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ABSTRACT

A beam-hopping system utilizing a phased array and solid-state power amplifiers has
previously been introduced for application in EHF communications satellites. The
performance of a 5-bit P-I-N-diode phase shifter developed for use at 20 to 21-GHz is
presented. The development and characterization of 0.5-W K-band GaAs MESFETs is
discussed together with their performance capability. The performance of experimental
amplifier designs is included.

INTRODUCTION

The advantages of EHF satellite communications systems have been recognized for several
years. EHF systems have the potential capability to provide secure communications to
large numbers of users over diverse regions of the globe. The advantages of EHF
communications systems include the ability to use small antenna apertures and/or low-
power transmitters to achieve adequate link-margins.

In order to realize the theoretical advantages inherent in EHF satellite communications
systems, the requisite supporting-hardware technology must be developed to provide long-
life, reliable systems.

MIT Lincoln Laboratory is continuing to support the development of relevant EHF
technology. A concept which is presently being studied (1) includes a 20-GHz beam-
hopped transmitting system for the downlink. This paper is an update on progress in the
development of components for the beam-hopped downlink. Figure 1 shows an artist’s
conception of the downlink transmitter. Major components of the downlink include a



32-element array antenna. The antenna is fed by 32, 0.4-to-0.6-W solid-state amplifier
modules. Beam hopping is accomplished by shifting the relative phases of the amplifier
input signals with 32, P-I-N-diode phase shifters.

Four 5-bit P-I-N-diode phase shifters have been delivered to Lincoln Laboratory which
meet the basic electrical requirements of the program. A discussion of the design and
measured performance of these phase shifters is reported here.

In addition to phase shifters, Lincoln Laboratory is also sponsoring development of power
GaAs FETs for operation at 20 to 21 GHz. A contract for the development of 0.5-W
power MESFETs has recently been completed (2), and further FET development programs
are currently in progress. The characterization techniques being used at 21 GHz are
discussed, and the measured performance of 0.5-W power FETs is presented. Finally, the
design and performance of experimental amplifier modules is reported.

PHASE SHIFTERS

The architecture of a system utilizing a solid-state downlink transmitter in a 32-element
phased array at K-band required the development of phase shifters. The two most
prominent types of phase shifters are either ferrite or P-I-N-diode. P-I-N-diode phase
shifters were chosen since they require less DC power than a ferrite phase shifter at the
proposed switching rates, and they can be constructed lighter in weight. Less desirable
characteristics, such as higher insertion loss and higher VSWR, were acceptable
compromises. The system design places the phase shifters at the input of the transmitters,
where the low power level is compatible with P-I-N diode units and minimizes the
significance of their insertion loss. The phase-shifter specifications are shown in Table I.

At the outset there were no existing phase-shifter designs, available at EHF, meeting the
system requirements. The units reported on here were designed and built by the Aerospace
Electronic Systems Department of the General Electric Company in Utica, New York.

The 5-bit diode phase shifter was designed for performance in the 20-to-21-GHz band.
The circuit was fabricated on a suspended quartz substrate and utilizes suspended
stripline-to-waveguide transitions at the input and output interfaces.

The phase shifter incorporates a combination of bit designs (shown in Figure 2) arranged
from left-to-right in order of decreasing bit size. The 180E and 90E bits are two-branch
hybrid-coupled circuit designs. The 45E, 22.5E and 11.25E bits are loaded-line sections.
Each bit uses two Hewlett-Packard beam-lead P-I-N diodes, Type HPND-4001.



TABLE I
PHASE-SHIFTER SPECIFICATIONS AND PERFORMANCE.

