the output circuit and the
traveling-wave region. Measured noise figure was about 18 dB,
and it was limited by the inability to tune the input and by
constraints which the traveling-wave region impose on the
input FET section.

The gain of the device has been electronically varied over
approximately 35 dB by varying the input gate voltage. The
gain in dB was nearly proportional to the square of the gate
voltage, and it was limited at the upper end by stability and
at the lower end by capacitive feedthrough. The phase shift
was nearly proportional to the input-to-output voltage
change, and it was limited by the extent of the negative-
mobility portion of the velocity-field curve. Future work will
concentrate on techniques for improving noise figure and in-
creasing output power capability.
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RF Amplifier Design with Large-Signal S-Parameters

WILLIAM H. LEIGHTON, MEMBER, IEEE, ROGER J. CHAFFIN, MEMBER, IEEE, AND
JOHN G. WEBB, MEMBER, IEEE

Abstract—High-power UHF transistors have been characterized
through the use of large-signal S-parameters. These S-parameters
have been used successfully to design UHF power amplifiers. Wave-
form measurements show that due to the Q of the package parasitics,
most class C operated UHF power transistors have nearly sinusoidal
waveforms at their package terminals. Experimental evidence pre-
sented shows that the large-signal S-parameters are relatively inde-
pendent of power once the device is turned on. These two observa-
tions make it possible to extend modified small-signal S-parameter
design techniques to large-signal power amplifiers.

I. INTRODUCTION
r | YHE USE OF S-parameters for characterization of

small-signal linear microwave devices and circuits is

well known [1]. S-parameters are a valuable tool in
analytic design of linear microwave circuits [2] because of
ease of measurement and the convenience of their use. Ana-
lytic design procedures, using S-parameters, are well de-
veloped for small-signal transistor amplifiers. Design of high-
power microwave transistor amplifier circuits, however, has
been a cut-and-try procedure because of the lack of similar
analytic procedures for high-power devices. Characterization
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of high-power transistors by S-parameters would be useful
also for predicting the stability of circuits, and would provide
a more convenient means of testing and evaluating transistors
for high-power applications.

In this paper it is shown that the linear concept of the
S-parameter can also be used in large-signal transistor ampli-
fier design. Results from the measurement of the large-signal
S-parameters and the RF saturation voltage of a microwave
power transistor are presented. This information is then used
to analytically design a 1-GHz 18-W amplifier. The success of
this amplifier design partially verifies the applicability of S-
parameters and linear design techniques to design nonlinear
class C amplifiers.

First, the variation of large-signal S-parameters with drive
level and bias conditions is discussed. It is shown that over a
wide range of power, with the exception of Sx the S-parame-
ters are not a strong function of applied power, and that the
voltage waveforms observed when measuring large-signal S-
parameters are nearly sinusoidal. These results support the
hypothesis that the transistor, although operating in class C,
can be analyzed, at least approximately, by linear methods.

Next, a method is described for measuring the RF satura-
tion voltage of microwave transistors. The measured S-pa-
rameters and saturation voltage are then used to design an
amplifier, and the performance of the resulting amplifier is
compared with that of a cut-and-try optimized amplifier.