Parameter Specifications Performance

Frequency (GHz)
Center Frequency (GHz)
Bandwidth (%)
VSWR
Insertion Loss (dB)
Maximum Power Level (mW)
Resolution (Bits)
Phase Steps (Degrees)
Total Phase Shift (Degrees)
Phase Error (Degrees)
Switching Speed (µsec)
Logic Interface Levels
DC Power (W)
Dimensions (in)
Mass (g)
Connectors

20 - 21
20.5

5
1.5:1*

3.0
10
5

11.25
360
5*

<0.5
TTL

No Spec
3 x 3 x 1.5
No Spec

UG 595/U

19.5 - 21.5
20.5
10

1.7:1 Average
3.5 ± 0.5

10
5

11.25
360
<5

<0.1
TTL
0.25

2.5 x 2.5 x 1
140.9

UG 595/U

* Best Effort

The waveguide transitions have two unique features which are worth noting. First, the
probes extending into the waveguide consist of meandering narrow lines printed on the
quartz substrate. It was found empirically that a narrow-width probe had good VSWR at
the low end of K-Band, but had narrowband performance. A wide probe performed well at
the high end of the waveguide band, but also had narrow bandwidth. The meandering-
narrow-line probe has some of the desirable properties of both, providing wider-bandwidth
operation.

The second unique feature of the transition is the printed-waveguide short. It consists of a
large printed pad 8/4 in width, extending across the guide approximately 8/4 behind the
probe. The advantage of using a printed short is that it makes machining and substrate-
position tolerances less critical. A development model of the phase shifter is shown in
Figure 3. Outer dimensions are 2 1/2 in. x 1 1/2 in. x 1 in. and weight is 4 oz. The
maximum DC power requirement is 0.25 W, and control inputs are TTL-logic compatible.

The data shown in Figure 4 summarizes the performance for all 32 phase states over the
band 19.5 to 21.5 GHz. The insertion loss of 3.5 ± 0.5 dB shown in the 20 to 21-GHz



band includes the transition losses. The worst-case VSWR is 1.5:1 at band-center,
increasing to 1.7:1 at the lower band edge. The phase-response data shows that equally
spaced steps of 11.25E have generally been achieved over a 10% bandwidth of 19.5 to
21.5 GHz.

The development of these units represents the first time that a high-performance P-I-N-
diode phase shifter has been achieved above 20 GHz. Furthermore, it has been shown that
a suspended quartz substrate can be employed effectively to reduce circuit losses in a
P-I-N-diode phase shifter. Also, the unique meandering-narrow-line transitions and
waveguide short are a novel approach which may have applications in other suspended
substrate-to-waveguide transitions. Further development is planned to produce in-line
waveguide transitions, reduce weight, and reduce DC power consumption.

TRANSISTOR DEVELOPMENT

A K-band field-effect-transistor development program was initiated in mid-1979 to
produce FETs for use in power amplifier stages of a satellite transmitter. Additional
programs were begun in 1980 to achieve further improvements in performance. The
specifications and status of these development efforts are summarized in Table II. The
initial program requirement for 0.5-W power output at 15% power-added efficiency and
4.0-dB gain was achieved, and this phase of development was completed in August 1980
(3). A follow-on program to double the power output capability of the 0.5-W FET is
presently in progress, together with three additional development programs to achieve high
gain (8 to 10 dB) at the 100-mW power level. The 1-W and 100-mW programs are
scheduled for completion in 1981.

TABLE II
K-BAND FET DEVELOPMENT

I II III

Specifications At 21 GHz Goal Minimum Goal Minimum Goal Minimum

Power Output (W)
Power-Added Efficiency (%)
Gain (dB)

1.0
20

5.0

0.5
15

4.0

--
20

5.0

1.0
15

4.0

--
20
10

0.1
--
8

Channel Temperature Rise (EC)
Deliverables (number)

< 100
50

< 100
60

< 100
100

Status Completed
August 1980

In Progress In Progress



The K-band gallium-arsenide MESFET developed during the initial program is shown in
Figure 5. It employs a flip-chip configuration, self-aligned gates, and plated sources to
make ground connections (2). Sixteen gates with lengths of either 1.0 µm or 0.7 µm
provide a total gate periphery of 1200 µm. The transistor chip is mounted on a metal base
(chip carrier) which includes alumina standoffs and leads to provide ease of installation in
circuitry. This transistor typically exhibits a pinchoff of . 7 V, saturation current of . 350
mA, and low thermal resistance (# 15EC/W as measured by an IR radiometric
microscope), which makes it an excellent candidate for high-reliability applications.

CHARACTERIZATION OF POWER MESFETS

Power MESFETs generally exhibit distinctly non-linear behavior at the power levels
encountered during normal operation. Consequently, small-signal characterization
techniques have limited usefulness since the validity of small-signal measurements is based
on the assumption that the FET can be modeled as a linear two-port device. For this
reason, large-signal characterization techniques have been developed which allow the
device characteristics to be measured under conditions more nearly approximating the
actual operating levels in a working transmitter module. Two different large-signal
measurement techniques are used at 21 GHz: load-pull measurement and two-signal
S-parameter measurement.

Load-Pull Measurements

The purpose of load-pull characterization is to determine the circuit conditions (such as
bias levels, source impedance, and load impedance) for the device which result in optimum
performance at a particular frequency of operation. optimum performance may be defined
as either maximum power output, maximum power-added efficiency, or maximum gain. A
satellite-borne amplifier requiring both high power and high efficiency may necessitate a
compromise design based on the optimum performance which is attainable for either
condition.

A block diagram of the load-pull set-up is shown in Figure 6. The slide-screw tuner is used
to provide the optimum load impedance at the device-under-test (DUT), while the load-
impedance is measured by a semi-automatic network analyzer attached to the harmonic
converter. Vector error correction is accomplished by a Tektronix 4051 graphic controller.
The power level at the transistor is determined by making use of the magnitude of the load-
reflection coefficient determined by the network analyzer. This technique removes most of
the errors in power measurement which normally degrade the accuracy and usefulness of
load-pull measurements (4).



Large-signal input-impedance measurements are performed by reversing the power flow
through the set-up by turning the waveguide switch, and reversing the connections to the
device-under-test and the harmonic converter.

Load-pull characterization is performed with air-dielectric coaxial and slabline structures.
An air-dielectric slabline test fixture is shown in Figure 7a. At the center of the slabline is a
shim which is large enough to mount a flip-chip packaged GaAs FET. The FET is held in
place by two clamps which hold the flange of the flip-chip carrier on the shim. Electrical
contact is made by resting the center conductors of the slabline on the drain and gate
standoffs of the transistor. The conductors are held in place by a rexolite yoke which also
applies the appropriate contact pressure. Air-dielectric slabline is used for several reasons.
First, the 50-S characteristic impedance is unaffected by movement of the center
conductor in the vertical direction. This allows freedom of movement for positioning the
conductors on the gate and drain standoffs and also allows for different standoff heights
due to the manufacturing tolerances of the flip-chip package. Second, the air-dielectric
structure provides very low losses, an improvement that enhances the accuracy of device
performance measurements. Third, the slabline structure easily lends itself to variable
impedance matching by the introduction of moveable slugs into the slabline structure. The
black-anodized aluminum slugs are controlled by micrometers shown in Figure 7b. The
variable tuning capabilities of the slabline allow a large number of different devices to be
measured quickly and easily.

Initial measurements on the FETs showed that the desired load impedance was very close
to the limits of tuning which could be achieved by the slide-screw tuner alone. In order to
achieve greater accuracy and tuning range, a slabline matching circuit was constructed
using stepped-impedance transmission-line sections.

Subsequent measurements were made with the aid of the partial matching provided by the
slabline matching circuit. The load-pull data was then de-embedded from the matching
filter to provide load impedance data at the transistor. The results of a typical load-pull
measurement at 21 GHz are shown in Figure 8. Figure 8a is the load-impedance loci,
measured at the output of the fixed matching section, resulting in three constant output
power levels. The point of maximum power-added efficiency is marked on each ring.
Figure 8b shows the same data after it has been mapped through the fixed matching section
to the transistor terminals. The load-pull measurement provides not only load-impedance
information, but also the gain, power output, and efficiency of the FET.

Two-Signal S-Parameter Measurements

Another method for obtaining a large-signal description of the transistor requires
measurement of large-signal S-parameters. The transistor is placed in a test holder which



provides a 50-S environment and S11 is measured under large-signal conditions. This
measurement is used to determine the actual power input to the transistor; the incident
power is then readjusted to correct for the mismatch This procedure is iterated until the
actual power input to the transistor is sufficiently close to the desired level. The large-
signal S11 corresponding to the desired power input level is then used to design an input
matching network. This network provides an input termination which approximates that
needed for actual amplifier operation at the chosen signal level. The network is installed in
the test holder, and a two-signal measurement technique (5) is used to measure S11 at the
specified signal level, ensuring properly matched conditions at the transistor input port.
The two-signal method is then used to measure S22 under large-signal conditions, from
which the output matching network is designed. The chracterization procedure (or any
portion of it) is iterated as necessary.

The two-signal measurement technique for measuring S-parameters requires that both
ports of the device under test be excited simultaneously by signals of identical frequency.
The instrument configuration includes a synthesized signal source which is amplified by a
traveling-wave-tube amplifier and is split equally to provide the two excitations as shown
in Figure 9. Each arm of the test configuration includes a variable attenuator to provide
absolute and relative amplitude control of each signal. Relative phase between the two
signals is controlled by a phase shifter in one arm of the test system. A switching network
permits selection of the desired signals, sampled by broadband couplers, for measurement
by a network analyzer. In addition, the switching network selects appropriate frequency
down-conversion circuitry above 18 GHz. The test system is controlled by an HP 9845B
desktop computing system which (together with appropriate software and measurement
standards) provides complete two-port error-correction capability of measured data.
Conventional one-signal measurements are made by replacing the power splitter with a
programmable switch.

The two-signal measurement technique permits measurement of reflection and
transmission coefficients. These coefficients can be resolved into the S-parameter
components by establishing the desired signal amplitudes and allowing the relative phase
between the two signals to vary through 360E. A circular approximation of the resulting
locus is used to extract the S-parameter information (6).

Microstrip measurement standards were designed in conjunction with the 50-S FET test
holder (shown in Figure 10) to permit characterization at the transistor terminals. The
reflection standards include 50-S microstrip transmission lines of various lengths, each of
which is terminated in a short circuit. The transmission standard is comprised of a
microstrip throughline. Both the measurement standards and the test holder utilize
0.010-in.-thick fused-silica substrates mounted on invar carriers. The FET is held in place
by a mechanical fixture which provides the flexibility of easy FET removal for testing in



other circuitry. Special coaxial-to-microstrip launchers were designed for this application
since commercially available launchers were not readily compatible with this circuit
implementation. The microstrip medium was selected for use because of its physical
compatibility with the FET “package”. The microstrip environment is well suited for
amplifier applications with its small size, light weight, and ease of production. Large-signal
characterizations in the microstrip holder provide criteria for microstrip-amplifier design
which avoid parasitics at the circuit-transistor-interface that may be introduced by test
holders designed in other mediums.

Figure 11 shows a comparison between load-pull and two-signal S-parameter
measurements at 20.5 GHz. The load-pull data is the measured load impedance which
results in optimum power from several 0.5-W FETs in the slabline test fixture. The two-
signal S-parameter data is S22 * (complex-conjugate of S22) of four 0.5-W FETs measured
in the fused-silica microstrip test holder.

In spite of the difference in measurement techniques, test conditions, and the actual
devices measured, the two techniques show some agreement in data. The spread in
measured S-parameter data is considerably larger than that for the load-pull measurement.
This may be attributable to the dissimilarities in these transistors from three different
wafers and to measurement uncertainties associated with test fixtures.

FET PERFORMANCE

Transistor performance was evaluated in both the tuneable slabline circuit using the load-
pull technique discussed previously, and in microstrip circuitry utilizing fixed matching
networks. The results are summarized vs. frequency in Figure 12 for FETs fabricated from
four different wafers. The load-pull data represents performance at the transistor terminals
while the performance in the microstrip environment includes the loss of distributed-
element transmission-line matching networks realized on fused-silica substrates. The
spread in the microstrip data is large as anticipated in the absence of tuning control.
Average performance at . 19 GHz includes a power output of 0.52 W at 32% power-
added efficiency and 3.6-dB gain. Performance in the slabline circuit is shown at 20 GHz
and 21 GHz for circuit conditions yielding both maximum power output and maximum
power-added efficiency. When tuned and biased for maximum power output, an average
value of 0.43 W at 17.2% efficiency and 3.0-dB gain is obtained at 20 GHz. The
corresponding averages at 21 GHz include 0.44 W power output at 19.1% efficiency and
3.1-dB gain. With the circuit tuned and biased for maximum efficiency, the average
efficiency for the fourteen samples increases to 22.8% at 20 GHz and 25.1% at 21 GHz
with a corresponding decrease in power output as shown in Figure 12. The maximum-
power performance determined in the slabline circuit at 20 and 21 GHz was taken at 



. 3-dB gain, which was arbitrarily selected as a minimum useful value at which to
characterize these devices.

The same performance data at 20 and-21 GHz shown in Figure 12 is presented in
histograms in Figure 13. Separate histograms are shown for the same devices with high-
power bias and tuning, and with high-efficiency bias and tuning conditions, at both 20 and
21 GHz.

AMPLIFIER DESIGN AND PERFORMANCE

Load-pull measurements have been used to design matching circuits consisting of stepped-
impedance transmission-line sections in air-dielectric slabline. A comparison of load-pull
performance and measured amplifier performance (excluding bias-tee losses) at 20 GHz
for one device is given in Table III.

TABLE III
Comparison Between Load-Pull Predictions And Amplifier Performance

At 20 Ghz For One Device.

Configuration Bias Output Power (mW) Gain (dB) Efficiency (%)

Load-pull
Predictions

Power
Efficiency

530
350

3.0
4.0

21.7
25.6

Amplifier Power
Efficiency

377
267

3.0
3.4

19.5
24.8

Amplifier With
Additional Slug
Tuning

Power
Efficiency

453
290

3.0
3.4

20.0
25.6

Optimization of the input and output matches was achieved by the addition of slabline
tuning slugs. Figure 14 shows the swept gain and return loss of the amplifier with slug-
tuning assistance. The large-signal gain is essentially flat from 19.2 to 20.2 GHz.

Experimental microstrip-amplifier designs were realized by fabricating bias-insertion and
blocking networks on the same fused-silica substrates with the input or output impedance
matching networks for the transistor (Figure 15). The matching networks utilize
distributed-element microstrip transmission-line sections only. The bias networks include
coupled microstrip lines for DC blocking and a T-junction high-impedance feedline
interconnected to a commercially available feed-through filter by a wire conductor loaded
with a single ferrite bead. Impedance-compensation networks were included as necessary



to accommodate the interface of matching networks, bias networks, and coaxial-to-
microstrip launchers.

Typical performance of a complete experimental microstrip amplifier stage is plotted in
Figure 16 as a function of signal power input. A power output of 0.4 W with 14% power-
added efficiency and 3.0 dB gain at 20 GHz was achieved for this device. Best
performance achieved with a FET from the same wafer was 0.5 W at 16.40% efficiency.
Operation at maximum efficiency typically occurs at . 2-dB gain compression from a
linear gain of . 5.0 dB. Also plotted in Figure 16 is the performance of one device from
another wafer tested in the slabline amplifier. The slabline amplifier yields some advantage
in efficiency (21.2%) while the gains of the two amplifiers are approximately the same.

A typical power-bandwidth response for a microstrip amplifier stage is shown in Figure 17
for a family of input power levels. At the expected operating input power level (+ 22 to
+ 24 dBmW), the 1-dB bandwidth is determined to be in excess of 1 GHz. Some shrinkage
in bandwidth occurs at reduced drive levels as evidenced in the graph. The input return
loss corresponding to this performance is greater than 10 dB over this 1-GHz band at the
expected operating signal conditions. Finally, the average group delay in the 1-GHz
operating band was calculated from S-parameter measurements to be . 0.5 nanoseconds.

A primary goal of this development effort is to produce a multi-stage amplifier module
meeting specifications for use in a multi-element phased-array satellite downlink
transmitter configuration. The proposed amplifier configuration (Figure 18) will utilize
transistors presently under development to provide a high-gain first stage of amplification,
in addition to using the 0.5-W transistors already developed. Preliminary tests of two
cascaded discrete amplifier stages have yielded 0.4-W power output at 7-dB gain, and
10-dB small-signal gain. Integration of amplifier stages into a compact package (Figure 19)
are presently in progress. This circuit configuration easily permits cascading of several
stages for testing as the amplifier chain is assembled.

CONCLUSION

The development of hardware for use in an EHF satellite downlink transmitter has
produced phase shifters and FET amplifiers which operate at K-band frequencies. A five-
bit P-I-N-diode phase shifter has been realized which provides very accurate phase
performance in the 20 to 21-GHz band, with a typical insertion loss of 3.5 dB. GaAs
MESFETs have been developed which are capable of delivering 0.5-W power output at
these frequencies. Techniques for acquiring large-signal characterizations of K-band FETs
have been developed. FET performance has been evaluated in both air-dielectric slabline
and microstrip environments. Amplifier stages have been designed which provide 0.4-W
power output and 3.0-dB gain at 15% power-added efficiency. Additional lower-power



high-gain FETs are presently being developed for the first stages of multistage amplifier
modules, for use in a multi-element phased-array satellite transmitter configuration.
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Figure 1.  Artist’s Conception of a Beam-Hopped Downlink Transmitter.

Figure 2.  Quartz Substrate from EHF Phase Shifter

Figure 3.  EHF Phase Shifter.



Figure 4.  Phase Shifter Performance.

Figure 5.  K-Band 0.5 W GaAs MESFET.



Figure 6.  Block Diagram of Load-Pull Measurement Set-Up.



Figure 7a.  Slabline Transistor Holder.

Figure 7b.  Slabline Holder (With Side Removed)

Figure 8a.  0.5 W Power MESFET Load-Pull Measurement.



Figure 8b.  De-Embedded Load-Pull Data.

Figure 9.  Test Configuration for Two-Signal Measurement.



Figure 10.  Microstrip Test Fixtgure

Figure 11.  Comparison of Load-Pull and S-Parameter Data.



Figure 12.  0.5 W FET Performance Versus Frequency.

Figure 13a.  20 GHz Optimum Power Bias and Tuning.

Figure 13b.  20 GHz Optimum Efficiency Bias and Tuning.



Figure 13c.  21 GHz Optimum Power Bias and Tuning.

Figure 13d.  21 GHz Optimum Efficiency Bias and Tuning.
Figure 13.  0.5 W Power MESFET Performance Summary.

Figure 14.  Swept Response of Slabline Amplifier.



Figure 15.  Microstrip Amplifier.

Figure 16.  Performance of Slabline and Microstrip Amplifiers.



Figure 17.  Microstrip Amplifier Power-Bandwidth Response.

Figure 18.  20 GHz Transmitter Test-Bed.

Figure 19.  Two-Stage Microstrip Amplifier


